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Figure 1-1 Chemical structures of three types of carrageenan.
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Figure 1-2 k-carrageenan crosslinked by potassium ion.
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Figure 1-3 Model of conformational transition of k-carrgeenan and 1-carrageenan.
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Figure 1-4 Chemical structure of pullulan.
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Figure 1-5 The chemical structures of chitin and chitosan.
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Figure 1-6 Schematic diagram of tangential flow filtration and dead-end filtration.
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Figure 1-7 Principles of membrane filtration.
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ERFEHT(ED) PVAR MRS - B4 BALE BT OHE BOODHE, B, HWED/HE,
B TBDS5R. BB ORMNE

H AR5 BE YA, RYAINFERFRIE | 310 ~ 150kg/em? | PErh~OBR—fHE BEREER OB KROHE.

A LRI AD Sy B

AR (MD) MARERIENFROBAM | BEZCIIER | ZEHE TER, TH ) —VRE DR
EZ N Ez BRI 55

JBER (PV) BRI BE EHT~Noszg~ | KBEROLTE ) —), TE/)—)
(R¥VIB LB A RHE) 0.001 ~ 1kgf/em® | DOYSFE-HLEK FrRR D4 BE, LB DL EE

# B (L) MARETRIFENHREAMBIC | (EBERTV IV | 27— | AR E ORI OHE
ESSTY ghrar: 12

D IR AFER I X Z AL DG S TR & TR E D AEERIC L - TA
Cb, £7o. HEZHMEREEZANDIGE TIE. 9T OFEME~DOEIREH 5
TN T OIEBIRE D L > TE % BT 5 2 L R A[REIC 72 5,

ZHELE 3 OEKRE DT L Wb, By X7 BT SERR RIRE
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T THD, HINZM T, DOLERLDNEZNT, THEEOF A & Uit
DTHEEBX LN, TOEMBRFAAITRLNATWDDORBIRTH D,
ZHERITHER IR b Z < FET D2 ABILAEMIETH Y | =L F—[ECR
BEMEZEZ 2 TH, ZOAMFHEOBBITEEREETHDH L F XD,

Ble LT, TAXUBEREME LTI, O FRRNES LT/ 1o
VT 0y 7 DIFEEISITHEE R v P U — 7 ORI EE R E BT L
THHE &4, 60Da ~ 826Da &\ ) fRD T/ Wy - EAAIZ B\ T, Sk
YA RFRkAEE A L T A (Kashima et al. 2011), 72, ZIn& M Ccav b
— L ENTHANEFEDO B D SPHET VX EREICB T DN RS Sz, N
AFIFRTVE— a3 v SNIEHEER DI 72 AL ST 31K 0 % B
1B U, BEREH 2 S BN Pm ke D 2 & 2o Lz, 15 Dz IR r0 72 48
RS AIRE 72 A TESERN L FE O A ~ — NS B & U CE A K 5 (Shi et
al., 2010),

F-. BAn—2F ) BB EZ W U2 A A Uk & YERER S OBFZE I B
TiE, HAET b U U AR ORI BT DB L OWIFLE CiA b O %h R B
T DM ME S ATz, A A U EEEEIE R E IS K OV 28 ) 7 i i 2 e
BAE AT K o THRIE L, —F, JRHH O NaCl %% (0.005M~0.4M) T D
PEHCSEBR D O B E IR A 15 72 (Romero et al., 2013),

Z LT, 7Hr—ABI X 5K EFERMIBSHED/S—_X—NL—3 9 55
BECBI T D FE RN A S iz, IREMIC ) — v R ~—DT7 Ta—A &
TKEAX )=, =X )= 1-TaxX)—)b 2-TaxR)—)LEHED
FARBBRD X=X =X — 3 V(PV)THEER 2T o 1o, 7 a— R
TR GV DK AR ZEE U, ZBIREE 30°COIREE 0 TOKZASKILHL
BENT. 117310 em¥s Th o 72, 7 H v — BT AIRFA N T O F L7
> 1 5T 5 (Yoshikawa et al., 2002),

BIZFEIR T 5 X 9 |Z chitosan R A L 72 k-carrageenan/pullulan % 5584f & L C
WS BE DR F HITHI TS, 20X 9T, AR TEEICHFEET S
BT DR EZAMBERKORY ~—ORBFEJP L L CTONITFIHT 200,
TRF —ESCEREMEO M) O EERRETH D .

