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Abstract: The surface of ultrafiltration poly(ether imide) (PEl) membrane was modified by using wet-
chemical treatment in order to obtain low fouling material. Poly(propylene oxide)/poly(ethylene oxide)
monoamine (PEG-amine, Jefamine” M-2070) dominantly ethylene oxide or ethylene glycol part was used
as surface modifier at the treatment temperature of 88°C. The amine group reacts with imide group of
PEIl and the PEG block of PEG-amine to ensure a good hydrophilicity to the membrane surface. The
effect of the PEG-amine concentration (2 and 10 wt %) and modification time (0, 0.5, 1, 3, and 5 h) on
the morphology (SEM, AFM), hydrophilicity (contact angle measurement, water absorbance ratio), water
permeability, rejection of BSA and anti-fouling ability of membrane were investigated. The chemical
structure change during the modification process was monitored by FTIR-ATR, which confirmed that
imide groups were turned to amide groups during this process. XPS confirmed the breaking of imide
groups and grafting of PEG chains. Water contact angle measurement and water absorbance ratio
demonstrated that the treatment with PEG-amine resulted in a better wettability of PEl membrane. From
the N atom/C atom ratio from XPS analysis and SEM photograph, it could be thought that the reaction
process is divided in two steps. The first steps in a shorter time (< 1h) only the surface modified and the
membrane keeps its initial rejection performance with a limitation of the protein fouling. For a longer
reaction time, partial degradation reaction of the upper surface takes place making membrane surface
more hydrophilic and enlarging the pores resulting in a significant enhancement of the water permeability.
It was found that the increase in the PEG-amine concentration cause an increase in the rate of
functionalization and degradation reaction. Base on the protein filtration experiments, the anti-fouling
properties of the membrane were evaluated, and the results showed that the PEG-grafted PEl membrane

has an improved resistance to protein fouling.

Keywords: Poly(ether-imide), polyethylene glycol, surface modification, fouling
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I ada v
3. L UYUIDY
P o &
Iﬂiﬂﬂ’ﬁ’.]'i]EJ%LL‘].IGUJW’IJ%@E]%@N%
3.1 L@38NLATNNIILATIER unmodified PEI membrane (UPEI)
LWESUNLNNLLTUANN PEI lagmnaidia “Immersion Precipitation” feNUTNTUVRS PEI L¥INNU 16 wt
% WadAnENaIfa LU
- ANIAAaaUINITaINNILTHLa T SEM
- Tensile measurement: ANYENNTONUFADLIIAI

-1 flux VBINHIBUNLLTH FIUNTAAWITALFINFNANT (3.1)

_Q (3.1)
AAt
WaJ = wWang Q = USHNUWETNLEANHIWNNLLTH
At = naAUwesien A = AWNRIT8INNLIUNAIRNNUAANIINIT 4AS

3.2 WNNLIHIINDD 3.1 NeaudasRilasltasazany PEG-amine 1uiin lasvinnisansanig
a9sia bl
- qm%gmumiﬁmmm (modification temperatures) : 50, 70 Las 88°C

- anuduTuaIaEIazany PEG-amine lusin (PEG-amine concentrations): 2, 5 L8z 10 wt%

- nalumsaaudad (modification times): 0, 0.5, 1, 3 uaz 5 T2 lal

a

3.3 AINTAFNTAVDILNNLIWINNTD 3.2 laslfinatiaadd

- FTIR-ATR : @nsmaasuuiasvaangWeidu
e o b X
- XPS : @nmmyWaruniiod
- Contact Angle Measurement: A214TUWNVDIRUNNLLIH

Tensile measurement: AMURINNIONUA DUTITINIFNIEALUNLLTHLAID waziToniin

3.4 fAnsaugIwIngvaswuiuwlasls SEM usz AFM

3.5 nagaulszintamnsaaNusHlasyinMInaray
- 30 flux et wuUT wivnmadSsuidouiuen flux sesinrwwauuis sl ldrng
masaudsfiin (@ 3.1)
- 1@ Molecular weight cutoff (MWCO) S'fiaLﬂu@iwm{mﬁfﬂimLaqa"ummiﬁﬂ@aauﬁgmummuﬁ'ﬂ

Taildnula 90-95% lassnnsnnnu (solute rejection) aansadIwItsldanannIn (3.2)

c
ROS) = (1-<)x100 (3-2)

f
1e R (%) = famInnnu  C,= anudntuvasdignazaelunaiiiien

C, = anuduturasignazaslumiazanoilan
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lunsdluuusudssinndan ata o i:ﬁuﬁmﬁfﬂiuLaqaﬁgﬂﬁ'ﬂﬁ'ﬂﬂﬁmumuLmu
(MWCO) azagluzi9 1,000-500,000 dadt  (fIulnnjuandl MWCO UNUBINATBITHTW) G0N
' Ao o 4 4% o
azanpflslummasaum MWCO luauiduiils Bovine Serum Albumin (BSA) Gsfithwsinluiana
67,000 aaau tuasdunuuilinasaunInnnm
- mMInasey Fouling: lasmahiusiussaniuwdisasacaieldsdu  (Finmmesauindanns
o ¢ i o a & [ ' o & A ¥ o <
nageuWand  udliasazanslUs@uunwinnau) wenangadi  washauluIRaanaINaL
(rinse) @2LINNAK IMNBUIUNNILITUAINENITMTIaNENSALINNaRENATILENLIB LA BY

AWANTUB IR UL N UL UTUA D ULRZRR I LN UL TUAIDRITAZ A8 TR %

3.6 NAFAUAINNUABLIIAT (WaLLTBUAY waziTaniin)

4. LLN%ﬂ’]iG“i’]Lﬁ%\?’]%ﬁaaﬂrﬂidﬂ’lii%uﬁiaz‘lhd 6 LAaw

LRI TN 1 1 10aun ¥ 1100un

1 2 3 4 5 6 7 8 9 10 11

12

1. ﬁuﬂ%ﬁagmﬁmﬁu

2. %’@Lﬂ%wqﬂmrﬁua:mﬁmﬁ

3. IATBULALILATIZRLNULLTUARE

a a 6
NARALNFDULIDITH

4. aauladfnvasuuuulas s
#1382an8 PEG-amine N8N

696 Nt

4.1 wavasna lmaiad§isen

AR RNT AV ILNNLLTUAD Y

waika FTIR-ATR, XPS, CA

NORDUUIZENTA WV ILNNLLTH

nuasmMss L iinnudutunsiessueaumlilanureuin mssaulasfmuiusudain 2
dunen Aetuaenusndasinmslalasladmuniuss  PE Lﬁal‘lﬂﬁ%%ivlﬁﬂiaﬂ“ﬁa (-OH) LWAMNNLLTY
TaolFasazanslndoylaasenlodiumssaudasfiwuiuss wasnniwluiuaeufises 19 disocyanate
Lﬂumsﬁauimi:m']aLzml,mugmﬁﬁ%%i OH U wadlefidaulnanaa (PEG)

o ad o A N @ ad ¢
laasuwitmiaaudasinvasuniusu PE lasluunwnulnidldifenldmsazaanaddinasiolin
(Polyether amine %38 PEG-amine) (duataautasiin innzasafiaftanansoazastirlaiduacned uaz
gInzauf ldsunnfanfel fisenuvmaiwm PE lalagasassiuaauden 1iasandn PEG-amine
Usznaude nilalufiswsavujisenuiswniudludues PEl ldlasasslaslidasldmngaulog uas
. v A aa & & S aa a wn by @
PEG-amine tisfilafidulnanamiiuasdszney daefidulnanauliquantidrouiann uazdaduniiga

FupaIllsan
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a Yo &K & P v X o a a o '
RNIYLNAA © 1. LLN%G']%L@]ZJVL@W]'IOG?J%@]S%Y] 4 LLE‘]&VL@]L‘]JﬂU%LLN%HW?@]WL%%GW%’J%UI%&I

2. Aasnnf tddfsuitnsaautasiuautu anitlalaslagalasltarsazansy NaOH)
Y UIURITRZA1UPEG-amine W@ b&IN1InINTI8 b uiidaITass PEG-amine  G31d%
f139autadarlnd and1lssing YR Idinenat wdtitasaniinisaaunlasiives
o . & v o & @ a A A & a o '
wtuInlayls PEG-amine i laaatuaanlnnisaanlasfiiiniaiesuwaanwdsd 59a1a77

MIGIARINWITHALANAUMT A UN WAL

WHWIH TN 2 7 2/0aun Y 21d0un

3

4

9

10

11

12

1. ﬁuﬂiﬁagm,l,az%'@wﬁw

FIATLANLAN

2. daudasRivaauNiuTe tayls
81382818 PEG-amine 7
RNIZENIN® WRTHAN oA

RNUAVDILUNLLITT I@Uﬁﬂ‘bﬂ

2.1 wavass lwmatialfizen
(da)

AR RN AV NN TUAD Y

waila FTIR-ATR, XPS, CA

NAFOUUTEENTNINVDILNULLITH

2.2 NaUIANNTNTY PEG-

amine

AATEARNT AV I NN TUADE
weaka FTIR-ATR, XPS, CA

NORDUUTEENTAWVILNNLLTH

2.3 Namaoqmﬁqﬁ

AATEARNT AV ILNNLLTUAY
waka FTIR-ATR, CA

NORDUUTEENTAWVILNNLLTH

9. NUNNTBYANINUA EHPIGE

AAFITILIB

o v A = 1 a A c&l a o al 1 N
5. HAIIW/NKRIVDLIDINATIAIIILANNN %’J'liﬁ'li'}]‘iﬂﬂ'l?izﬂ‘ﬂ%'l%’l?j’l@ﬂ%uﬂazﬂ

TN 10 IINEUBNRIUNIIITINT: Euromembrane 2009 4 tladnauaiiy smymsgdTaes lu

)

=p

Suft 6-10 fuenow 2552 Fa1309 “New Poly(ether imide) based ultrafiltration membrane with

low fouling properties obtained by surface modification with poly(ethylene glycol)”

- FalTedNenNanNARNA Preparation and Characterization of improved fouling resistant

Poly(ether-imide) membrane by surface modification with Poly(ethylene glycol)

d d a £ B
F9NIFINA1AINZANUN : Journal of Membrane Science: Impact factor 2.654
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2. Jagilszasd

2.1

2.2

23

24
2.5

LSV NLUIRATOUNNIINNNARDNDTD NG WRZANENAN B AL FNTS LAz TERNTANVOILUNILTY
Aesoule

Walinlininwsesuuusuldaansnilasiunisgadu SaWandriwuniuIu (Permeate
flux) g4 uazlianuaanudaan1iznsuen

waluuwimalumaeTouiuniuswnausasin Wltnuwlalunszuiwnsasanlaassw 1iaaa
Manasdszine

A wal aov A A A A o a

W AR NRITIT NN NI ARUW N TENTITI M ITEALWIWTIA

asanusnilanuinidedug luszaumwand



3.Ha9WIVLNLNLIVAY (literature review) Lazland15a19d9

waRdnesalue  (Poly(ether imide), PEI) %’ﬂLﬂumaﬂuwmaaﬂﬁﬁammu:ga (High
Performance Thermoplastic) L‘ﬂuwaﬁma%ﬁwﬁoﬁgﬂﬁwmﬁnmaU'NLLWi"mmﬂluﬂWiﬂizqﬂ@ﬂﬁﬁWLﬂu
Wy lessniwedwessfiaiiianuudusadng (Mechanical Strength) amnumunudaanuion
(Thermal Stability) wae f3Lad (Chemical Resistance) aii’ldal,ﬁﬂ&l LLa:EJ'ammmﬁ'}m%ugmﬂuwmmu
laielasltinafiaumaduiiassuwuy  Immersion Precipitation #38 Non-solvent Induced Phase
Separation (NIPS) [1-7] wanannitlulassairswanuas PEI Usznaudisniuaaianialanizel (Functional
group) ﬁmmsnﬁwﬂ;’jﬁ%mmﬁﬁ’wgLLamauﬁ@mm:ﬁwﬁ@ﬁu (Chemical Modification) vinlAmanTn

Uiudpsnaautaves PEI uasihanviiuluaiuswiliausinusgs (8]

U 1 lassgemsiaiivas PEI

a v a @ wal wa A do o Ao o & &
luﬂwsmmuaamﬂvmmﬂumuLmusl,maminuzgq AusuURaganindmAyndasfitan

fa maassumauswlAtum ldudunuFiantsnedn (Low fouling tendency)  atindlsiany PEI Saudia
FAUU  AIBWINITLRANLYINIU LAY NITIURAN B TNNIOTINLNNLLTWIIN  PEI lﬁﬁqmauﬁ'ﬁmauﬁw

(Hydrophilic membrane) Lﬁaa@lﬂty%’]mﬂﬁ@ fouling

maaneiwessasrianautmduismindnsunsnay:  Zhen-Lieng Zu uazame [2] 'l
LATHUBRATINALATTULNNILTY  Lasm 3 PEI wannuwadwes s lwslsdlaw  (Polyvinylpyrrolidone,
PVP) Gallunefiuaifimavin Richard J. Cranford wazame [9] léwuin PVP UNEIUTANINRGABANIN
niia PEI (PEI matrix) Lﬁaaﬁnm‘fﬁuLﬁﬂ"LﬂLLa:a:mﬂiuizﬁdwﬂﬂiﬁﬂﬁwLmuLLiaéTﬂmmiﬁjmﬂu
t‘z’mﬁl'u (Nonsolvent Induced Phase Separation, NIPS) ; miwmeaamai‘ﬁmm{nwﬂaja:mmﬁﬂ (Polymer
additive) AU PEl 1% SPEEK (Sulfonated poly(ether ether ketone)) [10], sulfonated poly(ether imide)
[11] suTaassusaaNaasTuiauuiuIwad PEI LL@iﬂsz?m%mwmaqLsmmsuﬁuag’ﬁ'vmnﬁﬁﬂﬁmm

waRlwainimasriia uazdSunmauas Polymer additive

mMsteAouT gL S]maawa'éma%ﬁ@%uummmugm (Support) %38138N1  LNAULLTWLT
1J3znay  (Composite membrane) L% Yui-In Park L8y Kew-Ho Lee [12] {GGRAN composite membrane
lasmsiadauned fiauaanadad (PVOH; Hydrophilic polymer)Usaued PEI lWNLlLTH Wa¥inli PVOH
Aamaiganlys Lwimwﬂwumaammmuﬁvlmmﬂm‘walumiﬁwvlﬂ‘l,ﬁum:mummanluama:*gmm

HaINTHUNLASTUIDITU AL AR IN WA BLTINIINBATWLYING (Physical adhesion)



msvhlifvsswuisuiinguiadifidedhiaunsarmd jisenda LU ldumunsoldlasls
wafawasan viausssanshlowe wieahliiiesiaaasouldaifed(radical) UniiasuuiLw [13]
mamiml‘mm“uammLmuwumaﬂmaﬂgmmiml"ﬁmimu (Wet chemical technique) W@ Wet
chemical technique Hwnediafiing lagsen  wazeldinligs (ow cost operation) e
Wisuisunumafiausn [14] mﬂuﬂummmmwgmaﬂa (active group) Winuwadwasiviuwa
Wik WisdTudsimyusasrutAlanizaizesnafiuoTian 1w mﬂaﬁgnmsﬁaMﬁﬂ (-SO;H) N luea79
WAIUWEY (aromatic ring) [15] W PEI Saut@mauihunn (sulfonated PEN), Li-Qiang Shen wazams
[11] 'lasih sulfonated PElI anW&unl unmodified PEI mmmﬂ‘{uﬁgaSamwﬁmmfummmulﬁﬁ
anuTautin uasiifouling d1  aghelsfiany lumsiedsy Sulfonated PEI @Taﬂ%ﬂms{i’ayﬁﬂﬁﬁﬁuiuﬁa