14 AHFREOHH
Chitosan B2 B\ Tid, KHIEIT L » TH—EOAH R AR K & BENE O
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ZEBRDOIER G DI L & BT, RERDFHEAMEICHES o720, U
v REEANL, oBEEAED LRl (Up Stream) %2472 5B & L COREE
M (GE—5 (55 2. 3. 4 %)), F7o. k-carrageenan & pullulan DEEEIZIB
TIE, BEER Y FU— 27 OFFE L LT «-carrageenan FEE|GIZHER L, M%7
7 F A XOFEERE SN Ko THBEEA/ED Tl (Down Stream) Z 442543
MR & L Coomlgert (B8 8 (BB 5. 6. 7. 8 E) )ICET MR &1T > T\ 5%,
—HEOWFERFRIZ LY | BSBCROEERE S FOEEIL S HEMIZ I D | B
PRy U — 7 ORI A LB L, 1 H G ORISR U T B il &
T Z 2 E YT D Em s FIEZ ISR U, R EO 2 BirY H o
e T n R AERET L L TH D,

1.5 AR XD AL

LIRS DEEDONEZFTL T, KR % Figure 1-8 12777,

% 1 B CTIIAMIIE CHEH 75 chitosan, k-carrageenan & pullulan O EJRCAL S
FARIZ DWW TR L, 2 OFEH R v N U — 27 OFIIK T 72 b N E AL O B E
PEIZDOWTIR Tz, F7o, ABFTEO L & 72155 BEH AT O FFEOT QNS AR &
DTEDOISHBI D & &I, RO B EZIR~S,

%5 2 B ClE, Chitosan |XHM CRFEMED B X 24F LT\ 5 7=, ARE Tl Silica
PR F U2 K D8RRI K D RIS ATV, PR i O 72 I A & 5 oD PSR
IZZEZBRDIERFRD AR TR T D Z LIk » T, B OIEREFEDILE L
M b 25272, Silica PRI 12 X 0 BRI /LB S 17 chitosan I K Y
mOAIKE R PERE 2R U, Bl A O H K & I PR D JE AT K 0 K D 2l
TR PBERT 5, WO EEER % B3 729012, 7BEEAED _Eiifll(Up Stream)
YT HEO A REMEZ IR RS,

% 3 WO, REARZHEET) & Lz B B S < WEFEE RO E
(2 & U | chitosan 23 K & Wy 18 & v 737 ' (Lysozyme (14kDa), Trypsin (20kDa),
Pepsin (34kDa), Egg Albumin (43kDa), BSA (65kDa)) (2%}~ 2 /y Bl eI 2 fRHA L 7=,
AN T, BEEED Bl (Up Stream) ZHHY49 5 5B L CoH|
REMEZ T, Fo, JENEHEET) & LIS NS E (& v 37 ) DRRLE
& TR 5 Z £12X V| Pepsin (34kDa). Egg Albumin (43kDa) & > /%
7R L. BHIERNEIE 90%ICE LT, K& L TH T EMnY
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T RICE > TIRAEICHES N Z LIc k- T, WEEOEREDO S & BEORE
By FU =72 Ko TNS Ry FREO ST HIE T & % AlRe 2 7m

% 4 3= ClE. CibacronBlue ® U 7 U BICHH 7 v Kk b chitosan DT 3/
B L ORBEBEIONC Z > THARAE L. U AT REH7 5 chitosan 2 FHH L
7z. Cibacron Blue F3GA % % L NI EIEIRMED U T &L, Z /7 H D5+
B2 IR B (SR S 0D, A ml Tl S 5 Al RetE 2 7~ 4,

%5 BT, WREIF v A MEZEARFIESL L. Z26AIOBIR & ihniikic
Fro®BE GRE - IR XA I 7) Z4ho T, PEEHAR v U — 7 Ol z i
LTz, NS, VBT AT e RICK DG SN e@ oy FisiRa 77 AD
g B PREE U CIMRRZERIC X 0 Be iR 2 O3 %, £, #altko—FHo
%43 Td> % K-carrageenan O EWRNE/> FHEIEIIAN U U LA A 2KV pullulan
EHRBET D ENTE D, THEVEAGBRIZERICI X b5 R 78 2 15
oo RO FHEICLITRHRBERECOLEREBEHE AT D
Kk-carrageenan/pullulan #4 B SIEO FHHME O @O IRRLE 2 ST 5,

%3 6 F T, x-carrageenan/pullulan A& 5<% V>, Urea (60Da). Glucose (180Da).
Methyl Orange (327Da), Indigo Carmine (466Da), Bordeaux S (604Da). Brilliant Blue
(826Da), Rose Bengal (1017Da)Z #5155 7 & L Ci#E Lz, KRy HMR DOZH
MAFIZESWTIHEANOFNEHREZRD D, ERERLD . »FEDN
60~1017Da DZEIIZ IV THEN DA D ILHAREL A 15,000 (5215 2 & 27

k-carrageenan/pullulan #EA RO CTH /20 T Wik REE AT 52 & &, &
Do THIOH TH BT LT, 01 & 327Da (fHE THMIEEGRE O/ K S
FELWIZ LD, RNOFRRIKIL S0 11 AE 1A L THi > T
52 ENRRE NI, T EOERIIIRE R A XORBEE I L - T
TTHEERED T (Down Stream) A Y9 2 5HER & L CORIEEMEZ RS

% 7 B TCIL, «-carrageenan/pullulan & SO TR R & PESH R~ N U — 7 Z il
W 5RO 2T o T2, £, KT OFEMEGE DR & L T k-carrageenan
DEEENG Fe OD¥RITHES TIHEROE/KENHE K L7z, «-carrageenan/pullulan 18
AW OMK O F B i FNTEAFE N — KB L TR LI Z &6, KikmEsy
TREN OB IR & JE i S Tt % Hagen-Poiseuille ¥iE41 & L CTE T LIIITHE
AOLNHT EMTE D,

B8 B TCIL, sy fi e LT 327Da 725 1017Da £ TEXIG & L, Fc0.33
& Fc0.66 “FFADEZ TR Do A XIS < SrBEEREIC D\ T
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S L7, B X - CHRES T OBBASHIE S5 EE (mm%) IHE D

FH A XN Lo TEMNT D, HFoBED RS HBEAZEN D 0 H Sy F &I
K-carrageenan O'EH &L Fe 728 0.33 OEA Tl 327Da, Fc 73 0.66 OD%EAH%’U
466Da TH V| Fe iR+ & LT, ARG otz TE o2 &

MBI o T, 7238, 43+ 500Da LL_ L5 %@@k4@ﬁ&%%f%ﬁm
(2 T DOFEITA TR,

9 BT, ZEEGEE v X2\ T, Bl (Up Stream)iZid., Silica

TRL 12 X 282 K % chitosan BERAUE 21TV @TROEHR LK DH & &b
IZ. Cibacron Blue F3GA # U 7> R & L, K&t (¥ /X785 23R
HINCREENIC AT 2 2 X 7 BB B & L CORMR I TE 5, Tt
] (Down Stream)(Z(%. k-carrageenan & pullulan Z#HA& S8, AR L 7-EHAKE
(350 F %A X(60~1017Da) Z 7Rk L. WE B & L TRt 380 b
HEEBIT, FREDBEREE L CRANIIFFCE 2, R R ORI T T
HEERE D Ly & Tl 2 2 e T2 &0 IR 2 Bl iR U, JrfEe
TEDZ B o) e 7' a B A AR T 5,

510 BT, AWK ERIEL, AU U1 U7 ¢ — W ONE Z A1
BTV, BB v AT ATEEEIC DWW T T 2 & & blic, 4% D
FREIZ OV T Hialk B,
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B AERESFOXY NT—Z OB EILFESHICLEZZ U NIE
DS BERE O B %

F2E REHE LM L7 chitesan IEO B3 L B R D EH,

21 AEOHERKRCEH

JEABEIC R W TCIE, FmwE & o @R EE R 7 7y 7 X —Th b, By
7ot 2OFERICBNTL, ZOmM7 77 Z—xREICH L2 &0
VETHDH, ANRDO XL I H%%:J_ TOWE DOFHB KL X D2WE D5y
HERE I, %E@%@#ékaﬁééL%?/zw@#4xk%@% DA
XEOB% WMEBKT) . Ao TRy NU—7 BT DIREOFEM &5
& OB, E m%®ME¢%(%@m%%l%>ﬁ&ﬂmﬁpﬁ%#éo
F7o, BEBEEIIFEOGEREICG] L, BRE SIS BITH DT, IR
&T%ﬁéhtmﬂ%ﬁfiﬁﬁ@ﬂﬂﬁiﬁ@ifﬁﬁ%ﬁ%b HoE
SxE TENT, WEOPERMELZIR TS5 2 &<, Zlattom ERHIRET
x5,

—RHNERE R A S L0, PEREOEE . 2RO TR E
ﬁm‘éﬂa/;~ﬂ/ﬂ:kqﬂ REETRES Lfﬂﬁﬁiﬁ%iﬁﬁ%ﬁ” L EL EEL
MWD EEIT MO E AL FVFRTENTRETHWZ Y | EE O
2o Z &Zﬁ&@lﬁ%ﬁ“é LI o THEREEZESTVERND S,