95-97% LT sulfoning agent

Jyongsik Jang uaz Seunghan Shin [16] @14 hydrolysed PEI (hPEI) USuyysaudfifenazasd

Wandisdu hPEI sansaessuandjisenlalesladalasltasazais NaOH anuituds 1 N asugaslu

1N NaOH (70°C)

0.0 L0 @/f O
%f’;\@:u@g-j@@ﬁ}@ﬁ

s 2 UgAsinlalasladannas PEI Tasls NaOH

gﬂﬁ 2

MgﬂaﬁfuﬁaﬁLﬁ@%umf:mm‘snﬁwﬂﬁﬁ%mﬁuwgﬁwaﬂ%' (Epoxy group) ¥hldifiamsdenda
fenuszialiszwing PEI wazdwendisdu mnlianenisduiiléSanumniioannnds  Nam-Wun Oh uas
amz [17-18] USudysaudfvanuamusuwnnwedeslaslalulosd (PAN) lasld NaOH 2 N vh
Ujnsenlalasladanu PAN ﬁqm%qﬁ 40°C waﬂmmminLﬂ?iﬂuvsaiiazvl,ﬂﬂavluvlmﬁ (-CN) 284
PAN lunyjaniuandan (-COOH) S‘i%aLﬂu%%iﬁa’lmsmﬁwﬂﬁﬁ‘%m@ia"l,ﬂ wa=vinlst PAN Hautiawousiiun

&
RN

uananUiizen hydrolysis uan UAsen Amination ¥ilwasuniudludsusauanasnlalasls

f13UsznauLau
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Wolfgang Albrecht uazatue [14] Uaz F. Santoso wazame [19] levinmsuanisuniud ludlasls
snstszneviadiu (amines) $ai3undn “Amination Process” vlitldialudnil  usziefiunivuumals

#anuag PEI ﬁdLLamlugﬂﬁ 3

CH;y
+NR-spacer-X

Q
NI L0y L
; 0 (:~4%:::>—(3 ;
0 t _I:::lziﬁ"[::::fljl
)
NR-spacer-X

f:jfﬁ:iiil. CH
; 0
Eat
0 3 0
T o} QLF ‘C'::N %

CH,4 $

U 3 JjfTenszning PEI uazasilsznauiailin (aminic modifier) [19] Nisznaudas

%%ilmmauﬁ?lmwwzﬁ’s X

ANMTIATIERAY ATR-FTIR Uaz XPS waadl#iAuiinis Amination Process ¥inl# PEI #n3
{ e .. e [% a o 2 VM om n & £
Wandeny aminic  modifier @aWuszlaaud  lkiauIui ledsutareuiiannds  (Strong

hydrophilicity)

WNLUIWEILENaUIzning PEI Miudugnu nuTuu19289 Poly(ethylene diamine) (Pei) aiilu
woRWaTTALIN [ WaNdanumuRuszlaLaud mmsngm@%nu"[é’lﬂﬂ Christiane Trimpert Lazamhe [8]
uaz Wolfgang Albrecht Lazamus [20] lag35n1s Amination lawlt Pei 11 aminic modifier  #asa1nin
Pei Usznaudiangialuniaunsarujisedaldle wolfgang Albrecht wazame [20] levhnagenlys

Lo & ) = a a A Aa o & . o
(crosslinking) T Pei uazwaninfimaninedsuwauwinausfalninfidmandgs uaz fouling 6

URZEIENUNININ Mﬂlﬂ%ﬂiZU’J%ﬂﬂiLLﬂﬂﬁ E‘Tﬂ']'JZE%LLiG

11899100 FATE1 amination (HulfAsid lidudan LLa:mmmL@%Uu"lﬁﬁqmwgﬁ"laiga WAz
Sowidwlaiann  [8,14,20] ﬁi%ﬂﬁﬁ%mfﬁumsﬂ%’uﬂgamﬁuﬁ%’umaaLummu Tassmsisuizedonls
UFA5en amination YSuigsmyluwaaumiudludues PEI Tagldmsazans PEG-amine dalulawadiuaii
ﬂizﬂauvl,ﬂﬁ’ayﬁi’mﬁmauﬁnﬂumﬂmj (ﬁ’mﬁl,‘flu ethylene oxide %38 ethylene glycol) WRZRINITD

lasnunsgaduzadlisiiu (Protein adsorption) wazasndgmaua lizanin [21]

LON&EIID19D9
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4. 35N15ABWNNITIY

A Ao &al o =) ad [X=) 3 vl g’ A
nwiTsiidagurmdnazyineeionuuusuneddneis e (PEN ilanuraui iiasani
flasiumafianisgaduvasuiuis  (fouling) sungfiienld PEI ihasndmefiweiziiafifiana
= a Aa a ' o P oA a & A Aa & o
wlausadanafd  Ganwnumudeanuieuusziallailueined  wazweSiweiofiailingWaridulu
lansahsluanafianunindiudyamedwadl (Chemical modification)  tialAsuuaauialvmausile
A o a aaa o v ) a o a ¢ a A A ks
wsa Wanusnifiad §isen ussifeudesonusziednuwefwaisiiadunvaus [1, 2]

NMP pnidanlfiudavhazaoifiesan udvhazanodunidniings azaw PEI leiduatineg
38, 4] wazanannidnulddnuin 4, 5] Sagnlfidussnlilidrinezas ildmaatouwauiudas

a a J v
LﬂﬂuﬂLLUﬂLWﬁLﬂ(ﬂ‘quL(ﬂd']EJ

snsaza1uwaddinaiadiu (Polyether amine wia PEG-amine) gnifanlfidumiaaudasfin iwiz
ssviakmannazaasinladuaineg uazasazaan ldmusaifedjisonuaaiusu PEI lalagass
~ & a A . . Y . A A o Aaaa @ a &
\WesTuaawiied 1hasandn PEG-amine daznaudiswniiafuiimunsayujitenuiswniudluduas
PEI ldlasavilalidasldasitonlos uaz PEG-amine t9fiafiaulnanau (ethylene glycol) 1Hu-
aiftlaznay Suefidulnanauiiguanifreutiann uazdedumigaduvedldsfu

4.1 &3
® Poly(ether-imides): (PEI)
VL@T%’umiaﬁumgua’mu’%ﬁw NOK Precision Component (Thailand) Ltd. 478119138131 ULTEM 1000
WAAIINUIEN General Electric (GE Plastic) , 90#aau#aL¥INAL 320 — 355°C flasearonsil

o) Q /@
Hs N
I A Mo
CHs

® N-methyl-2-pyrrolidinone (NMP)
Ao A9 o < o o A = o o a ia & .
TwawisuRle NMP  (Fluka) iludaviazans Sadudrvhazanodunidniiangs Saadeairinny
202°C innwaw 1 atm auawlariiy 131 Pa Ngmnnil 40°C
O
H3C\N

(-
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® Polyetheramine (M-2070, Jefamine) %38 PEG-amine
Fpanaadiin Poly(propylene oxide)/poly(ethylene oxide) monoamine VL@T%’umwmngw:ﬁmﬂ
138N Ethoxy Chemical Co., Ltd. \Husnsnianuaaunsaazanssinlea ﬁﬁmﬁfﬂimaqaﬂi:mm

2000 lulassaradsznavaae propylene glycol (PO): ethylene glycol (EO) = 10:31

o NH R
HsC% \/}{o X=6y=30
X y
R

R = H for (EO). or CH; for (PO)

® Bovine serum albumin (BSA)
I dussduuuulumsneasaumsnniu hasanniuwisediulng Nanwiauiuiwzaudaa o
1% BsA fildluruiduildnnuis Fluka Siminluanayszana 67000

NILAILNLNNLLTH LazAAulSANNNLTH

4.2.1 1958481382818 Poly(ether-imide) 158 PEI Dope solution

W Poly(ether-imide) aunaamani 120°C Liluiian 24 1109 LeSHNRITAZANE PEI Aiannaidudu
16 wiw PEI  lagld NMP Tuarvinany msazmngﬂm‘%wlum@LLﬁuﬁﬁmﬂmLuu Watlaanu

ANNTU °naoNauﬁ"l,@i’alzgﬂmuﬁqmwnﬂﬁﬁaaﬁmﬂszﬁdmmzmﬂwamﬂmﬁalﬁmﬁu

4.2.2 @SunuABaNIUTBT A GauERINa1Taza1s PEl lagiBssinedlrinazans  (Evaporation

precipitation)

shansazans PEI anin uazurliiduurinasunurunszaniiazainde doctor blade Ainaugy
ANURWY VBRI TRZANLIYINAL 300 pm naIINLw SR IMIRzanpfithaunusunszanefiely
Lﬂunmsl,uﬁaugtytgwmﬂﬁqmﬁgﬁ 170°C Hwiaa 24 Tlug LamLmuﬁvlﬁgﬂﬁmmﬂﬂm{ﬁﬂé"u

IWNTENITNaaUIRL

4.2.3 (@0 MNNIUTUTRATIWTUING17aa8 PEl lag35 Immersion Precipitation #3aNon-

solvent Induced Phase Separation (NIPS)

WEI8ENY PEl NN WREWHBILLAUNIZINNEZ019618 doctor blade NAILANAMINNI VI
f1I8LANUANYIAL 300 pum wasnwwihAsuasanTazasAuNLiIDBLHBATEANR T uan
Uszanm 30 Twfl Namnniwes (gunndl 30 + 1°C maepaumiuIldvinlu glove box igwsn
AIAUANNTUFNWN T TN 5142%) nnnwhuasisuasaza s ldusaslwinawdunal 15

= A 2 ] I o 1 G2 3 ' A v ° oA & 3’ A a
wifl aliudwuiusuudsdiadisuysal udusduauiuildagninlddsdnassluinaangd
Uszanm 70°C ilwnan 2 Talud iehandivnasauaanunNUHBULLTH N Iui ldgnusis
TlusinauannsenahanIaawWanSuashnmI M BLANLLTH NIHNLUUILTBUABININNTIATIZR

@i”’aUmﬂﬁﬂﬁngﬂﬁﬂﬁuﬁoﬁqmvm“ﬁ 40°C 1Twaan 24 TN fawinIe e
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4.2.4 MIaaulsHIvaNNLLTH PEl 2881385818 PEG-amine

WalLsw PEI fa3ouldants 3.2.2 uay 3.2.3 anihanlalufil@dradng (membrane support)
uiguaslumIazanovas PEG-amine ﬁmﬁﬂumaﬂs:uaﬂﬁwﬁmammaaﬁﬁé’amu Yarhszuuld
T HE R LLﬁaﬁﬂamuLaamam:uamjwaﬂuéwﬁﬂﬁmuquqmvxgﬁmﬁ laglumsaaudsle
mifins gaunndlunsdauys (modification temperature: 50°C, 70°C uaz 88°C) ANNITNTUAY
81382818 PEG-amine (PEG-amine concentration: 2 wt%, 5 wt% L8z 10 wt%) waza lwnIaaunys

(modification time: 0, 0.5, 1, 3 uaz 5 72l9)

ﬂﬂi%tﬂi1$ﬁl&l&ltﬂi%

4.3.1 Anwmaasuut/aslassasraniaad (Chemical structure change)

® Fourier Transform Infrared Spectrometer, Attenuated Total Reflection mode (FTIR-ATR:
Equinox 55, Bruker) Taeld number scan = 32 uaz resolution = 4 cm'1

® X-ray Photoelectron Spectroscopy (XPS: SIA 200 RIBER CAMECA UHV): luaudsuillals
waseriianaui liwasnurnny 1486.6 eV ldanssianduasmaiinie AK, lag'ldsy
M’mmil‘,mﬂzﬁmﬂﬁmﬁuﬁ%ﬂmumiu (Institut Europeén des Membranes ,IEM, Montpellier,

France)

® Nuclear Magnetic Resonance (Fourier Transform NMR spectrometer 500 MHz, Model

UNITY INOVA, Varian), CDCl, Huevinazans

4.3.2 Anwaaa1nInen (Membrane morphologies)

faur PEl wainsmduwindssindfidenuntodszanm 05 cm anugidszano 3 cm
wiluusaslululasianman udrvmsdalasldde (NTEAATIIFOUAIAGADINY) HNTUGI0HN 97
Iefandaasumn stub laslfifiamny udninluindeudonaslaslfindas sputter coating 1iNGue28n9
171'L@]’%U%Jvlmﬂm’aﬁ]aauI@ﬂ‘ﬁyLﬂ%‘ad Scanning Electron Microscope (SEM: JEOL 5200)

msmmm@gwgwﬂaammmuﬁﬂ's gnsnlalasldllsunsn Image tools @9snunInani-
Tnaaldaninulod http://ddsdx.uthscsa.edu.dig/

4.3.3 ANMIANNTOUHIVDILUNILTH (Hydrophilicity property)

® MIIAYNFUNT I@U’L%Lﬂ%aﬁ@qué'uﬁa Contact angle System OCA (Dataphysics)
waluIugnihanBauuuunIzan (glass slide) Meonszasnnsesnin ivaliiuuumwEoy
& ¥ A { 1% . = A o o { [
NNUL wea3anaes 10 pL NgnaIuaudienanadam (syringe) TidadanudilaTasiayy

AUNE mi"i'mglué'uﬁavl@i’ﬁwmsi'ﬂ 5-6 AILAUIADAIDENINNLTI 1 T

o (2
aw Ao a

° mﬁ@mig@ﬁﬁ'uﬁw T uwdTuhdiunIonuuidpvad Li-Ping azame [6] adf
dwnusuiieuudanTaiiwin (Wary) LLﬁau"n"lﬂLL"ﬂmfmél'uﬁqmﬁgﬁﬁamﬂunm 24
2 lus wasnsinNTusenTEa ey wash lWEsiREnEness (wy.,) mai’@ms@@%’uﬁﬂ
lévnmySadnagatos 5 ass ﬁn@hﬁvl,ﬁmﬁﬂmmmmmigwﬁ'm{'] %38 Water absorbance
ratio (WA) G9&uM1371 (1)

WA (%) = (WietWary) Wyt X 100% (1)
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4.3.4 MINagaulIcaNININYILNNLLTH (Membrane performance)

o TaaudamIinaruva i waNiuIk (srunfilfurasluglf 4)

Proassure gauge

(Dead-end stirred cell)

filtradon cell
Dead-end stirrer cell
(Amicon 8050)

halanee

nilvr-ug:'rrl;vindt'r
gﬂﬁ 4 J2UUFRTUNARaUINANGUaIi NI UIUlaylT Dead-end stirred cell

mu’iiﬂﬁﬂﬁﬁﬂmﬁ@mﬂmmwaaﬁﬂmummmﬂ@Ui‘ﬁ“g@ﬂiawﬁ@ Dead-end Stirred
Cell (Amicon 8050) Gsfiiufigmiulauuiusuiidasmmasevamwia 13.4 em™ lusnuiselavin
myiarn A lnaruauisuianuduansiTuesit e 0.4, 0.6, 0.8 uaz 1 bar lagluusazary
FudoI ALt A InarwUTHl 9T pz e anen Taonstssinninuesessinilng

NI NLU T AR TIITE LA BRAVNAINRENLAZTIIIRINIAITUIRAIAINT AR UV DI%
WENULNULLTH BIDAWANTD (flux) AIFNNTN (2)

_Q 2)
AAt
P o ¢ &
La J = Wangvedin
a &a A
Q = YFUNWEINLOONHIULINLLTH
At = nafduiwesiiea

¥
Aa

A = AUNRIVBINNLTHAAIRNNUAANIINIT LA

® 11376 molecular weight cutoff (MWCO)
MWCO Lﬂumﬁmﬁfﬂimaqamadmiﬁﬂ@aau (@alunuidoild BSA) Ngnuuuiuunnniu-
1aildArule 90-95% lasdnsnnnn (solute rejection) snunTadiwIasldanaunsi (3) aadk

c
R(%) = 1—C7P x100

f

@)

o R(%) = ensnnfuldsnéiu BSA

c, =amuduiuvaiaazats BSA luinwaifiiea (permeate solution)
C, =enutuduvasssazany BSA lusnsazansilan (feed solution)

MIIaTzAm uaz sanaildlaslfinafinadalnsalni spectrophotmetry  (UV-model
Lamda 25, Perkin Elmer) lagiafianusniaani 280 nm
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4.3.5 MInagaun1IUIuY N1 IWIRIVELNNLLTY (Anti-fouling measurement of membrane)

dwuwssniasns markua i s swaun sz ledwandea e (o) Tuguaanitvin
MINasaUIRilauiaTe 3.3.4 ud U IWIIAMT aruaeaTazanslUsiu BSA luansazans
TiWa$ w3a phosphate buffer saline (PBS solution) @98 pH=7.4 () WRIINUWIL WL TN
dedpinaulaslfiadeswen (shaking) Wuwaan 2 Falus udshwuwsuiissudnniansing
inwpasinnaudnassanladwand (J,,) maa@msmaaﬂﬁﬁwLﬁum‘smUlﬁqmﬁqﬁﬁaoﬁﬂawué’u

WinAU 1 bar

4.3.6 NINAFALNINUAUTIAY (Tensile Testing)

vhLLN’%L&J&ILmuﬂL@%Uuiﬁmwﬁﬂﬂﬁﬁ@%umaauLﬂugﬂﬁfmua WTunageu lIaANAW
NAROLTUINUGIBLATBY  Universal Testing Machine (LLOYD) lag/ld Load cell 100 N iua3 1

mmﬁﬂumiﬁa 5 mm/min I@]Uﬁ’m’ﬁﬂﬂﬂﬂ\‘]ﬁqm%ﬁﬁ 25°C

v a
LanN&d@1I819ad

Albrecth W., Seifert B., Weigel T., Schosssing M., Hollander A., Groth T., and Hilke R. 2003.
Amination of Poly(ether imide) Membranes Using Di- and Multivalent Amines. Macromolecular

Chemistry and Physic, 204, 510-521.

Albrecth W., Schauer J., Weigel Th., Richau K., Groth Th., and Lendlein A. 2007. Preparation of
Aminated microfiltration membranes by degradable functionalization using plain PEI membrane with

various morphologies. J. Membr. Sci. 291: 10-14.

Viallat A., Cohen Addad J.P., Pedro Bom R., et al., 1992. transient phase diagram of ternary

polyetherimide solution: effect of polymer association. Polymer. 33: 2784-2791.

Wang D, Li K., and Teo K. W. 1999. Phase separation in polyetherimide/solvent/nonsolvent systems

and membrane formation. J. Appl. Polym. Sci. 71: 1789-1796.

Leblanc N., Le Cert D., Chappey C., et al. 2001. Influence of solvent and non-solvent on polyimide
asymmetric membranes formation in relation to gas permeation. Separation and Purification

technology. 22-23: 277-285.

Li-Ping Z, Li X, Bao-Ku Z, Yong-Xiang F, and You-Yi Xu. 2007. Preparation and characterization of
improved fouling-resistant PPESK ultrafiltration membranes with amphiphilic PPESK-graft-PEG
copolymers as additives. J. Membr. Sci. 294: 196-206.
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5. NAN13I9Y LAZIIIUNANITIVY

mu’i%’aﬁﬁ?@qﬂizmﬁl,ﬁaﬁaamim%wLummmm PEI olwsniusui laizaui USuyelid
aamaninanniu lavl#isndaudasiifivasauiusulasyinli ethylene glycol niiDwwmLTY
PEI duwuszlaniaud ariuaussanmwluniansas lag3siie neign wasduimios iasenn
luwmssaudadldldindudmazasmasaulaia uazdfisonaaimusniiatuldlasasilasl

@ vo oA a \ a v ‘s“ﬁll, [~ & e o A
@]a@ﬂl"ﬁ@]')lj@'ﬁiaﬁ’]il,@NLLVNI@G] JIWIIYY @]LL‘.IJ\‘JL‘.IJH VUADWRAIN AW

5.1 m‘%smmzumsmmm‘igw;umnmsa:mﬂwaﬁﬁmagﬁimﬁ(poly(ether imide), PEI figis lainb

nsaaudaddn (Unmodififie PEI membrane :UPEI)

Tnnwispiiidasmaassuuuusulussdudaamflansiu G‘EGLflw,mLmuﬁlﬁﬂammﬁﬁgw?u
e EnNUIzanm 2-20 W lwaas uazussduauiildlunisuenasfia 100-800 kPa w3a 1-8 bar [1] 14
Lﬁal,mﬂmgmw%aéf’sgﬂa:msﬁﬁﬁﬂmﬁﬂIwLaqaluﬁ’sa 1,000 — 500,000 aaan hilArwuniusuwaany
wuswsaaAaassuininlidlassaonusliauanas (asymmetric structure) lapUsenoudofiat

UB17893UMBTUTBITY (support layer) NTvwalwgniTuAatvanauaasluln 5

Tuinudsoillals PEI szansludavhazanswiialnlsslaa (1-methyl-2-pyrrolidone, NMP) lag
Ldsufianududn 16 % lagimin uasldindussililddrvinazans maedouwawsulalfinade
“Phase Inversion” LWUU “Immersion precipitation” I@]Ll“(ul"’svlﬂﬂ’ﬁwl‘%ﬂuL&JNLU?%I@UI“ffmﬂﬁﬂf: EEALTETEY
winpfialiauanasAdAITuun (skin - upper  layer) LLaziﬁﬂaf:azﬁgwgumuwmlﬁty (Macrovoid)

v & 4 S . o A ¥ v oA & o ;
nIINIzUanaasfiiile T93un91 “Finger-like structure” [2] Do IuTusnsTURITUUK muamiugﬂﬁ 5

Upper skin layer

50um Sl Macrovoid called “Finger-like structure”

31U 5 madarnsaniuIu PEI Mleualaglginadia Immersion Precipitation

. v A ' Aa ' L v A A oA ' A

van de Witte uazamsz [2] ldaunedn mafedesinsumalngeadefialiofiasainsznined

A ' ' v 1o o A av A o ° [y
WeuvoIa1Iazany PEl waz NMP gﬂq11aavl,ﬂfl,umwaamiﬁvl,ulmmma:mmﬂummaUﬁlmm il
VAN ILaN AU RaEIITINSITERIIMITNRA LA NMP  4aziil tNT1237 NMP waziindan wazidn
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nuldiduaee@ (strong affinity) [3] wuananuu NMP  fafiauti@ndaanusauiings (hygroscopic

property)

o limwmseanlasunsan s lra i s HwLLTHERA UPEI AAN6L
6199 fia 0.4, 0.6, 0.8 uaz 1 bar LLamlugﬂﬁ 6 wulanswenusuiuseninsiwanduaii uaz
ANUIRULULLEUATI Fenunpanuitdleldanuaulunsmageusiniu myluavesindwauiusus
WNIUGIY Taanmaen WA lddus s TBTRasan T NaLasTw [4] uastiiorinandiwanm
AN BURN WY BIUNRNULINLLTH (Water permeability, Wp, L/m’-h-bar) fasansamldainanudulu
ﬂiﬂWﬂm{lgﬂﬁ 6 NMIAWIBNUIIENNT W, = 189.17 Lim’-h-bar uazenmInniuli/séu BSA (%R)

a "

HAYINNY 98.93% TIRNILANNINNNLLTH PEI ﬁij’d"[&iﬁmmmmmsnﬁ'ﬂﬁ'ﬂuLaqamaﬂﬂsau"lﬁ i

A A

ﬂa‘ﬂﬁwaqmuLmuﬁgvpummcﬂLﬁﬂniwmgmﬂiﬂiau%aﬁﬁmﬁfﬂiuLaqamﬂﬁ"u 67000 @adk lay

FUARMINANNAK 1 U1 99%da bedn UPEL 1wl Tuaiao an s Nata st

250

200

Flux (L/m%h)

0 0.2 0.4 0.6 0.8 1 1.2
Pressure (bar)

3UN 6 WaNDUaIHIUNNILITUDBANNLTH PEI 9 lruIaauladfia (UPE) daaa1sazay PEG-

amine NAMNUAKAIINY

52 msanu1ljiTenszning PEl uazansazalanaaaimnasiadin (PEG-amine solution)

Tunuiseitlaidanldwessmesadusiia Poly (propylene oxide)/poly (ethylene oxide)

. . ® & A o a Py ' i
monoamine (Jefamine ~, M-2070) Husnsnlslunsaaulasfinaasuuiusu PEI {ada1nin PEG-amine
Urznaudengiafiunanainzd luvdjisoununuuufiedlefdnfingaivafiaves PEI lasass

o % o ' a £ o {
ilsuniud luduanaan u,azvl,w%lLavl,mﬁmmuml,l,amlugﬂﬁ 7
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uaNIINUULTI PEG-amine sulngjiatsznausdiy Poly(ethylene glycol) Nilanuzauiings
e & o lana . . n X -
(hydrophilicity) @9uuen1fATo13521319 PEI uaz PEG-amine sansnifiadu PEG azsunsaidanlys

A v [ v a 6 o v PN =) val by
WIANIINNNULUNLLIHARS PEI @]’JEIWWEZIﬂ’J’]Lﬂu@I ‘ml%Lummu‘nmevlmm’]maum

PEI

HZN(EH—C HE—O%(C H,-C HQ_O}:}%"H?’ PEG-amine

PEl-grafted PEG-amine

{ aaa d . a & . .
3UN 7 UJAsennaainaziiauizning PEI uaz PEG-amine

cae & o |ama o A a X vea Aa
1%0’1%’35]5% ﬂ’]ﬂgﬂiﬂ’]ﬂduﬁﬂdl%gﬂ'ﬂ 7 mmsmn@’nu"[mm LNALLIUAIIN PEI nuanusay
:’ = = [ v = a & A 1 &) ad dl ' = I a v
mﬂmmimq]ﬂme"l@ﬂ@ﬂ"lumaal‘*ﬁm'smummmﬂ sanaTuduaTn1Indny Yanutduiekasuin was

fnlgansen

T lUaEnsetheineifionlflunmsdnmeanumeusiivesuuiu sy AamsiayuFuN
(contact angle, CA) 3*#3N9AIIBIUNILTY UazRvosneain usagelsfiay mMyiayuFNNENgINa 1
"L;immsnnuan"l,@i”ashaLLﬁa‘%qiwﬁﬁwaumLmuﬁﬁ;wguﬁm’nwauﬁm’%a"l,;\i Lﬁaqmmmgﬂéfiwaog
WIUBBILUNLLTYU (capillary force) ﬁLﬁﬂ%u‘luiw;waommmu M3AAGIVDILINLLTW LML TS

(contraction in dried state) AMURETUNRIVBILUNLLTH (roughness) LTuew [5]

wadunawddymdubosnangngs  waefinbiSoueaamuin  nuidbhisldisudu

man . A & y
ﬁnmﬂgmms:mw PEl uaz PEG-amine lasmiiaduuiuuiususiaiitausin (dense membrane) <3
& A A Aa Aa S ' o ' = ¥
duwwmwsudlifignin uslifiafiGoy Ssmnanintisaadymamanlunsdnsanureninvedm
wanlasmyiaguivdy  wawmwsiiadiowiuaiouldlasnishasezats PEL Tu NMP leusnu
nazanuih Wevlugdeugyanmeanamnni 170°C lluam 24 Talus (1walwuniladn NMP szmpaean

1Y & & ' ° o aaa o . Aa ¥ o
wuaud) nnuwwIwiawiunianhljisoniumazais PEG-amine fiflanuidutu 10% lay
:’ C™ < Q’/ { a e o aaa v 'V a v A
min  Wwaa 5 Hlufiguingll 88°C wasnnyhUfiFeudy wusuiaaulaiiudr (Gagn
(38091 MPEI-D-5h) aninuninsusuNe wannuwlarnmMIansmMadasuwudailassairemaaillas

a7 ra28 ATR-FTIR Namﬁﬁ'ﬂﬁvlﬁl,mmslugﬂﬁ 8 LAY 9 ANAAL

A ' o @ A & oA o a o )
31J°n 8 memaguawwmaamwmem@mmmunm‘lwmumm@LuJaa LAZAALUAILAINIE

81382818 PEG-amine NAMuNT% 10% lagiinnin tduwian 5 7alus mngﬂuam’lﬁﬁu’jﬂﬁmué’usTa
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Wasuwdasianitasan 82 agen 1w 78.8 aim uanmmﬁfmﬁaﬁmimﬂugﬂﬁ 9 Wwuin Ims
{ ' a o ' 1 '

Waswwladlinnvasdunsisasdnasulugig 1550 waz 1660 cm = @1319N 2 ﬁEﬂLLﬂUﬂﬂiﬂﬂﬂﬁuLLﬁ{l

Suwﬂnmamgﬁaﬁ%’umm PEI LLaszumig@ﬂﬁuumﬁuWﬁLi@mamyjﬂdﬁfmaa PEI [ unns

aaulaiAaas1Iazany PEG-amine

90

Water contact angle (degree)

UPEI-D MPEI-D-5h UPEI-P MPEI-P-0.5h MPEI-P-5h

membrane types

Ui 8 yusNAFawnTHkauniuAgTliaaulas (UPEID) wanutuafiadywiundelidaudas (UPEK-
P) watuswiitauiniaaudasudnduia 5 a3las (MPEI-D-5) waziuiuTwriadznsuiaaudasudaii
1281 0.5 (MPEI-0.5h) &z 5 7189 (MPEI-5h)

lﬂl A a 1 6 o =) a
MN139N 1 LmumigxﬂﬂauuaaauWﬁLsmawgﬂanmumaa PEI (I-111) LLﬂZLLﬂ‘Uﬂ’]iQ(ﬂﬂﬂuLLﬁ\‘]a%WTlLi@]

Voang Waiduves PEI Neunsaaudasiadiomsazany PEG-amine (IV-V)

L8UAAR (cm’) wyiariFu
. 1777 wae 1720 m’:‘%’uuuuﬁmmmﬁﬂﬁuaﬁa (C=0) V8423UMIUD LUA (imide | band)
II. 1356 mMIFuwiLLEauaInus: C-N 28379uwIud lud (imide Il band)
. 1234 MIgANaAUIaINYBINaT (C-0)
IV. 1660 MItaua9RuDz C=0 angia g

V. 1550 MIydaUaINKkDE N-H TQG%HLE]VLN@T
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---dPEI (10% PEG-amine-5h)
—— pPEI (10% PEG-amine-5h)
—— pPEI (water-24h @ 88°C)

CO of amide ar.
NH of amide gr.

Absorbance (a.u.)