Silica R 11 XERPE S TIINIK iR 2 52 1T < < RV T Izd VT
silica T8k B ST HIT, H-D. chitosan 1T KRSEFETH Y e b, L L
L CHAET DRIV THEIRE, ﬁﬁ%ﬁ%#’ LETH D, AFEOH
I chitosan DB MREZ W] L X 57012, BT o0& 2280, silica i
ﬁ%%%@&bfﬁ%ﬁ_ﬁﬁé@\ﬁmﬂoﬁﬁ%ﬁ*#ngmﬂwﬁ%®
TR H U 72 BRI 22 M A & DR A A D Z Ll L 0 . — KOO B
FEA2FEEICEAKSE, BRREOMAKEXSZ L TH D,

22 EBRRBIOWE
2.2.1 HEE X7z chitosan D NE

AFmC T, Sigma-Aldrich #E22 S0 A L72LA T @ 3 FE¥HD chitosan & F2HR(1C
Huiz,

Chitosan, low molecular weigh (Sigma-Aldrich)
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Chitosan, medium molecular weigh (Sigma-Aldrich)

Chitosan, high molecular weigh (Sigma-Aldrich)
ERORIEIT, BERANICHTENFEELTERLZ 7L —FTHDH, AT
Sigma-Aldrich (www.sigma-aldrich.com) D/ EEEHBK & LT, Iwt%HERE/KIATR
H1Z chitosan JREE 1wt%IZ 31T DR Z HVTI D | Table 2-1 (Z Guarantee
Viscosity [cP] & L CRE# L7z, Chitosan |Z, #i# ETDD75%LL EE LT3,

Table 2-1 Guaranteed product quality standards of chitosan from Sigma-Aldrich.

Product Description Deacetylation Degree [%] Viscosity [cPs]
Chitosan, low. 75_85 20 - 200
molecular weight

Chitosan, medium 75 - 85 200 - 800
molecular weight

Chitosan, high > 75 800 - 2000

molecular weight
MR D chitosan 1%, BEIZIRE /R ¥ /T ENHFIET D AREMED @ W T2 K
LTIEL B2 BROEE 3 EIZBWT, YWY ROBANIZLD X 7 EOWHE
N BEZ BT AR 24T o 7o, WFFERE R OEHEMEZ SO 57201, FERICH
V% chitosan (ZHLL D S BT 40Wt%FEE D EIEE « mIREE (80°C) DM HAM:
KRR THLERT 5 Z £ 12X > T DD0%LL LD b 0 &ML T\ 5,

B IR DR &R W ONC FEATRE & o F- B O BAfR
RIS, BT IIRORE n SR ¢ OBAMRIT. no ZEEREE. AL B, C X
PRt Lic~&REM LA 2-1) TRLU, ;m FUEofricinoin g,

n=n0(1+Ac+Bc2+Cc3+---) (2-1)
Z 2T, HEKEE (specific viscosity) mg 3 (2-2) O X ITERT D, ZHITHE

H (B T) OFEICLDHEDE S TH D, Fiz, nm ZHHXEE (relative
viscosity) & L. M THET,
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nsp = nrel _1 = w (2-2)
Mo

2= 2-1) 12 (2-2) ARATAEZ LIk (2-3) 25, X (2-3) oET
TR EH T ORFEORSTH 5,

1M/C=A+BC+C& (2-3)

ZORE, X (2-3) OF 1 H A RREITRF LIRWKEEE OISy LR 2 2 &3
TX5OT, EAKE (intrinsic viscosity) & FEEAL, ] THET

% < O TIEIRTIEL, R (2-3) DIREBIZ DWW T, B=k’[n]’ DBERERH 2,
F7o. HEmEEER TR, X 23) OEKROBEHEAEKTHZLENTES
oT, X 24) »’HELND,

n,/c =ml+k'nfc (2-4)

I & NF A (Hugging) DR E VD, KIE Huggins DEEHE WV, moF O
FEE, WAL OFEE, WRNCTIRENS -EThIUX, 1T -EDETH D,

- T, Fx ORI DAL ZE L. e/ ZHEH, ¢ 2Bz 7
TEARRT D & —RABEARE S, IRE 0 ~OMSMT Ko THEE OB A 0 [n]
WL, ALY KBROLND,

Ne/c & ¢ —IROMBENRE SN WEETE, (Inne)/c Z e, ¢ 28887 Z 7
EAERRT D & —RHBENREOND 2 ERH D . c—0 ORI OMHIME X D 153K
DHND, ZOEEIEA (2-4) ORDVIZI— F-7 7 —Z (Mead-Fuoss) D=,

(Inn,)/c =[n] - Bnlc (2-5)
EAWS, T2 TIEBIXET,
B+k'=05 (2-6)