1800 1600 1400 1200 1000 800
wave number (cm™)

3UN 9 BunnsasUnaTuvaduNLLTULa LUK LmzmuLmu%ﬁ@ﬁgw;uﬁﬁmié’@LLﬂm@ﬁymm:mﬂ
PEG-amine ANENT% 10 wit% 1Hwia1 5 119 L‘]ﬁﬂm‘ﬁEJ‘]_Iﬁ"]JL%JSJL‘]JSWEﬁ@]EWE%ﬁgdvlliﬁiﬂuﬂﬁi

aaulag

LL@iLﬁaLuaJLmu‘*nﬁ@ﬁgwwgnﬁwmﬁﬂﬂﬁﬁ%mﬁumsa:ms PEG-amine fisnmzidipaiuiu
winshaftawindunn 30 widl uaz 5 5lus wuin AyuaNAE liaaasan 82.6 s 1iu 6253
89PN NIALALTWINU GRS AU Iz PEG-amine 1ipd 30 w17l waninuudunsisaainau
°11adLmLmu‘ﬁﬁ@ﬁgw*guﬁgﬂﬁ@LLﬂaaL‘flunm 5 5 lug Smsasuudaslugag 1550 uas 1660 cm™ @e
Lﬁ@ﬁﬂ*’naw‘inmﬂuﬁuammﬂﬁwgLavl,miraaiw’f{mﬁm G‘fmLLﬁ@ﬂﬁLﬁudwLmJLmumﬁ@ﬁgw;ummm

el fAsenuansazais PEG-amine lugnnazasnanald

ANNUANANVRIFANYNFUNE  LazBuWTemUnauveLUIHTRaLloutY  uasTHRaiINIw
21UANIINAINRIVBINNIUTUNIFBITRAT29AUTENOY  WILATIRTINMIARGIINY Unfo  LUNLLUTH
piadfiauunuinmitiuuiuiwanatznauaisdiui lisausin  (hydrophobic part) lusulng) 1w
WDz C-H %y CH, uaz wWiunz C-C asuulamaluniaifiadfisenszniviaiazas PEG-amine uaznyd
luduas PEI Seuwsardulylasnn LL@iluﬂitﬁmaaLammenﬁ@ﬁgw;uﬁL@%'mwvlﬁmnmmamﬂﬁyu
TeRTRNINTTIAe NMP  waziinlussninafanisuanuns Y ldnRiveu U swsiaiaslsznaueiy

Aad oA A & ' A & ' o & a aaa '
'ﬁgmm‘ﬂavs%lavlmmnﬂ’nLummmumummu aanwlamalumaialjisonsenieaiazais PEG-

. ‘a & 2 a o , o Y a & LY ¢ a &£ [
amine uazwydlud 283 PEI Safialdnnnit dldsumudluduanaan wazldwijialudiindu a

LLa@]ﬂuaLﬂn@%ﬁJgﬂﬁ 9

P a & a & a =2 o v A a & € Ada
LW@Lﬂuﬂ’]s‘Wgﬁ]uaﬂJﬁJ@E']uu Wnauna XPS ﬁ]ﬂgﬂ%’]m'\lTLwa"lLﬂiqzﬁaﬂﬂﬂi:ﬂaﬂﬂ']ﬂLﬂ&l"ﬂN'J’ﬂaﬂ

LWNLUTUNIREITHA WA baURAIluaNT 1IN 1 was U 10
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A13197 2 89U NOUNRIVOILNNLLTUTRALTID L LL&:‘Eﬁ@ﬁEWEWﬁVL&iVLﬁﬁ@LL‘]JENQ’J lasltinadia XPS

membrane C1s (%) O1s(%) N1s(%)
Dense 82 14 4
Porous 72 19 9

mﬂgﬂﬁ 6 W AinAnuassUnasy XPS Miaudauasniuan (C1s) 3 fumils MnsLNLLIW
aReIThe  TelanwasaduaUnasy XPS 189 Kim uazame 6] @ensiiafsuameddlud 3
FunisaInaliznaua:
o ajvauszaenilildiFendalasassivisunindlud we azaowaasiulasian [C-C (sp’
W38 sp)) WAz/MIa C-HJ ﬁﬂazﬂﬁngﬁwé’dmuﬁﬂmﬁm (Electron binding energy, Eg)
AURUI ~285 eV
o ajuauszaeniionda wisaWusziuaraovvasaenTan  wisaraawvaslulasiawn
(C-O #38 C-N) Eg AP URG LRI ~286.6 eV Uas

a X od, .
o afuaunazaanlwaunInd lug (C-N=0) Eg Aiadufiduniis ~ 288.3 eV

a.u Cls_FDO0O
M) I
/\\/
294 291 288 285 282 279
Binding energy (eV)
a.u. Cls_FP0O
(2)
A
v VvV
294 291 288 285 282 279

Binding energy (eV)

311 10 XPS C1s spectrum Jadiuniuswiiaiiauin (n) uazaiailzwgs (1)
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PMANTWN 2 WU wswurelznsunialiliinavesezaauvataandia wazlulasian

VINNITUNNLUITUTRAL D WY LLazgﬂﬁ 10 LEAIBENITALIRIALAWINEUNATY XPS Néwnid ~ 288.3 eV
té o 1 o o ﬂ/ U 1

WAz ~286.6 eV T dudunisvasnuse C-N=0, C-N #3a C-O aus1au ﬁﬂ'nm"umaaﬁﬂgaﬂml,uu-

a g 1 ‘é { U = a v v
winrfiaiawin Snaf ldmansnmivayuauyfgiudiodu
aanuluanuisndaly ’iavl,@m']mmmmﬁ@ﬁgwwmﬁﬂLLﬂaaﬁ'umia:mﬂ PEG-amine 18N
daru lagyinsdnswavasgunpiilunisdaudss  (modification temperature)  AMMTNTUVEY
81382818 PEG-amine Wazida lunsaauyas (modification time)

5.3 nsaaulasdan ms%%ﬁﬂﬁgwguﬁwmsa ¢a18 PEG-amine

5.3.1 mM3fnadpNinadan1InaulaIRI el IWIRaNINTY (Reaction parameters)

M3 leNGIrn Iz anlnnTeS s T PEI NEaNNTaUtin Rendasdnenfailasani
nadoU 31329 PEl uaz PEG-amine #kfe qmv&gmumiﬁmﬂm (modification temperature)

AN NTUVRIENTAZANE PEG-amine Waziianlunsaaudad (modification time)

ae & o v o a a aaa o ad
lwnuidehidadoundlddnmda aamndlunafiaditon sslugumpiindnmnda s50°C, 70°C,
uaz 88°C lasldanudutunessnsazals PEG-amine NXanudutu 10 we tHuraan 1, 3, uaz 5
Tl Tilugdf 11 usasawznalunmsdaudaadunm 5 e esnndnafsuudlaises

FuNTITaRUNATUNRINTL AR IETALIRAINNTEN LTI T AU 8 IRN I

3 |
8 88°C
2
o
7))
Qo
< JU 70°C
JU 50°C
UPEI
1800 1600 1400 1200 1000 800

wave number (cm™)

3UN 11 Sndwazasgangilunisdaudasniidenmadfsuudasasdunsasdnaiuvasuuiusud
HIuMIaaudadiosIasany PEG-amine anuidudu 10 wi% laldiasnlunisaaudasirinny 5

alug
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mngﬂﬁ 11 uaasdunTsesnasuvasauiuss PEI fldldeaulas uasldeaulasdrnasazans
PEG-amine t{waa 5 5219 ﬁgmvxgﬁ 50°C, 70°C, laz 88°C mﬂé’uWﬁLi@mﬂn@%’uwuhﬁqmmn‘]ﬁﬁ
Lﬁ@vs%il,avluﬁ nuAoRensaswulaswasmdnasufiduniausioo 1550-1660 cm’’ ﬁaqmv&gﬁl,vhﬁ'u
88°C LLazL:f]aﬁmimwmagluﬁuﬁaé’auamlugﬂﬁ 12 wmh;‘lué’uﬁaﬁvlﬁmﬂmmmuﬁé’mﬂmﬁqm%gmu
Msdauas 50°C, 70°C 1 aaada1n 83.1 a9en(UPEN) 1fln 73 uaz 72 a9 and1ey luameiy
miuﬁéf@]LLﬂaaﬁqmﬁgﬁlumsé’mmm 88°C yJUFNHFAARILYINAY 57.8 89N ﬁagaﬁvlﬁmﬂ’éuWﬂLm
adnady uazynands inlilunwisuidenltamungd sgoc lunsdnmdaly

Water contact angle (degree)

UPEI 50°C 70°C 88°C

modification temperature (°C)

311 12 ﬁw%wamaaqmwgﬁlumié’@LLﬂJmLummu PEI ﬁﬂ@ia@imué’uﬁmﬁalﬁmsa:mﬂ PEG-amine N3

ANMNLTNTY 10 Wt% LUaIaN Ml Iaauladyinny Wiy 5 T lud
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3
8
[}
(&)
c
©
o]
= /\j 10 wt%
a |
Qo |
< J
e o
/\_/ ' 2 Wt%
N UPEI
1700 1550 1400 1250 1100 950 800

wave number (cm™)

3uN 13 @ntwavesanudiuduvessnsazay PEG-amine Nddamsiasuuiasvasdunnizasidnaiu

289 Ngmunnlivinny 88°C wazltianlumIaandaarinny 5 309

85

80 1

75§ --- -l -

of----8

65

60 f----

55 f----

Water contact angle (degree)

50

45

40

UPEI 10wt%

PEG-amine conc.(wt%)

Ellﬁ 14 BnIwavasnnududuvasansazans PEG-amine 14nN3aauladianius PEI ﬁﬁ@iaﬁmué’uﬁa

Lﬁaqm%gﬁﬁ’lﬁ‘lum’:‘é’mﬂammﬁu 88°C wazltiianlumisautaavinny 5 1 lud
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Eﬂﬁ 13 useINATaIBuNTIIARIUASUTasWNLLSUWATNMIe ALY a9ensansazany PEG-amine 713
AMULTUTUAAD ANUTNTUANNL 2 W%, 5 wt% Waz 10 wt% I@ﬂqmmgﬁm“ﬁ‘[umiﬁmmmﬁa
88°C uazalumisaudassii 5 7alug ﬁ]’mgﬂ'ﬁ' 13 wuiuileldasazans PEG-amine finnnuidutu 2
wt% uaz 5 wi% mstasuulssmasmunesyliuandrstiuann LLazLi‘iaﬁmsmwmyuﬁuﬁaﬁmamlugﬂ
7 14 wudwlﬁﬁwué’wﬁﬂnéﬁﬁmﬁuﬁa 60.88 296N (2 Wt% AMNLTUTH) 60.48 8371 (5 Wit% AN
[FUT) wonaINTi AT IRAHNYBIE AN LT (Eﬂﬁ' 15) §sUINNLLIHAG ALY 8Id28ENTRZAY
PEG-amine 00 duTu 2 wi% uaz 5 wt% wandsinwlisnassanalumssaulas aoinlunuiss
dudaly ldaendnsnenududusesasazans PEG-amine A1anududuyinty 2 wit% uaz 10 wi%
wisislunsAnsnawesnssaulasRinadan Ny TaLsin ﬂﬁi@@sﬁ'uﬁﬂ s lnarwasinr LY

LI mm@m‘iq@é’maa WU Luan

311.1
269.5
350
220

300} 207
T_‘; 231
< 250 189 218 226
“-‘F 203.5
E
< 200
2
z
g
£ 150
[
{=N
3]
2 100 —
2 10wt%

50 Swi% PEG-amine

Wi concentration (wt%)
0
0
0 0.5 1 3 5

modification time (h)

Eﬂﬁ 15 wavadaNUdudusaIaNTazany PEG-amine Lazianlumsaaudas Nildadinslnaciuvadiin

LU NLL T

gﬂﬁ 16 waaIduwNILIaaUNasNIaNNIUTW N ke lunIaauladdnann fa 1, 3 uaz 5 TN
TagtRanNA T NAN LN UL IWNAALURITILEITazaNY  PEG-amine NRANMUNTWYNINY 10 wit%

WL 99NN T U R UUURIAUKA [ETALIUATINIA ALY AILNNLLITUIIHRITAZAY PEG-amine 2 wt%

a’mgﬂﬁ 16 wuinilananlumssaudasmwudsy mmgoﬂuaaﬁﬂﬁ@‘i’umm 2880 cm’ TIugAIN3
\Wagnulaaiiesanwuss C-H vassn ethylene glycol wasAidunmaLszanms 1550 waz 1660 cm ' @9
LﬂuﬁﬂLLamé‘ﬂﬁmuaww:ma\wxa&'LavluﬁLﬁﬂ%uLm:ga%mﬁanmmaamsﬁmmmmwﬁu WONTINTEH
wafia H-NMR Vlﬁgﬂﬁwmsl"ﬁ‘%msw:ﬁLﬁaﬁﬂmﬁamiLﬂamuuﬂaﬂmqa’%amamﬁ ueaeglsAany

a 6 v A A9 o av A = a A do 1 A a 6
ﬂ’]i']Lﬂi’]z‘lﬂ(ﬂ'lULﬂﬂ%ﬂul%Nﬂﬂ?i'JﬂEJ‘V]LL?(@\‘Iﬂ']iLiJﬂEJuLLﬂﬁGLﬂW’]Zﬂ’]iLﬂ@Wﬂﬂ@nLL'V\‘H;{)LﬂNﬂEm’lﬂ/\l‘ﬂ"ﬂi]\']-
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lihsaaufidunislszanm 3.4 ppm SudullsaeufiaguuaniueuidanueanGianesil -CH,CH,-O-CH,
a { o ' S g '
uaziafinaadnrivasllnoufidunistszanm 3.5-3.8 ppm \luwas -0-CH,CH,-0- Tewyjfiiluvasain
. A a { {ia o 1% W
289 PEG-amine @sluanuiduisemisduwnmadfswudasvaildsnaunfanululasiaudis  we 'l
P o A o a & Aa L A a a ) &
sansaAnld asannmidaudasifetudiulngidieansuiusw Salawfoufisuny PEI newua

folaimadasundastasain

C=0 of amide gr.

N-H of amide gr.

o ¥ wnenodified PEImembsane . ol e
c am | We a0y
C-H valence vibration of ethylene oxide (EO) part 1k |, ! | ‘_ 1
LTES ' Lot it '
R e T ¥ = - — i T - -9 - - T R W W e
" BIF ] mnodiies FEImemBane. Th L
& BIE | | llr' i1 W ,'{ .
fi [ . i i
ans -‘l-'.-'-"-'. 115 W .. -I | .. .. L ; ted L I £l
[ T "f“"'} T noeew b =3 ¥ .“'\-..'\...-“\-:q‘-h. r'-.'*::.'\_ll:'-\.
i oo 6 O b T ELE
%15 modified PEImembsane- 36 |F |I =
g e l' ¢
[
g 05 fraett tLr ﬁ*’l. U 'J‘t‘
-'-'\-——.——-v.—-"‘ﬁ-"'l!' Iic"--.- [Uﬂi
""-""\—'--l-u—u—rru-n—n.ﬁ--.._.,c.-
@ B1F | mediied PE membrene-Sh | [ ; .
5 8 ' ) ‘I- i
el : [ | L I .
nes . ~ .., -".-nt Mo ot ,_ gl
N i ey ¥ ; g v-""'a-,_-,-‘_
X L] 2500 L] g L

Wave morabad bere' |

311 16 BNTWAVDIIAN LT IUNTAALUaILNNILTH PEI Nidamsilasnutasvasdunssasinasy i

qmﬁgﬁﬁlﬂumsﬁmmaumﬁu 88°C wazltaIazany PEG-amine NUAMNTNTH 10 wt%

ae AoV us a aaa 9 a o oA = & Aada
uszlunudspidgalefnsnaiedjiondimaiia XPS eae hadinwesdlsznaumaeinga

a [ a dq‘ILq/d A o v . Aa

PaauNtuTn  wazlumdanzraisinaiiaftlalfdeniuuiusuneanlaianluanIazany  PEG-amine 0%
ANMUTNTUYINAL 10 Wt% TIANFE1INY  LALNNLUIHNAALLaI02881382a18 PEG-amine 1A%

HNTWHINY 2 Wt% LT8R 5 T2Lad LHaIaNNARKA L TaawnIn Nan lauaasluansnei 3 LLazgﬂﬁ 17

Eﬂﬁ' 17 ugassnasy XPS 2a9m13uan (C1s) Ba9nluTwisaulasdlnasazany PEG-diamine
Aanududu 10 wte Tasimsnidonaildlumssaulairinty 30 wift uas 5 $2lus Wisnifsuio
watnsuisslaldaaudas mngmﬁammmu PEl pnaaudassiuaniazany PEG-diamine Llum
Wpg 30wl Adumisasnssuiamiioidszanm 288.3 ev (Wn A) Fodudumisasmiuan
azaaulursunInd lua wuiﬂmmgw%amﬁmﬁwadﬁnaﬂadasml,ﬁuvlﬁ"ﬁ‘ﬂLﬁal,ﬂ'%ﬂmﬁwﬁ‘ummmu
fgslusaudas uandafansmnswiniosssaainsuanazaoufiduntadoiu wuidwiniosazuas

{oeV 1 o = ] o o o d
ﬂ’ﬁruauaz@lauﬂjadmm‘]ﬁuﬁEJGVI,M@]@]LLﬂm‘HOﬁﬂ’]m’m‘U 14% a@ﬂ\nﬂu 7% Wae 5% a’miULumUiu‘ﬁ
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daudadtduaa 30 wIf waz 5 Tlad MUEIAU NMIAAFIAINAIIAIATIAAIINNITNIILAIND WAL a

sanwnifiadisen uazidowllidungialud

@SN 3 29AUTTNEUMIILARVRRNNLLTYH PEl NE1WNNTAaLUaIA881Iaza8 PEG-amine Niay

WU 2wit% waz 10 wt% lasldinaiia XPS

membrane C1s (%) O1s(%) N1s(%) N/C
UPEI 72 19 9 0.12
MPEI-0.5h 77.9 18 4.1 0.05
MPEI-3h 80.5 16.1 34 0.04
MPEI-5h 80.8 15.6 3.6 0.04
MPEI-5h* 78.5 17.1 4.4 0.06
MPEI-24h 81.05 14.8 4.15 0.05
PEG-amine gaieyiated) 65.9 33.4 0.7 0.01

* Porous membrane modified with 2 wt% PEG-amine for 5h

A A ° \ Aa ' o o & A a X A
WaNTINGANUINAN C (B, ~ 285 eV) WU IWIBI0UaZIaIANTUOBIZABURALNNYULAD
[ £ A A Y1 o & A a X A, ' A =
naaaudasuly smansnatuneldindminasueneraaniiniuidunis E, ~ 285 eV dailu
funisvasmsuanluansdsznavlalasansueusfinduad (saturated hydrocarbon) [7] X8AARBINL
103983719289 PEG-amine NXA3UautRadNandudmwinunnin PEl asuwilaiudiusy  PEI an
aauUaInl8815azaNY PEG-amine 398anaiduvadin C ganﬂﬂLuuLUiuﬂﬂ’avlaiéTﬂLLﬁaa

(ﬂ']i']\‘lﬁ 3 LLamm“uadmﬁﬂi:ﬂaumdLﬂﬁ aE]ﬂ%lnm%/aEJﬂZ"IJENﬂ']gUE]%E]Z@]E]N panTLanosaa
uazlulasianezaen uazdamainvedlulasiaueznandaasuanazaan (N/C) NANTHNLINLSIN M
1Y 'S a & ' = o A A 2 Aa o <
iaUaz"uadmi‘.l_lauamamwumuamdmﬂ@%ﬂ LazLAaNIWIDIAT N/C 2aLluuLLITWNNNIIAALU8I6

) A A o ' U a P 'Y | @ < =
e 30 wIN Nﬂ’]@nﬂ?'ﬂ,“uLU?%‘V]VLN@@]LL‘HQG LLﬂ$L§3Jﬂ\'W]LNQL'Jﬂql%ﬂqi@]@LLﬂadLﬂ'}ﬂU 3 °].T’J<[3J\‘1 N
FaaadaInUUSINMVaIATUaUEzAaNNANAN ethylene glycol Va9 PEG-amine 71 laLAAWKSZALLUNILT

wu83 PEI

NnuaMlATEEmBatanyiayududs  ATR-FTIR uaz XPS aaninajullddn PEI awsn
el A3y PEG-amine vhldmansawe3suwuiusn PEI AZmsni vy wiaibondadindinvas
ethylene glycol ¥launsalasuuluuiusy PEI Aanuzeuiin uastduaiosawlumsimefaad

. . . o
&7 ethylene glycol Ynlsilumuuiiananumulunisihundszgndldlumansasunniiu
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3Uf 17 sunasy XPS vasmivauszaan (C1s spectrum) BadwnuIuig lidaulss (n) walusui
aaulasdsaIazauaIazaly PEG-amine NANULTNTYU 10 wi% Namngil 88°C 1una 30 wifl (1)
waz 5 7AW (A)
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5.3.2 FUIIUWINEIVDILUNLLTH (Membrane morphology)

mafsuuasdagwinandifn uaznadarvenuuss PEI Advhidauias wazdauag
FRURIAZANY PEG-amine soinaiia SEM LLamlugﬂﬁ 18 uaz 20 gﬂ‘ﬁ' 18 matlAsuutasdmugin
NeMAT (F18) WAZINARATINTBINNILITL (391) TaaNNLIRTidaulssdiomIazany PEG-amine
Anadudu 10 wite Amaaudasdnaiu dmswumwidaulandunm 1 9lus dugwinala
wandnwausuisslidaudss enalumisaudasnuduim 3 usz 5 Talus wufinaves
LwLmuﬁmwwmu%u%ommsnLﬁﬂﬁ%’@ﬁnngﬂ AFM (gﬂ'ﬁ' 19) 8713N817 F N Anfnenudwiean
maasuuasesdsznaumaediuaniusy Lei uazame [8] 16afunein anwnenuiifeduian
maaLmlLUiudawalﬁquLmuﬁﬁuﬁﬁamnﬁu‘lum’:‘é’uﬁaﬁ'ﬂuLaqamaam‘fw FINAYN AL T WA N W TUE

= I , & &
L“H%ﬁlﬁﬂ']ﬂ']'ivl,ﬂﬂNW%“IJEN%WNW%LNNLU?%@EO“H%

uaﬂmﬂﬁfuﬂ'\awugﬁﬁﬁ’maaL;\mmeﬁammmugné’mﬂauﬂunm 3 Tl wugﬁﬁammﬂ
; . & < (o X
Uszanm 0.02 £ 0.01 Um wszllanalumsaaudsswntuiu 5 52l gﬁmﬁ"nm@’lmgmu wazd

o J dl 0/ L ﬂl a L= a va
Fwaugwauendn awaznialdlszanm 0.04 + 001 um uazilefaanmadarIITmlndin
v e L . a & - . &
auiutuuwniiagnausmalngadoiiiianui Aruunusadilananlunnsaaudasmuis
HadniaNsIRENENINLNIEIM (degradation) NRITEILNNLLTH PEI @1uf1 Santoso LazAmzaTue

Y d' [ P a a Aa & aw A“VLWQ o o
17 191 wialdusilainifemarenamwiRaswunvaaaaiuss wnwissilasiwuuswiinmsaaudas
v . v v I J Q’/ a @ v
feaIazansy PEG-amine AMULTNT® 10 wt% Huszazinaumnudnie 24 11lus nan133idouaadl
vind Wanmlunsdaudaadunm 24 Talus linusuiuiauiuduun (U 12-24h do) wugh

AaflwelwgjUszanm 0.78 £ 0.16 Um %oﬁmmmmﬁummn%waagwgmmﬂlmgﬂﬁmﬁ'sﬁa(g‘ﬂﬁ'
12-24h A7) NNHaMIITGInasunIaaglldiiuuu PE gﬂﬁmmaaﬁﬁaﬁwmiazmﬂ PEG-
amine vnlWauuod ethylene glycol [HoudanLLNLLTH PEI drawuszlariand (functionalization)
Lﬁanmlumﬂﬁ(ﬂﬂﬁﬁ%mﬁa‘lumsﬁ@LLﬂaaa%”'u (<1 Tl udillaszazawulumsind §Azeuwm
Ju fifvesuuuTH PEI Lﬁ@ﬂﬁiLﬁauaawﬂmamuﬁﬂﬁ’gﬁagj%u‘l,éfﬁaLf':aLLuu%y’uuugmﬂmaﬂ qINA
szuLUiué'nwm:f:lﬁdﬂﬂwi%umm{wga Fawanliduluan Santoso unzams [9] gﬂﬁ 20
wWisuiisugddnsann SEM fifasuuiuIn PEI ﬁgﬂﬁmmmﬁwmm:am PEG-amine ANNLTUT
2 wit% (The) uaz 10 wt% (2721) ﬁ]’]ﬂEﬂWU’jWLﬁaLNNLUSMQﬂﬁ@]LLﬂGOﬁ’JU&’]iﬁ@LLﬂadﬁﬂ’l’mLﬁNﬁu 2
wt% fifntuuusaswuuswsuimadiswudaniionalunmsaaulsariiiu 3 52l Arweauiuss
SuugnaanuagInrinin Vl,&iwugﬁﬂ's%y'uuu wazanndwiananaaulaariiu 5 $alug LLa:a:wugﬁ

Raunasulaltiianuinis 24 7319

mﬂmimﬁUuLLﬂadé'mgmﬁﬂm sanInagyldi Waanuiduduvasmsazais  PEG-amine
ga%u lwaanmaiadfnse uazMIEBEUTIIN vlidugwinenvosuuuuildanns
daulaaduaIazaly PEG-amine Aiflanandududanu ﬁm’mLmﬂ@mﬁ'ué'almmlugﬂﬁ 18 waz 20
nalumsdaudasfinadenafioUjiseniude lussszozusnsasmafaufisondsanm 1 $alag
§1uB04 ethylene glycol ldiRamaniviiwmiuTy PEI uaziflanamlunmsdaulasmwmuiuiadiud 3
Flag waLsw PEI Lﬁ@m'mﬁauamw%ammsné’ommvlﬁmrwgﬂ SEM  muddsuutlasasdmgn
AnenfifadanademInsuriusa sy uszmIiniulisdusia BSA
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Tum

Bum

Tum

311 18 Wi (T1w) Wz MNAGADINS (B0) VB9LUNLLTH PEI Nganauasdioasans PEG-amine A1

10 wt% lafinmlaslindasgantimibianaseuuundaining (SEM)SEM micrographs of membrane
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(M unmodified PEl membrane

Image Statistics

Img. Z range 210,98 nm
Img. Mean -0.00003 nm
Img. Raw mean -0.00003 nm
Img. Rms (Rqg) 15.171 rnm
Img. Ra 12.059 nm

Box Statistics

Mean

rRms (Rq)

Mean roughness (Ra)
Max height (Rmax)

() 10 wt%-5h

Image Statistics

Img. Z range 1.413 pm

Img. Mean 0.00009 rm
Img. Raw mean 0.00009 nm
Img. Rms (Rg) 137.04 nm
Img. Ra 108.48 nm

Box Statistics

Maarn

Ems CRg)

Mean roughness (Ra)
Max height (Rmax)

31U 19 Arvenanusungyliaaudas (n) uazaaulatalisasszany PEG-amine aNduTH 10 wt %

Hunan 5 wlas (v) las@nsanninadia Atomic Force Microscopy (AFM)
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J 2um ) 16567 ¢ 2um ; 00

B e " e o e
311 20 WuAweINNILTL PEI NDadaudasdisasany PEG-amine anuLutn 2 wi%  (18) uaz 10

wt% (27) Lﬁaﬁnﬂﬂﬂﬂl’ﬁnﬁaqqamiﬂﬁ’éLaﬂmammm«iaamm (SEM)
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5.3.3 ANNTAUINVBILUNILIBNEIBNNIAaLLad (Hydrophilicity of modified membrane)

Lﬁaamﬂfmmﬁ';fyf‘:ﬁaamim‘%mJLmJLuswﬁ'ﬁmwmauﬁwLﬁaammsq@ﬁmaaLummu’l,mmm
ATTUIUMINTBIRNTIIWINIYTAU ﬁ%aamgnmﬁ"l,mauﬁmmmaﬂagluu‘?ﬁ Wowausuilanuseauiines
ﬁ’ﬂﬁ’luLaqaﬁﬂmimﬁmﬁ@Lﬂu%y'm{']ﬁﬁmﬁwaummmummuamﬁ'mmé’niuLaqamaaaﬁ’é"u’tﬁma
aan lanfanrinue LuNLLTR %“oLﬁ@mimzﬂ:aumwwﬂuLaqamao‘ﬁ:’]mummmumugww [10]

aafn lanannuarluiiten 2 1umiﬁm:nmw°muﬁwmmumsuuuuﬁgwgﬂﬂmmai’wué’wﬁa
Mlden udlwnuiddudwulies 5, 11-14] gsldinafiailunmsdnsianuseuiiweauuiusuwls
SRR uaﬂaﬂﬂﬁfuluuﬂuﬁﬁ'ﬂﬁvlﬁﬁﬂmé’@ﬁdawummig]@fﬁ'uﬁw (water absorbance ratio, WA) [15-16]

(7%”]ULﬁé]Lﬁllﬂ’)’]&lu;’]L%aﬁ@luﬂ’ﬁﬁﬂﬂ’]ﬂ’)’]&l‘ﬁaﬂﬁ’]mE]\‘ILNNL‘UTH,

3UN 21 uFeIAYNFNAE Loz WA P INUNIUIHN BAALURI LazaaulaIudId188138a18 PEG-
amine NANMUTNTH 2 Wt% Waz 10 wt% NLIAIUINMINaLUaIa1INY mnnswﬂuamiﬁﬁwj']ﬁmu
@ o A A @ £ ° a A o [ . & %
RUHRNANNAAILNTDIA INTAARUBIMWIUTY FIRSULNULTUNAaLURIGIY PEG-amine NIFaIANNLIH
Ju  wdlaIuNoUNaeIA NN NTUYRIFNIRZANY  PEG-amine  WUTWNNLLIUNAALURIA7E
§1382a18 PEG-amine @NMNINTH 10 wt% Iﬁ@iwué?uﬁaﬁﬁwmfﬂLmJLmuﬁﬁmmaaﬁwmiazmﬂ
PEG-amine @NUINTH 2 wt% wNedantas Nata1atduninginlaanudyvduuasansazany PEG-
&, v a aaa = ' A a o a Aa A A

amine g{mumlwamﬂumnﬂ@ﬂgﬂimu’mm Luawmimwamgﬂmwmwmmaammmu‘[ugﬂﬂ 20 N
szozabwnIaandandn 1 Tluy woudnRivasuuuswnas i ldaautas wazaaudadiduaa 1
T ININ WU RININUANANNT  SIBWEINITANEI laIn Wana lwnIaanlasuuu Al
szpzam 1 TAlad wawsw PEL difaUAsenny PEG-amine vinlwawiiiln ethylene glycol tfia
A Aa ' Y a & £ ° o o ¥ o £ )
o laaNRITOILNNLLTH RINAMALUNILTY PEI Sanurausiianntn mlﬁgmumvl,@mﬂmumNalmm
& A A A o AN M v o v A A [ A Aa A

WA gwumaLﬂsm_lmm_lmJmemuw"l,uvl@@mmaa LL@L&Jawmsmwamgm'mm‘ﬂmmaammmulugﬂw
20 oA lNIAARUAIYINNY 3 WAY 5 T2 INIWLINNRIUaNNLTIISNLANaaN WWaLuaLLTWYN
aaulasnua1Tazaney PEG-amine 2 wt% lummzﬁmmmugﬂﬁmﬂmﬁamm‘azmﬂ PEG-amine 13

INT% 10 wt% wugﬁﬁwaammmwmﬂﬂszmm 0.02 + 0.01 [lm uaz 0.04 £ 0.01 Lm Woralums
faudsarnty 3 uar 5 alusawdey  eeiuwenananaléin msamawaayué‘wﬁmﬁammmugﬂ
fauladdiumsazany PEG-amine (Huszaziawinds wananifannmadasuudaslasianems
LARLE" EJ'aLﬁ@mﬂm'smﬁuuuﬂaaﬁmgm”?‘nm"?'iﬁmaamumeﬁaamﬂmﬂ%‘ammwmaaLummu PEI