DOEEMN B 5, Huggins D, Mead-Fuoss D & & — AN S WGE T
X (24), X (25 ZPFHL, £ (2-6) Z2FETIUX. OREITEMIC
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w5,
B, B TR CIXRE ¢ OHALE L([g- dLZHAT 208 8% TH Y |
MIDHALIZ[AL « g'1& 72 D

WIC, B REM] & B T 0N TR M ORICIER (2-7) ORESALT 5,

(=K M* (2-7)

hax~—727 (Mark) - ¢ > 7 (Houwink) -#4HODOXE W, K KN a ldE
ST OFEFE, IRIEOFEREW NCREIC L > TIRELZEHTH 5,

Chitosan @4y &lf ONZ Il 7" & F VAV EE DRE

Chitin + Chitosan @ 4y 1- & (Molecular weight, MW) & it 7 & F (b E
(Deacetylation degree, DD)I%, K& 57 Td> 25 Chitin » Chitosan DFFME % IR E-D
T ARG EERNTA—=FTHD,

Chitosan 57 - & D HITE

+ /712 #2448 U 7= chitosan 0.4g % 0.2M EEfE — 0.IM 3T R Y 7 A — AaM JRFE
KSRV AE L 100ml & 7% (0.4% chitosan ¥§HR . w/v) o 1T, Z D 0.4% chitosan
Wik x LR ol - WAk R UL - RFBEHKRT 2 5ART 5, %
chitosan JREE NI D 1/64 L7025 F TRV IR L 7 FEAOIK A2 ERL L ik ATIC
10 HE&E L CTHOPFIIcE S Lv 5, fRIRE O Z 25 CICRIE L THIRIK
DOREE ZRET 5, #ERIT, iR Mark-Houwink-Sakurada O =(2-7) % HA &
T5, 20X 2-7) THUOHEMERE LD &

log M =~ (log[n] - logK) (2-8)
a

L7 D, Lee (19742 L - TR 7=, 02M Fifig — 0.IM i kT N U oA — 4M R
FWEPTOERK & a lTFNFNL8I3IXI0PE 071 THhDH, ZIHDEAEE
SThHhTEEZROLND,
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Chitosan D il 7 & F/LALE OHIE

+-43 12 W8 U 7= chitosan % 0.5g FF & L . Svol%BERE(99.7%, Wako) /KA R (2 v fif
L 100g &35, Z O chitosan HEERIANL 1.0g 201V LY . #ii/k 30mL # iz, +
OYBHRIEA T 5, AR E LT 0.0wt% hbA ¥ r T —IRik (2 1 A RidE .
Wako)% 3 i@/l &x. 0.0025N R YU B = LHilE s U 7 A(PVS-K)i& R (Factor=1.002,
awA NEER)THET D, WEX, FEME & EHMEO 2SI 5 B 1T
VN, E OB A ERE S LT,

0.0025N PVS-K IS D E &% v[mL], 77 7 Z—% f[-]& L. R(2-9)L Vi
EY TN lghIcEGEND /v aY I UEROERE X 2R Lz, £72. &
2-10) &0 JHEF T 1gFIZEENL T EF AL a Y I UEREOE & Yg]
EEE LT,

1

X o] = — 161 2.9
81="400 * 1000 </ <101V 29
Ye]=05x X (2-10)
=05x —— -
& 100

BonizX & YERTETFMMEEDEFRE L THRQE-1DIZRA L, ElfEZ2E
H L7,

X
T (2-11)

DD [%]=%x100

= 0
161 203

B, NE2-5HFTD 161 L 203 (X, EhERTva I ETEF ALY
VDO TEERLTWD, §720 5, DD (X chitin * chitosan ZA#AK L TV 5 5
ARy NU—7 BT 7 v at I U EREOELVHGEREZRL TS,

Chitosan I DD % =1 &1 A Ry EE THIE T D113, Iz o3 I3 2 %
MWD, Lo T, 1B L TW5D chitosan iX, T DONEIZE TV DK
DX ) —LBLOTE N ZOT L a—) LIS B U718 W 353K, 24
R LT bt e T v a— v 2R E L, EER(MILLSER IFM-77G,
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Iwatani, Tokyo) T 10 3yt L7z b D& v A NEHMEE LTz,

2.2.2  Silica #8. 712 & % Chitosan R I O K'E

HERZ (99.7%, Wako)Z ik TR L. 1wt%lERR /KIEIR 2 85 L 7=, Chitosan
(Low, Medium or High molecular weigh, Sigma-Aldrich) 1g % 99g @ 1wt%EERE /K
HRIZEAN L. =2 T 12h B LR S & 1wt%chitosan-FERE KA % i
LT, BABRTOREME ZRET 220K 5IEREIT->7- (JEM No.l,
ADVANTEC, Tokyo)