AN FNANINILA AT 5.3.2

ﬁ]’mwaﬁ"lﬁﬁﬂﬁmmma;ﬂvlﬁ’hmmmu PEl NENUM500LUade2881582a8 PEG-amine A%

v v | ﬂll ' - Vi g/ lg/
\TUTW 2 wt% ez 10 wt% Luszazasue 30 win mmmﬂiuﬂ?ammmu PEI I%ﬁmmwaummﬂmu
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5.3.4 MITUHIUUBINRIULNNLLTY (Water permeability)
mﬁ@msﬁ'fmw"]wnaaﬁnmumuLusw,ﬂumiuaﬂﬁuqmé"ﬂwmwaammmw’fiammmﬁﬂﬁ

o v ¢ L A o P aA a @ ' v & a & o
I@EJmi’J@W\laﬂsmjaammummusuﬂm’mﬂumﬂ LRSLAALANAMNAL ATWANTIZLNIT I@ULLﬂiW%
@ v o { A = o o ' . o Aa
mdﬂmﬂﬂmmmlmmlugﬂﬁ 22 ey 23 611\‘1Lﬂuﬂﬁwmem’]Nauwuﬁ{izws’mmm’mﬁuﬁﬁ@lamw
é’ﬂﬁﬁré'lﬁ%’ULullLﬁJi% PEI ﬁgﬂﬁ@LLﬂiﬁ?ﬁﬁqiﬂﬂiﬂqﬁ PEG-amine ﬁﬂ?qﬁJLﬁﬁJﬁu 2 wt% wae 10 wt% Lfla

LA NNIAALYTEIN® NG

m UPE!
200 11 © MPEI-2%-1h
A MPEI-2%-3h
0O MPEI-2%-5h

150 A

[
o
o

Flux (L/m%h)
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Pressure (bar)

UM 22 ANUFURHTIZRTIINT IARHIRU IR RN VLU TH LRZANNAWN M LN INAFURIRIULN UL T

u

NeawUIFeRITaza1s PEG-amine Nanuinds 2 wt% wWSsuiisunuiwaiusuigslilaaawds

350

[ | WUPEI
300 || & MPEI-10%-1h
A MPEI-10%-3h ‘
OMPEI-10%-5h D_,--"

Flux (L/m?-h)
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u
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Lﬁaﬁmsmwm’]wslugﬂﬁ 22 uax 23 wui Wanalunsaaulswaiuse PEI @asssazans
PEG-amine #1%ii% AWanduasindmwaniusuienannis wasdafosananududusasasazans
PEG-amine flflumsaauds wuindleldmsaraefifianududuannsnie anudatu 10 wtt
liuniusu PEI gnyidiseniu PEG-amine dudanfiinit Sadenaliiia degradation @
Safsini ﬁﬂﬁggni@‘fﬁ’sﬁtumﬂ@aaﬂéﬂiLLa@]ﬂugﬂﬁvl@Ta’mﬂ'ﬁﬁnw’lﬁasJ SEM (Eﬂﬁ' 18)

mm‘ﬁ’uﬁ"lé'fmnnmﬂgﬂﬁ 22 UaY 23 FINNTDRINIAIWI I IV BIUN AN
(water permeability) Vlé'f@"fauamlugﬂﬁ 24 laananagdladn Wanalumssaudsuuin waz
ANMNENTUVBIRIIRZANE PEG-amine ga“ﬁu FINA TR AN M ST N WLLLTHANN T WazaNNT%
amaLﬁuvl,ﬁ"ff@LﬁammL“ﬁuﬁummmm:mqu%uwhﬁ'u 10 Wi% siufonmsdurnwminie 64% (il
WL PEI gnaauilsenuaniazats PEG-amine luwa 5 2l s lildaaudsgedien
MITUHIWTINAY 189.17 Lim™*h*bar (LWLLUT% PEI anaauldIsa1IaaNy PEG-amine (Hwaan 5
a9 smIuruwrity 311.10 L/mz*h*bar)
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Water permeabilty (L/mzh-bar)
200

100

50

0 0.5 1 3 5
modification time (h)

311 24 HaTBIANNTNTUVBINIAANY PEG-amine uaztia1lumsaaudsniidadn water permeability
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dmanniuldsdiu BSA auuaaslugufl 25 waasldiAuinumusu PEI dulng lddns
Annulds@u BSA gy 100% oAU PEI Neaulsiidumiazals PEG-amine 9214l
v o & < A LA o ' Aa a =
Wudu 10 wt% Hunan 3 uar 5 1lud asnninfiznzainan ARnvessuuswlasands
sanIndudunaldangd SEM (3Uf 20) ldlaanavaslids@uuedulumsszasriugiiasan

Mlwarmannnuldsdnanatasnennn lagawizionalunmiaawdsuiuds 5 Talue

120

02wt% 10wt%

100 - rmmm e e oo

80

60

% Rejection (BSA)

40 A

20 -

Modification time (h)

311 25 wavesanuuTUYaIaNTazaNy PEG-amine wazhaan lunIaaulsNisas1 BSA rejection (%)

VAILNNLUIW PEI

suamsnariusowuusuilaton uwaznaImIaaudsldgnihameseulasldganses
%@ dead-end S‘fﬁLﬂu"qﬂmaaém%’uL;Jmmwﬁ@é'amwﬂmmﬁu Taglunwdssitlevinmssanslng
dutast NI TWH e aw AW anFua N A (J,,) Ansiasuuasasifailszana 90
Wit waIanTuasazany BSA luasazanutiined (pH=7.4) ATanadudu 1g/L s ianaw
andvaIznazanslUIdn (/) dwam 50 ARdINIaNANTYaIFN TRz UTAULEY T
winsndsssinauleslfaionagudunmm 2 5alus LmJLmuﬁﬁwﬁasﬁwné’i’ul,l,ﬁ'svlﬁgnﬁmﬁ'@
dWanduasinnaudnass (J, ) audnnsd Nﬁﬁ%’fuﬁmluﬂi’]ﬂgﬂﬁ 26 FauaasliiAwirdmanduasi
nauvasNNLIRTkunsaseIazanallsin  uazihandraudlddwangndnindnandaowsudn
(o)
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230 ; ;
{[2 wt% PEG-amine solution | ()
210 i@ UPEI 2-05h —-1h |}
i &-3h -@5h
190 1 o .\.——I—I—H—I
: :‘ A A A A—4
170 |
g 150
= 130 : 5
1107 .\H_"H\H\.
] é‘;@m
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50 - -
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350 ; ;
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250 1
Z 2008 %ﬁ
E : i
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x 150 | :
= ‘\‘\‘_‘“‘A—A—H :
100 - g@: S ——% P PNIPPIP
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31U 26 FNUANTIAARIUVBINNLLTYH (transport properties) 2BILUNILTH PEI Ndaudsaaansazaly

PEG-amine fianuLdudu 2 wt% (n) uaz 10 wt% (3) s lumsaausdn g
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53.5 nImanyaansalumitlesnuminidsuediuaiusy (Evaluation of anit-fouling ability)

Concentration polarization (CP) L‘ﬂuﬂﬂﬂgmiﬂiﬂﬂa"nadmz‘i_l’mmiﬁﬁ%ﬁumin’lUl@T

a A a a a a a | U dl s 1 a
w396 Ao nazuaumslulasflawesdu nizuaunsdaaniaiastu udu Wadagnazans wiu lsdu
Womiazaunuagfamhaasuuuss  ldenudutusasignazaonbiduausueanllys
' v k2 d‘y ' v a & J a Fd‘yu a
nenudvduluiossazais neliifasuvay (boundary layer) Iu FonUsingmsoiiiih wWads
(fouling) YNIAFNITOULVRLNNLLIBUBAD WANT (flux) LATENIIOUZNTEENNG (selectivity) AAa3
MILAA fouling HIBNIANFERNVILUNLILTHI 3 Anwmae Ao A unanvaduNiuTwdusuian (cake

layer) ﬁ“ﬁaalﬂ@mmg (pore blocking) ‘Iﬁﬂn’mlugmmLumUiu (interior pore fouling) [10]

ﬂ?i‘ﬁ’]ﬂ’!’]wﬁ’]lﬂiﬂluﬂﬂ‘iﬁ’]u‘ﬂ?uﬂ?ﬂﬁ(ﬂ fouling mmmﬁ’]mmvl,@’mmmuaﬁmaamgmu

ANNGIWN (resistance in series model) [17-18] a9t

R, =Rr+Rir=A—P—A—P 1)
77w‘]p UWJWO
R, = _ AP @)

- 77WJW1 77WJW0

Lﬁa R: flo ANUAMUMUIIN (total fouling layer resistance, m_1) “émﬂuwaﬂ&l"umm’m
Fruwmuiiaansoduwnaule (R. = reversible fouling layer resistance, m") uazanudIwmMuily
sunTnsunauld (R, = irreversible fouling layer resistance, m”) R 1iluanuduniumanmaialn
alsatu Fudunasinvesnnuiumuanmaia CP uwazaudumuswas e lsatudu
nszuaumsARunaule (reversible process) wiamansndsaandasinanliinasldanzle duile
Ifrivhanuszerawuss assansamiaamztulna lsasuaanldwingu  uelisansariae
T4 fouling ﬁLﬁﬂmﬂms@Wﬁu wazmIgaaumelugniuvesdagnazais (1] Fouling feduiu

nszuawmInewnaulid'le (irreversible process)

AP fanadnd1a9nnNani N Ua1IazaNe (trans-membrane pressure, Pa)

1., AoANURAATaIANIATAIUNHIULEBUHY (viscosity of the permeate)

' e

-3 o o ¥ A a
NUNINU 0.89 X 10 Pas m%iumﬁqm%nﬁu 25°C

o ¥ oA W 4 a
aaWanvaditlatuy LU?%U\?VLQJ WIBNIINIDIRIINSAN UI‘US@]%

A
EN
A
f
= ' o 6 :’ g v A a v v :’
ﬂﬂﬂ’]wﬂﬂ“lﬂla\'ﬁrlﬂ‘lﬁﬂx’iﬂ’]ia']dLNSJLU?%Y]T]?GGI‘L]?@%LL@’J@’JEIW]
A
f

JWO
Jw7
J, adnansuaIznsaza1sllsan

#aNINUL IAF1WIUAAT Flux Recover Ratio, FRR (%) a4aun3f (3)

FRR(%) = [J) <100 3)

wo0
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FRR  1IufNuanfinIanaduadnanayadiudiusnian e iinawiada1nnIadansasaiy

v
oA

Tsan 1HuaNuanfInNuaIIaluNIFNANNRZ 1A IEVDILNNLLTH TITINLINARIAININ LFAS

IR NUIRTANVEINIID IUAITINANNETaNaa 81 NAW e
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317l 27 AnwdumuTIn (R) anwduwmuidunauldle (R,) wazdn FRR vaamaiusu PEI naukaznad

mMIaaulsmaaIazans PEG-amine NANUGNTH 2 wt% (0) WAz 10 wt% (1) Ananlumsaaudsdn g
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(n)

O 2 wt% PEG-amine
10 wt% PEG-amine

R; (102 m™Y)
N
1

modification time (h)

2.5
()

O 2 wt% PEG-amine

10 wt% PEG-amine

15 ¢

R; (10 m™)

I e

05 -1

0.0

0.5 1 3 5
modification time (h)

317 28 anwdumMuTIN (R) (n) wazanudwmunaunaulaila (R) () veswniusu PEI nauuaznal

mIaaulidaaIazans PEG-amine NANULGud 2 wt% uaz10 wt% Analuniaaudiasg

3UN 27 usesn R, , R, udz FRR 2@4lualusu PEI faw uaznasnsaaulsdieasazans
PEG-amine NlaMadudn 2 w% uaz 10 wi% NamMIaaudsasns angUwudn walsw PEI 71
HIuMIaaudsainanIazaly PEG-amine NHANNdNTw 2 w% uaz 10 wi% ldd1 R, usz R, aaad

{ @ d o g o , . { o o
WaldSouiouny UPEI 1ananuadnsaadsuiuds onalae19uti siauuiusy PEI anaaulydie
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. { ~ v @ < < ' 12 -1 g
81382818 PEG-amine ﬁumﬂm‘umm 10 wt% Liulaa1 3 °D"JI§J\‘1 12 Rf AOR49IN 3.78 X 10 m 1w

181X 10 m" uazd1 R aA84310 2.00 X 10 m™ 14 0.37 X 10 m" aaadiis 81.5 %

WANIIMNBUIINUIN LBLUNLLIUAALLIAI8E1I82a18 PEG-amine NAAMAILTUTH 10 wt% 7
a J v ¢; ' P ‘V v .

navaImIsaudswudu id R, waz R, dnduniusu PEI Ngnaaudsdiosiazaty PEG-amine
nflanudutu 2wk dauaaslugd 28 netbdwwnziilieanududuresasazais PEG-amine
fay aamatialisondias ilwaiusas ethylene glycol Mtianuszlariananuiuatusw PEI 3
Usmnuiiasnd dlilds@uuesdimfansgaduifludundslaldaauds (1] udidiafiarsan
naIMIaaudsYinaL 5 Talud SnsuwuIBNaaulsmaaIaaudsanutudn 10 wi% wuin
P a o a ' a = Y Y S '
pavedzingnilaanazadlusdu dldldsduusamnmzianisluzngudinmsdadioinl

I3 o ldy Y o Yo ' I v v
ﬁ?&l"l‘iﬂﬂ’]ﬂ’]’]&lﬁtB’](ﬂﬂ’ﬁq@ﬂ%LLU‘quLﬂ ‘Y]']I‘ﬁﬂ'] R, uaz R, SIINIUAINDNYY 2 wt%

100.0

0O 2 wt% PEG-amine
10 wt% PEG-amine

90.0 A

85.6
83.6

80.0
74.7

74.0

70.0 A

60.0 A

Flux recovery ratio(%)

50.0 1

40.0 +

30.0

modification time (h)

311 29 1W3suLBUAY FRR 229i00lu3% PEI Ndaulsdisaniazaiy PEG-amine NANududu 2 wt%

uaz 10 wt% e lumsaaulsangg

ganlananuiuarieaniner Ry iusranuiumuwiuaadldiinians fouling NInuadn
a & ' a < A o a A Aa
Weduluszwinnszuiuminiasldsiiu. wufienigady wazimz@avaslusfuniiizeawniusn uas
mingaduzasldsiunmolugwniusesuniusn migadumelugwiuwsaslisdutadndunszuiuns
{ % Qs 1 q/‘é v ﬂ/ 1 v { { v & 1 1
naunavlildgsmeandainuen R, andayafiuaadlugfl 27 uaz 28 usasliidniinisaasszasd
=2 a a A A & &
R, waz R, vanfswuiuindenusmasalunisaanswings Wawuiusu PEN Saamauinanis
\WagnaaulssdisanIazany PEG-amine YinlWiuuiusu PEI iiaWusziTanloanudn ethylene glycol
lﬁl I 1 :’ o va L3 :l o v Qs dl ]
adusuzevin vhldfveswuusu PE dnaguaroluanavesin slwaansondnluanadla
FOUNN88NINNRAIVBILNUNLLTY
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\fiaRansonen FRR 1u3ﬂﬁ 29 wuh Wenalumssaudswinds waluss PEI ﬁgﬂé’mﬂs
feIasany PEG-amine namadsanuidudulien FRR fanannin waziilon3ouiisunavosnng
T WVBIRNTRZaNY  PEG-amine wmhLﬁal‘*ﬁmiﬁ@LLﬂsﬁﬁmwm‘*ﬁu*ﬁugmdw l#d1 FRR ganin
snviunsdildimlumsdauds 5 Talug ﬁ”'u‘fflﬂmwmz’hLﬁamm@maoﬂmﬁu wazlwgjninluiana
2091U56% v lkiAans fouling [4] ﬁammlugwgu wasfifnveswaLTwM I liaanTarin
AwEzaNala wdagnelsian 1 FRR fswnnndndr FRR 289 UPE S’fiaLLa@ﬂﬁLﬁm'}ﬂﬁﬁ’%m
Wi PEI waz PEG-amine ldifiamaluzwyudan vilwaau ethylene glycol \eusiariu PEI lag
wunzlanaudmelugngusasmuiusudisluszniiinisaauys

NI mmiﬂa;ﬂvlﬁdﬂ WNLLTW PEI N HIBMIaaRUaIe1 8813582818 PEG-amine 119
FadaNuTNTUVaIE1IATANY PEG-amine ¥inl#au ethylene glycol nS1nvinulassasnsvas PEI v
% A da N s o < Aa Iy & ° o
% PEI ani@undansia barauiin andSudsawnnnsunfianureuianniis M lwanu1naans
Aa . o [ { X s A9 o ' { & [%
\iafouling ¥l R, usz R, aeas luamizfi FRR AN FITIAARTNNNLLTY PEI NaauUaiud?

RUNIDTNANNEZDNA Le8 (easy to clean)

5.3.6 ANNNKEADLIINIVBILNNLLTH (Tensile properties of membrane)

asnndhlunshwawmwnlyldnu quanddndaayedmilivesuuuiuie desiiany
~ a dl v o v dld a 1 a T Aa a a
uwdausadana inalwmansnih ldldnuluanicifienudugininng lavlifienmsinee lasdnd
v A o o o \ o a IR AR V) oa >
windlaiuauawinlfnuasosuinazagluanziidoni dmulunmasssiidsldinyiaany
= & A o a ¥ a a ¥ Ao
udawssvaswatuwndluansnwunweds wsadoni lunmseSsuwaswidonihlunsiale

Iainuniusnnesoylansnaniaznasmiaawdsinu I luinanannsenssihanaga unssag

ﬁnngﬂﬁ 30 eRsmnUIRisauds@naIasany PEG-amine ARaMudutu 2 w%
(gﬂ‘ﬁ' 30 (N)) WUIAIAMUIIUNIBLIIAG (tensile strength) fiendoutrnsfilugronamesmsaauds
iy 1 dalus uhilanadaudsinduidn 3 uaz 5 52lus 6 tensile strength amaaLEntias nydl
WwilLsufiaaulidnansazaty PEG-amine ARaMaSuTn 10 w% (Eﬂﬁ 30 (2)) WUIEN tensile
strength  Jananasdatianlunisaautsuudn neftenadunzin aanududusesansazans
PEG-amine g4 sarmadeusnniiaduldsonin vl tensile  strength uazIiac m 90719
(elongation at break) 2a9luulUsHAAAsIBIzIz A VOIMITaNLIAFWNIY WwaluTwluanwilidon
W§A9AN tensile strength aaadtantas luumefiA1 elongation at break ANA% Fe9nNN T NT w04
81382818 PEG-amine waziilaifSouifisunsvasanuiduduiifdesuiaidong (Eﬂﬁ' 31)  ldanw
ANANNIYIN LfiaL&J&JLmugnﬁ@LtﬂsﬁmwLﬁwﬁugaﬂhﬁﬂﬁauﬁ’aL%aﬂaaﬂm udat19lsAan A3
sansvassutaEenadaSoufisusy UPEl luflanuuandrsiuanniin ldannagdlddiney
Lmuﬁm%w"l,é’lunﬂmﬂmaamu%’mﬁtﬁmmLL%GLL‘NL‘ﬁmwalumsﬂhm’l‘*ﬁmu‘[um:muﬂﬁé'ami‘w

WAaLasan
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crarchical structure in these two scales, the membrane surface hydrophobicity can be adjusted and membranes can be
stained with surface water contact angle higher than 150°.
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e surface activity of ultrafiltration poly(ether imide) (PEI) membrane was tuned by using wet-chemical treatment in order to
yrain low fouling material. Poly (propylene oxide)/poly(ethylene oxide) monoamine (PEG-amine, Jefamine®, M-2070) was
—+d as surface modifier. The amine group is expected to react with the imide group of PEI and the PEG block of PEG-amine
ensure a good hydrophilicity to the membrane surface. The effect of the modification time on the morphology (SEM,
M), wettability (contact angle measurement) and water permeability of membrane were investigated. The chemical
ucture change during the modification process was monitored by FTIR-ATR, which confirmed that imide groups were
ned to amide groups during this process. Water contact angle measurement demonstrated that treatment with PEG-amine
~ulted in a better wettabilty of PEI membrane and an increase in water permeability compared to parent PEI membrane.
ese characteristics offer a lower fouling to protein (BSA) and make this procedure useful for fabrication of ultrafiltration

‘mbranes.
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srder to remove trace levels of halogenated compounds from water, a novel hybrid membrane was developed. The
mbrane is composed of 2 layers: (1) an extracting layer for the selective permeation of the target compounds (i.e.
salomethanes) and (2) a reactive support matrix for the degradation of the permeated solutes. The mechanism of this
~mbrane is to initially extract the solutes through the dense hydrophobic layer followed by a surface mediated fenton-like
«tem which takes place at the permeate side, within the vicinity of the highly porous hydrophilic support membrane. The
iractive layer contains a hydrophobic surface modifying macromolecules (SMM) while the reactive support membrane is
\bedded with in-situ nucleated Fe® nanoparticles with diameters ranging between 50- and 100 Adiliog
«« membrane can be prepared either by one-pot synthesis (combination of SMM product with Fe® precursor [Fe(CO)s] and
vmer material for the support membrane in an Fe(CO)s thermolysis reaction) or by coating an SMM layer (in dilute PDMS
lution) on a pre-prepared reactive support mairix [2, 3].
atch sorption (hydrophobic dense films) test revealed high partition (K,) coefficient values of trihalomethanes with the
~.rractive layer (minimum value K,>20). The kinetics of degradation (support membrane only) experiments has also revealed
. conversion of trihalomethanes through dehalogenation (ti»=115 mins), undergoing experiments aim to reduce the half life
~cay time of the target compounds by varying Fe® content of the support layer.
\der continuous operation, parameters under investigation include feed concentration, pH and flow rate, permeate side
‘vgen content, pH and peroxide dosage.

s work was supported by The Korean Science and Engineering Foundation (KOSEF) grant, funded by the Korean
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Preparation and Characterization of improved fouling resistant Poly(ether-imide) membrane

by surface modification with Poly(ethylene glycol)”

1. Introduction

Poly(ether imide), PEI is an attractive material for membrane formation because it has excellent
film forming ability, high mechanical properties as well as a good thermal and chemical resistance [1].
However, the hydrophobic nature of PEIl causes heavy fouling on the membrane surface when solution
containing substance likes proteins. Membrane fouling leads to a flux decline and requires an extra
process of cleaning resulting in an increase the operation time and cost [2]. Many studies demonstrate
that increasing membrane surface hydrophilicity can availably reduce membrane fouling [3-12]. Various
methods for improving the hydrophilicity of PEI membrane such as blending [3-4], copolymerization [5]
and surface modification [1, 6-12] were reported. Surface modification is an interested and simple way to
make membrane surface more hydrophilic or generate chemical functional group on membrane surface.
This method can be mainly divided into two processes. Dry process is a technique that polymers are
modified with vapor-phase reactive species such as plasma [6-9]. The other is wet process in which the
membrane surface is treated with chemical solution [1, 10-15]. This process presents a membrane
surface with high hydrophilicity, the advantages of simplicity, creation and low cost operation.

It was known that the backbone of PEI offers functional groups suitable for wet chemical
modification. Jyongsik et al. [16] used NaOH as modifying agent to increase interfacial adhesion of epoxy
resin/PEIl for improvement toughness of epoxy resin. Amines were also used as chemical modifying
agent for PEl [1, 10-12]. Albrecth et al. [1] indicated that amination reaction between PEIl and
poly(ethylene imine)s can be produced. During this reaction, the imide group of PEI reacts with amine,
subsequently imide ring is opened forming new amide groups generated without breaking of the main
chain. By amination reaction, the hydrophobic PElI membranes were significantly hydrophilized. Santoso
et al. [10] and Albrecth et al. [12] used an aliphatic amine of DETA to modify ultrafiltration PEI
membrane. The hypothesis reaction for functionalization and degradation of PEl by DETA was proposed
and verified by Santoso et al. [10]. They verified that the reaction can be divided into two steps; the first
step, functionalization with amine groups covalently bound to the PEl membrane dominants and the
second step functionalization and polymer degradation are simultaneous processes resulting in an
equilibrium state. The degradation in the second step results in a pore opening in which transfers the
separation process of ultrafiltration to microfiltration. A loss of polymer mass visible SEM of the cross-
section of PEl membrane, showing in a reduction of membrane thickness and upper active layer of PEI
membrane was observed as well.

Because Poly (ethylene glycol) (PEG) offers a hydrophilicity property, large excluded volume,
and unique coordination with environmentally water molecule in an aqueous medium [17]. Many works
used PEG to modify many polymeric membranes to resistance protein adsorption [18-21]. Blending PEG
or PEG-containing amphiphilic copolymer with the polymeric membrane was simplest and widely to
improve the hydrophilic of hydrophobic membrane [22], but PEG in the membrane matrix may not be

able to retain on the membrane surface permanently. Photo-induced grafting polymerization [18] or
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plasma treatment [19-21] is the method induced covalently PEG grafting on the polymer target. The
advantage of this method can immobilize PEG on the surface, however, this method need high cost
operation.

In this work, the surface modification of PEI membrane by using PEG-amine hydrophilic
component was studied in attempt to reduce surface fouling. PEG-amine was chosen to modify PEI
because its molecular structure consists of a reactive amine group and dominate ethylene glycol part. A
reactive primary amine is expected to react directly with PEI and an ethylene glycol part can improve
hydrophilicity property of PEI membrane. Moreover, PEG-amine is low cost and toxicity. The reaction
possibility between PEIl and PEG-amine firstly was studied by using FTIR and XPS. The effect of PEG-
amine solution concentrations and modification times of PEG-amine solution on the morphologies,

hydrophilicity and transport properties of PEl membrane were studied.

2. Materials and methods

2.1 Materials

PEI (ULTEM 1000®) was kindly supplied by NOK Precision Component (Thailand) Ltd. PEG-
amine or Jefamine M-2070 polyetheramine was kindly supported by Ethyoxy Chemical Co., Ltd. used as
modifying agent. Anhydrous NMP was purchased from Aldrich and was used as a solvent. Bovine serum
albumin (BSA) with an average molecular weight of 67 kDa was supplied from Fluka. All reagents were
used without any further purification.

2.2 Membrane preparation and modification
Porous membranes were prepared by the classical phase inversion method in water as

coagulant. 16 wt % PEI solutions was cast on a glass plate with a casting rod in an environment of 50

+ 5% relative humidity, 29 + 1 °C. The thickness of the cast film was fixed at 250Llm. The cast films

were then immediately immersed into a 25 °C water bath for complete precipitation. In the case of dense

membrane, the casting solution with thickness of 250 lm was evaporated in the vacuum oven at 170 °c
for 24 h to remove all solvent. The membranes were removed from the glass plate and washed
thoroughly in large amount of distillated water. The membranes were stored in distillated water until being
used.

For the modification, the PEI membranes were hold by the stainless support and all of them
were then placed in the stainless steel cylinder containing PEG-amine modifying agent solution. This
device was then immersed in the thermostat water bath controlled temperature at 88°C. The studied
concentration of PEG-amine solution was 10 wt%. Reactions were carried out for the indicated time of
0.5, 1, 3 and 5 h. The modified membranes were then thoroughly washed with distilled water to remove
absorbed modifier and stored in wet state until use.

2.3 Surface Characterization

Specimens were prepared by cutting the casting film into pieces. The surface of the film was

then carried out using Fourier Transform Infrared Spectrometer (FT-IR), Attenuated total reflection mode

(ATR-FTIR: Equinox 55, Bruker). X-ray photonelectron spectroscopy (XPS) was carried out with SIA 200

RIBER CAMECA UHV instrument. Spectra were obtained with a monochromatic Al KOL X-ray source
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(1486.6 eV of photons). Binding energies were calibrated by using the containment carbon (C1s = 284.9-
285 eV).
2.4 Membrane morphology observation
The surface and cross-sectional morphology of the obtained membranes were characterized by
SEM (JSM 5200). The membranes were cut into a piece of various sizes. These pieces were immersed
in liquid nitrogen for a period of time and then broken in the case of cross-section morphology study. The
fractured membranes were coated with gold for producing electric conductivity before analysis.
2.5 Hydrophilicity of membrane surface
The hydrophilic property of membrane surface was characterized by using water contact angle
measurement and water absorbance measurement. For contact angle measurement, a water droplet of a
constant volume is put on the surface of membrane by using an automatic interfacial tensiometer (Data
physic). The water absorbance was also studied as reported by Li-Ping et al. [23]. The dried membrane
water absorbance ratio (WA) was calculated according to WA (%) = (WyerWgry )Wyt X 100%, where wy,q
and wy,, represent the weight of dried membrane and membrane soaked in water at room temperature
for 24 h, respectively. This experiment was carried out at least 5 measurements.
2.6 Ultrafiltration experiments
To measure the transport and separation properties of membranes, the UF experiments were
carried out using a stirred dead-end filtration cell laboratory-scale system (Amicon 8050) with the active
surface area of 13.4 cmz. All experiments were conducted at room temperature using an operation
pressure of 0.4, 0.6, 0.8 and 1 bar, respectively. The solute rejection of membranes was tested with
1g/L of BSA in phosphate buffer saline (PBS solution) with pH of 7. The protein concentration in the
filtrate (C,) and the feed (C;) were measured by spectorphotometry (UV-model Lambda 25, Perkin Elmer)
at a wavelength of 280 nm. The BSA rejection, R, was calculated according to the equation: R = (1- C,/
C;) x 100%.
Anti-fouling performance of membrane was described elsewhere [23, 31-33]. The UPEI and
MPEI were carried out at 0.1 MPa. Steady initial pure water flux (J,,;) of prepared membranes was firstly
measured. Then the feed solution of 1g/L of BSA solution (in phosphate buffer saline with pH = 7.4) was
displaced and the filtrate was collected at 0.1 MPa until the steady state flux which called J,.
Subsequently, the membrane was washed with distillated water on a vibrator for 2h, and then the water
flux was reevaluated and the steady-state value was defined as J,,. The relative flux reduction (RFR)
and the flux recovery ratio (FRR) were calculated according to the following equation [24, 31, 33]:
JWE'

FRR (%) = ¥ x 100
w

3. Results and Discussion

3.1 Study of reaction between PEG-amine and PEl membrane
It was expected that amine group of PEG-amine can simply react with electrophilic imide group
of PEI membrane by amination reaction as previous mention. Therefore, one amide group is formed and

a second one is covalently bound with hydrophilic PEG part of PEG-amine as shown in Fig.1.



1* draft manuscript 07/09/09

We presumed if this reaction is possible to take place, the improvement of hydrophilic properties
of PEI membrane can be achieved. The simple way to verify this assumption is the contact angle
measurement. This method is widely used to study the surface hydrophilicity and wetting characteristics
of membrane. However, this method is difficult to definitely interpret the surface property for porous
membrane due to capillary force within pores, contraction in the dried state, heterogeneity, roughness
[24]. To overcome this restriction, the dense PEI membrane obtained by evaporation the casting solution
of PEI and NMP was first trial to investigate this expected reaction. Moreover, ATR-FTIR was also used
to study the change in the reactive function group of PEI membrane before and after modification. The
dense membrane was then modified by using 10 wt% PEG-amine solutions for, 1 and 5 h at the
temperature of 88°C.

The results presented in Fig.2 showed no significant change in CA data (from 82° to 78.8° for
neat PEI and PEI modified for 5h) and IR spectra for dense membrane. The porous membrane prepared
by phase inversion was then modified by PEG-amine in the same condition of dense PEI. The result in
Fig.2 shows that the contact angle significantly reduces even though membrane was modified only 30
min (from 82.6° to 62.53°). Moreover, in Fig.3, the main changes of IR spectra are found: a strong
increase in absorption intensity at around 2935 cm’ and 2873 cm ' from the C-H valence vibration of
PEG-amine. The deformation vibration of the CONH group formed by functionalization arise between
1660 cm'1 (C=0 stretch of CONH group band) and 1550 cm'1 (N-H band of CONH group) was
generated. The formation of -NHCO- indentified as evidence that the amination reaction between porous
PEI membrane and PEG-amine can be produced.