IRAVRWE 100g (chitosan 1g #HY) 1Z%F L, ZK#KHAl & 325 Glycerol (99%, Wako)
03g ZIIN L, ¥)—IZ72 % £ THH: L chitosan-glycerol-HEFER /KRR 2 H L 7=,
AT E O silica ki ¥ (1 ~ 7um, SUNSIL — 130NP, (k%K) U ) ZERML,
Y)—\Z72 % F T L. chitosan&silica f50hi - DIRETANR 30g 21 T AL v —
L (N 90mm) |ZHiElE L, silica f80bI 7-&2 5ERICHRILE ST D720, 74 V7
—Z—WNIZT 24 FfEEE LT, D%, W7 AT v — L ZAKEITRBRE D,
ENRH I CEHEDOELN 2L 725 E TS (12 B, 333K), #okg
L 7= chitosan-silica 1R A IEIZ, F£7° 1.5M OKER{LT b Y 7 AKBIREZ TS, &~
¥ — LN TRIESE S, WEOIERIC X BRMIEIEF O chitosan (X7 L3 %,
| R RS . IRIT B RIS v — L BRI L 72,

RIZ, silica PRI T2 BRET D720, B L72EZ T T A v —Linh TEZ
BOHL, PORHELEZ LM OKEILT Y 7 LKERIZALIL, HRI(343K) %
1To 77, BRFMEICEF & U CHEIE L7z silica 0K H B A EN S AT H L, Rk
TR MG 7 U] PO R 56 2 TR L 7= i silica B80RE T-ALBR1S DI, SEIRIC THRAEIIC
& Lokt R Y o L& MK CHEBEIEVE Lo, &&ZIC, MKICRIEL
FBRIZHET 2,

223 EERFEMBSECEM)IC X 2EEXEHREOBE

13 L T % chitosan I&1%, Z DWEIZZ ENTWDH K EZT X ) —)UIZ LD
B L=k, Bz (333K, 12h) (2K - CTH4reaki Lz,

®JE (Zn) ZAENH (30mA, 30sec) 1T 7= 7 /L% SEM S-3500N, Hitachi
High-Technologies Corporation, Tokyo)lZ £ ¥ . M EEE 5 ~ 10kV D5k TRz
1To7,
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2.2.4  HEARAY 58 BE D I E

LA — A —4%— (SUNRHEOMETER) % W TRz 1T -7, 7l-o8k
D AR X 0 BT O e K AW D L EEIS (OFH) 2kod, RES
IZ~A 7 v A —%— (MITUTOYO, KANAGAWA. JAPAN) % W CHIE L7z,
i & H7= chitosan A IE 10mm X & 40mm (24~ b Uiz, VA RA—F—D7
U FIZEO M2 oW D 1D D= OEM E & HIZ 10mm $EA 72, BEER
LI E W 40[count « s7']. JHIEHE I[mm - '], HESN]TH 7=,

A T IRE 0D fie KBTI IS /7 (stress [MPa]) & {3 (strain [-]) (%, £ 1120 (2-12)
KQ-13)Z2 W THEH L,

FMAX

Maximum Stress =

(2-12)

C

AL
Maximum Strain = 7 x 100 (2-13)

i

T AT HEAR A BR E | 0D R IR O B RART B Fapux[N] % T A A[m?®] TR~ 2 &
TR 7= B KEE TS S1[Pa) & AR EMEDFAM & LT RATERFOYIHIERE X L{m]
(2R3 B AR O {4y A L[m]% 100 {5 U 72 fe KR 2R[%] TR L 72,

2.2.5  HliKZE 1B B2 O B E
K Z i SRR IE T OMENG [X % Figure 2-1 (ZRd, FEBRIEE X, FICH#RRA

e /L (UHP-62K, ADVANTEC), 58 # AR X 7 VX VT T)E (PGM-5KH,

Kyowa Electronic Instruments Co., Ltd., Tokyo) . BT K (Metter PJ3600, Zurich)

THE/RIN TS,

K BRI VE T LT O FNEICHE - TIT - 72,

(1) FKFEIEE/VIZABEEDK 200mL F2EE O ER 2 v, ELHIZERE LT
WHS T RXTF v 7 AE—TF —OEERT-3E D FIC< DI 22O FRE O
B S T 5TV B, B O FEISITIEFER O PR Z N O/H
INESTHDHIFHN D 5, FHEBE LI KITPEKENOFEIZL > TED D
AUy AMTED W TF 2 — 7128 T b, BEOEHZIEL < &bt T
BE, KOT &R OMIZIZIER (ADVANTEC No.2) #4r LT, L#E%
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HETELNOZEGREFTR2NE I LoD 5,