The different results between dense and PElI membrane can be thought that hydrophobic part
(e.g. C-H, CH;, C-C) were dominantly generated on the surface of dense membrane obtained from
evaporation of NMP from the casting solution. Therefore, the opportunity of PEG-amine was hard to
chemically react with the imide groups of PEl membrane. In the case of porous membrane, phase
inversion method provided the polar parts (ether and imide group) oriented on the membrane surface due
to the strong affinity of polar substances between NMP and water resulting in exchange between water
and NMP during phase separation, the polar imide groups of PEl on the membrane surface offer the
possibility to react with a nucleophilic agent of PEG-amine.

To verify this hypothesis, we used XPS method to evaluate the chemical composition of
membrane surface as shown in table 1. Three different carbon environments observed for both
membrane types are found as Kim et al. [25]; carbon atoms that are not directly connected to an imide
ring atoms or to nitrogen atoms characterized of C-C (sp2 or sps) and/or C-H (~285 eV), carbon atoms
bonded to oxygen or to nitrogen (C-O or C-N; ~286.6), and carbon atoms in the imide rings (N-C=0;
~288.3 eV). The results in Fig.4 support the expectation: the XPS peak intensity of porous membrane at
the position of ~ 286.6 eV and ~ 288.3 eV were higher than dense membrane. This is characteristic peak
of C-O, C-N and N-C=0 in imide groups in PEI.

According to the previous discussion, modification porous PElI membrane with PEG-amine

caused changes in the chemical structure of PEI membrane as a result of functionalization. Therefore, for
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further investigations, the effect of modification temperature, PEG-amine concentration, and modification
time on the membrane properties would be studied.
3.2 Modification PEI porous membrane with PEG-amine

3.2.1 Study the influence of reaction parameters

As described in the previous part, because the PEG-amine modifier could transform the imide
group into amide group and a second amide can connect to a hydrophilic part of PEG-amine. The main
changes were generated observed by ATR-FTIR is the formation of the CONH group arise between 1660
cm’ (C=0 stretch of CONH group band) and 1550 cm’ (N-H band of CONH group). To optimize the
reaction condition for the formation of suitable hydrophilicity of membrane, the porous membranes were
firstly studied the effect of modification temperature by using 10 wt% PEG-amine solution modified for 5h.
Fig. 5 presents the transformation of imide group to amide groups of parent PEI membranes studied by
ATR-FTIR by using different modification temperatures i.e. 50, 70 and 88°C. The result shows in Fig 5
that there were not changes in the range of 1660 and 1550 cm”' for the modification temperature of 50°C
and 70°C. The water contact angle was also studied and present in Fig.7. No significant changes was
observed for the modification temperature of 50°C and 70°C as well. These results might be thought that
these temperatures were not sufficient to activate the amination reaction between PE| and PEG-amine.
From these results, the modification temperature of 88°C was selected for further study.

Fig.6 and 7 show the effect of PEG-amine concentrations (2, 5 and 10 wt %) on the amination
reaction and water contact angle, respectively. The results indicated that IR spectrum and water contact
angle of PElI membrane modified with 2 and 5 wt% PEG-amine was not significant different. Therefore,
for further investigation, it is interesting to study the PEG-amine solution of 2 wt% and 10 wt% of PEG-
amine solution on the hydrophilicity, morphologies, and transport properties of membrane to improve anti-
fouling property on the membrane surface.

For study the reaction of PElI and PEG-amine on the modification time by using ATR-FTIR and
XPS, we present mainly membrane modified with 10 wt% PEG-amine due to the intensity changes of IR
peak and XPS spectrum in the studied ranges were more clearer observed than for membrane modified
with 2 wt% PEG-amine solution. Fig. 8 presents the change of IR spectrum of porous membranes
modified directly with 10wt% PEG-amine solution at 88°C for different modification times. As expect, a
reduction of absorption intensity in the carbonyl band of imide group (1778 cm'1) was observed. The new
amide carbonyl stretching was formed and its intensity in the range of 1660 and 1550 cm_1 increased as
modification time increased.

The reaction sequence of PEI and PEG-amine was also carried out by using XPS. The XPS
spectra for unmodified and modified PEI membrane for elemental Carbon were shown in Fig.9. As shown
in Fig.9, the introduction of PEG-amine on the PEl membrane surface significantly decrease the intensity
and the percentage of carbon atom (peak A) in imide rings at ~288.3 eV. Such changes are in
accordance with the cleavage of imide groups to amide groups during amination reaction of PEI and
PEG-amine. Fig.9 also shows an increase in the percentage of saturated hydrocarbon (peak C) at ~285
eV corresponding to the chemical structure of PEG-amine, which has more saturated hydrocarbon atom

than PEI.
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Table 2 show the measured composition of unmodified and modified samples in the content of
carbon, nitrogen and oxygen. The significant differences were found between unmodified and modified
samples in the content of carbon and nitrogen. Because the N element slightly changes during reaction,
the change in the ratio of nitrogen to carbon can be used to analysis. The results show that the surfaces
of modified PEI membrane have higher carbon content than that of the original ones. The higher content
of carbon corresponds to saturated carbon atom of the PEG part of PEG-amine functionalized to PEI
membrane surface.

3.2.2 Hydrophilicity properties of modified membranes

Although the contact angle is hard to study the hydrophilicity of porous membrane surface as
described previously. Many works [24, 27-28] used this method to study the hydrophilicity of the
membrane. Therefore, in this work the water absorbance ratio (WA) was studied supplement.

Fig.10 shows water contact angle (Fig.10 (a)) and percentage of water absorpbance ratio (WA)
(Fig.10 (b)) on the function of modification time for PEG-amine content of 2 and 10 wt%, respectively. As
expected, the CA decreases and WA increases compared with unmodified PElI as an increase in
modification time for all modifying concentrations. In addition, fig.10 (a) and (b) show no significant
different for CA and WA for 2 and 10 wt% PEG-amine concentrations. The decrement of contact angle
and increment of WA show that membranes are more hydrophilicity [24, 29]. This improvement of
hydrophilicity of membrane implied a higher permeability for membrane in the filtration process [24].

3.2.3 Membrane morphology

In Fig.11, a change of membrane surface modified with 10 wt% PEG-amine solution was
detectable when PEI membrane was modified with PEG-amine for 3h and 5h. From the surface SEM
image, no significant change in the surface morphology between UPEI and MPEI-1h was observed. As
longer modification time the membrane surface becomes rougher which is attributed to the change in
chemical composition of membrane surface resulting from the presence of PEG covalently bound on the
surface. The rougher of membrane surface might result in the larger of surface area to contact more
water molecule, which attributed the higher flux [26]. In addition, the pore opening was clearly detectable
for 3, 5 and 24h. The larger pores were observed as a longer modification time. The cross-section of the
original PEl membrane and modified membranes exhibited a typical finger-like asymmetrical structure
often formed as NMP is used as a solvent and water as a non-solvent due to the strong affinity between
NMP and water [34]. It was found that the skin layer or the distance from top surface to the starting point
of macrovoid of membrane become thinner with the longer treatment time for 3 and 5 h and no skin layer
was observed for 24h (Fig.11). The thinner of upper layer usually provides a strongly increase in water
permeability. However, it should be noted that the membrane modified for 24 h cannot measure the pure
water flux under studied pressure because water can penetrate through the membrane without applied
pressure. Therefore, it was not employed in the further work.

The reason for the change of membrane morphologies might be explained by considering two
steps sequence reactions proposed by Santoso et al. [10]. First step is the functionalization of PEG-
amine on the PEl membrane surface. This reaction made the PEG-amine covalently bound to the

membrane surface up to maximum value i.e. in table 2, the ratio of N/C for 3h of 0.04. Following the first
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step, polymer functionalization and degradation occur simultaneously. A pore opening and a reduction of
the thickness of upper layer of membrane was affected degradation of PEl membrane.

Fig.12 show the comparison the morphologies of the membrane surface between membranes
modified with 2 and 10 wt%, respectively. For the membrane, modified with 2 wt% PEG-amine, the crack
on the upper layer was observed without pore opening. It is possible when the concentration of modifying
is very low as 2wt%, only the hydrophilicity in creased with negligible pore size change. Therefore, the
water permeability and BSA rejection remain almost unchanged as shown in Fig 13 and table 3.

The increase in the pore size as PEG-amine concentrations increase from 2 wt% to 10 wt%
could be thought that the degree of reaction increases. This result is general but confirms that PEG-
amine concentration is one of the important factors for the modification of PEI membrane.

2.3.4 Water permeability

Membrane transport properties with respect to the treatment time are reported in table 3 and
shown in Fig. 13. Water permeability and BSA rejection of membrane modified with 2 wt% and 10 wt%
PEG-amine solutions were plotted in Fig.13 (a) and (b), respectively. In the case of lower concentration
of PEG-amine as 2 wt%, the result (Fig.13 (a)) shows a slight increase in water permeability as the BSA
rejection shows almost the same values in Fig 13(b) as longer modification time. It could be thought that
an increase in permeation of water causes the higher hydrophilicity due to the appearance of PEG-amine
on the surface verified by FTIR and XPS. The larger pore size could not be detectable by SEM as shown
in Fig.12.

In the case of membrane modified with higher PEG-amine concentration as 10 wt%, it can be
seen in Fig. 13 (a) that water permeability of the PEI membrane was significantly increased with longer
modification time. BSA rejection presents in inverse trend (Fig.13 (b)). The change in water permeability
and BSA rejection can be explained by considering SEM photograph and water contact angle results.

3.2.5 Improvement of membrane anti-fouling property

Fig 14 shows the flux change during ultrafiltrtion process of modified membrane of 2 wt% (Fig.
14(a)) and 10 wt% (Fig. 14(b)) PEG-amine, respectively. The results show when BSA solution was
displaced, the flux decrease dramatically due to two possibilities: concentration polarization and
membrane fouling [33]. Wei Zhao et al., [33] explained that the main reason of decrement of flux was
caused by the adsorption or deposition of protein molecules on the membrane surface or in the pores.
This is because of in this study the high molecular weight of BSA and rigorous stirring near the
membrane surface; the concentration polarization could be then ignored. After BSA solution filtration, the
membranes were cleaned and the pure water flux (J,,) was premeasured. It can be seen in Fig. 14 that
all J,, data were not recovered to original value (J,4) but the flux loss was less than that of the
unmodified PEI membrane. The calculated results of FRR are shown in Fig. 15. It can be found that the
values of FRR for all modified membrane increase as longer modification time. By comparison of the
concentration of PEG-amine concentration on FRR value, it can be observed that membranes modified
with 2 wt% PEG-amine have slightly smaller FRR value than membranes modified with 10 wt% PEG-
amine, except for modification time of 5h. The membrane modified with 10 wt% PEG-amine for 5h shows

the lower FRR than other 10 wt% modified membranes. It is possible that membrane with larger surface
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pore has more serious fouling [30]. However, FRR value was higher than the origin PEI membrane. This
was due to the introduction of a hydrophilic PEG layer in the PGE-amine structure might increase the
free water at the membrane surface. These results implied that membrane modified with PEG-amine
solution offer a property of easy to clean.
4. Conclusion

In this study, by using wet-chemical modification and PEG-amine as modifier, PEI support
membrane was covalently bound with modifier. According to this reaction, amide groups and ethylene
glycol parts were formed on the PEI support. The results of FTIR and XPS are the evidence to verify that
the reaction between PEl and PEG-amine can be produced. The change of contact angle and water
absorbance ratios confirmed the chemical structure change of PEI membrane and hydrophilicity
improvement of PElI membrane. Although the modification with dilute PEG-amine solution as 2 wt% could
not change the pore surface size, its could improve the hydrophilicity of membrane surface resulting in a
lower fouling and a slight increase in water permeability of membrane. For high concentration of PEG-
amine solution of 10 wt%, the opening of pores on the membrane surface provided an significant
increase in water permeability and a decrease in BSA rejection as modification time increased. This is
due to the higher reaction rate, therefore the pore opening due to degradation reaction took place in a
shorter time. These results suggest that the modification by using PEG-amine solution can improve the
hydrophilicity that should certainly benefit the lower fouling and permeability of the membranes in the

ultrafiltration process.
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Table 1 Characteristic XPS data for unmodified dense and porous membrane

membrane C1s (%) O1s(%) N1s(%)
Dense 82 14 4
Porous 72 19 9

a.u.

C1s_FD00 a.u.

Cls_FP0O

Absorbance

288 285
Binding energy (eV)

282 279

(a) Dense membrane

291

288 285
Binding energy (eV)

(b) porous membrane

Fig. 4 XPS C1s spectrum of a) dense and b) porous PEl membrane
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Fig. 5 FTIR spectrum of membrane modified with 10 wt% PEG-amine (for 5 h) at different

modification temperatures.
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Fig. 6 FTIR spectrum of membrane modified with different concentrations of PEG-amine for 5 h at

88°C for different modification temperatures.
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Fig.8 FTIR-ATR spectra of membrane surfaces: parent PEI membrane (UPEI) and PEI modified with

PEG- amine of 10 wt% for different modification times

Table 2. Characteristic XPS data for unmodified and modified porous membranes using 2 and 10 wt%

PEG-amine solution

membrane C1s (%) O1s(%) N1s(%) N/C
UPEI 72 19 9 0.12
MPEI-0.5h 77.9 18 4.1 0.05
MPEI-3h 80.5 16.1 34 0.04
MPEI-5h 80.8 15.6 3.6 0.04
MPEI-5h* 78.5 17.1 4.4 0.06
MPEI-24h 81.05 14.8 4.15 0.05
PEG-amine g, ciated) 65.9 33.4 0.7 0.01

* Porous membrane modified with 2 wt% PEG-amine for 5h
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Fig.9 XPS C1s spectrum of a) unmodified, b) modified PEI membrane of 0.5 h and ¢) modified PEI
membrane of 5 h.
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Fig.12 SEM micrographs of membrane surfaces for unmodified membrane and PEG-amine modified

membrane of 2 (left) and 10 wt% (right) PEG-amine concentration
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modification time at 88°C. Ultrafiltration process includes for four steps: pure water permeation, BSA

solution filtration, water cleaning of membrane (not shown), and pure water ultrafiltration of clean

membranes.
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Fig. 15 Flux recovery ratio of membrane modified with 2 wt% and 10 wt% PEG-amine solution for

different modification times.

Table 3 Permeation fluxes of pure water, BSA solution and BSA rejection for unmodified and modified

membrane with 2 and 10 wt% for different times at 88°C

Sample . . ) BSA
name J,, (L/m°h) J(Lim’h) J,,(LIm"h) Rejection (%)
UPEI* 180.31 + 0.52 66.94 = 1.12 95.23 + 0.68 98.99

2%-0.5h 199.00 & 0.48 76.41 1+ 3.16 139.86 * 1.36 96.46
2%-1h 209.00 + 0.43 84.71 £ 1.35 156.08 £ 0.60 98.70
2%-3h 216.31 = 0.59 95.79 + 1.34 180.51 + 0.68 97.37
2%-5h 219.77 £ 0.83 104.77 £ 2.11 188.10 = 0.78 98.53

10%-0.5h 207.00 £ 2.95 93.59 & 1.01 164.48 & 3.30 99.18

10%-1h 21462 £ 0.39 87.89 = 2.38 170.81 = 1.97 96.69

10%-3h 269.5 1 0.71 121.85 * 0.84 227.07 + 1.08 73.52

10%-5h 311.10 £ 0.97 181.43 + 2.40 230.20 = 1.18 31.72

* Unmodified membrane was treated in distillated water at 88°C for 5 h
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