(2) B/ 190mL OfiAKZFH L, EEZ LoD T, EREMD HIT
FE TR Z RS TOOMET S, MEIZR o _OREFF OREM O
JEJ15H 2 W72 GRS D/~ RV ZFFEDIAA TP & | FTED E IS
Do

(3) FEBRGMIT R —E (9 200s™) L HRAEIE /7 (50~200kPa) | 21 (25+1°C)
Th-oT,

(4) FEFHE J, 13RQ-1)IC L kD B,

VP
2-14
Asi @14

Jy, =

ZIZT, Ve lIEEZEE LKA TH D, AERZ T, HEAGE L
MAKOEEZHITE L, KOBENOKBIZHEE LT Jy2RkD7-, ZieLOoN
BLY., ZoMEEICK T AEOEMAEL 0.0021m> TH 5

(b)

i (d)
(@ — _£
— ()
_ItlllllllllllllJII
AE
(©) |

-

-~
-

~

“ul

I
4

~—
-
~

Figure 2-1 Apparatus for water permeation experiment. (a) N, gas, (b) regulation valve,

(c) transducer, (d) filtration cell (e) magnetic stirring bar (f) drain pipe, (g) electronic

balance, (h) magnetic stirrer, (i) membrane.
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23 ERERBIUEE
2.3.1 Chitosan D45y ¥+ &I L OBLT & F V1L E

Chitosan D -#) 571 &3 Figure 2-2 (2R L2 [E AR E [ L IRE ¢ & OREFRN G,
c—0 IZAFH L THELNDITAE S0 Z HWTHRQR-DIZRL =
Mark-Houwink-Sakurada 22 J2 ¥V B H L 72, Figure 2-2 (23517 2 IR EEEEFH I 0.01 ~
1 wiv% & WD T B RYR IR EE I CTIT > TRV . Iwh% &LV EiRE T, 205
FEREIZE T DR TH D A EEKICRT U TR L W OB ENIZIEE LW
EWVIIRENBINND ToD, EAMENEL 22572, Figure 2-2 26L& G- EA
FEFE X U B U7z chitosan D4y 1-& (% Table 2-2 (Z/r9° XK 912, Low molecular
weight chitosan D%y &1 3X10°, Medium molecular weight D4y &3 1X10°,
High molecular weight D4y &% 1.4X10° Th o712, — KT S TV D
chitosan D43 7 Biid, FHEGIECHKIIRTET 208, TONTEIT 1X10% ~ 1X
107 L SO TRY | A THLNIREFEON T EBIZRY e bDEEZL
N5, AWFFETIX. Mead-Fouss DL DFABEN BT TH 5,

Low Molecular Weight

nsp/C9 ln(nrel)/c [(g - dl-l)-ll

0 1 1
0 0.5 1 1.5
Chitosan concentration [w/v %]

Figure 2-2 (a) Determination of intrinsic viscosity for low molecular weight chitosan.
(M) Expressed by the Huggins equation; (@) Express by the Mead-Fuoss equation.

Figure 2-2 (b) Determination of intrinsic viscosity for medium molecular weight
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Medium Molecular Weight
150

100

50 |

n,,/C, In(m,,)/C [(g=dI')"]

0 0.5 1 1.5
Chitosan concentration [w/v %]

chitosan. () Expressed by the Huggins equation; (@) Express by the Mead-Fuoss
equation.

High Molecular Weight

150

100

50

N,/C, In(,)/C [(g-dI)"]

0 0.5 1 1.5

Chitosan concentration [w/v %]

Figure 2-2 (c) Determination of intrinsic viscosity for high molecular weight chitosan.

(M) Expressed by the Huggins equation; (@) Express by the Mead-Fuoss equation.

26



Table 2-2 Measured molecular weight and deacetylation degree.

Chitosan Intrinsic viscosity Mean molecular Deacetylation
ml weight [Da] Degree [%]
Low MW 7.90 3X10° 92.3%
Medium MW 16.6 1X10° 94.1%
High MW 21.0 1.4x10° 91.5%

232 EERBEMBESEMNIC L 2BEREHEBOBE

2.2.2 ORERS, silica MR FIZ K> CTRMEWME L7 chitosan & & AL L 720
chitosan fRDTZRE 2 BIL2 T 5720, W7 & 3 2 65 H % Figure 2-3 [Z/R L
72 JLER L 720> chitosan (Figure 2-3(a))l3iBEH] Toh - 72723, FKE chitosan 5
T A 72 MR REE 2N TR S A, KBGO BGELIC K-> TR A8 S,

Figure 2-3 Photograph of original chitosan membrane (a), and surface modified

chitosan membrane (b).

Figure 2-4 |2 mCCE L 7= chitosan lX> SEM B E. %/~ L7, K HE D SEM 5
BV | silica f80RL - CALEE U 7o JEZ i (3480 70 W] i 2 B2 S U7, silica T
K- D72 W BER NG T 5, TR silica KL T-I3IMRER I & L THF
EL. & OWRLF 23T H L 72BN 22 MW E 2 B ST b, 2R
Lo T, FEHMIIEEKZREOHRPRKONIZEEZBND, ZDRIIHMKDSE
PR OWERIZE > TIFEL T < (234 )
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TM-1000 2013/06/11 x2.5k 30 um TM-1000 2013/06/11 x2.5k 30 um

Figure 2-4 SEM image of surface modified chitosan membrane (a) imprinted surface

(b) original surface

2.3.3  BEAREY 58 BE O A
72 % chitosan 43 15 & BE IR O BAR % chitosan DR ETIRE D fie KBTI /)
EERROTHICER LTHIE LTz, < DOft# % Figure 2-5 (TR LT, 2 FERDH
M, RBIWTIS ) & R EREREIN Lz, S FENRKREL DI LI
FoT, MO FHEPIVBAHESTREEIZR Y | BPERET & & HIT, MRk
JIENMEER L, KB Ry N — BERERINTZZERHLNTH S,

o
<

14

jHEJII

Medium High Medium High

o
<

Maximum Strain [-]

Maximum Stress [MPa]
S = N WA U1 &N 0O

Molecular weight of chitosan Molecular weight of chitosan

Figure 2-5 Effect of molecular weight on the maximum stress and the strain of prepared

chitosan membrane.
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Silica T8R4 FHV M2 chitosan FREZR M ALERIZ 2 o THERA R EE D 2L % T3
% 728D KRR 5E FE O M TE % Figure 2-6 (27 L7z, silica f0k7 - % B 2% L 7= chitosan
L & HIZA Y 2 F )L chitosan 4 FLEZ D 72 D VT2, K IRICCHE chitosan 5134
U Vv b RO i KUK R K] TMPa %7k L., silica KL 23R 2 S vi= 3
T B S A A RS VAR L Ze v o 72, ZA K D | Chitosan 3% i OF0HE 72 M1
MG DB K o TR 2K T S8 5 2 L7 < ZERIRIRE 2 rFF T
Tl & mEEH ST,

10

Maximum Stress [MPa]
V)]

(a)
Figure 2-6 The maximum stress of original chitosan membrane (a) and surface modified

chitosan membrane (b).

2.3.4  HliKZE B BRI ONT & B R 0 B AR

Figure 2-7 {ZFR M ICHE chitosan 5 & 4~ Y > F /L chitosan &% 7 fifizk gt (2
B AR E R LT, R OBGEIZE, fliK o di 2l TR 2 — Wk L
L CHIINS A A 20w L7z, #KE B ORE S X v | Figure 2-7(a)ll. silica fitki 1-
TR S BT B T m WM K EE R 2R Lic, Ziuid, BEEREC
N U7z silica TOb 7SR EICEFRL & U, £ ORI 235 T H L 72 B I
PRI AEIE A U T, REMICHE Y- oREEEZENSEZ B2 00
%, F7-. Figure 2-7(b)IZ1%, silica bl FDOUIMEZH KT HZ LIk -> T, &
WP A A Z AU U TR U7z, IR i OO 72 MM 2 Rk 2 Z &1
E0 . KEOHEMmFENFEEITIEREED Z LICkEh Lz, silica Sk 1- DL
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FEOEABRZZ(LSEL ZLICL Y, FENRFEREOMRZHETE 5

REPEDN & % o

2.0

1.5

1.0

0.5

Pure water permeation [g]

0.0

=
)

&
n

Pure water permeation [g]
[an—y

(@)

@ : Conventional

membrane

: Surface modified
membrane

EBFRDE £

20 40

Time [min]

(b)

60 80

Chitosan : Silica (g:g)
@ :1:1
B : 1:0.6
A :1:0

BB FTRD M@ L

20 40

Time [min]

60 80

Figure 2-7 (a) Comparisons of pure water permeability; (b) The effect of added silica

particles on water permeability of chitosan membrane. (Operational pressure: 100kPa).
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ik 2 1 E & O H#%1K@@ﬁﬂ%ﬂ?&)5 Zlicky, EEEREREH TS Z
EDR[RETH D, Figure 2-8 (2. FHIE chitosan 5 & 4 Y 27 /L chitosan XD
7K it AR D L % chitosan D53 T BN R L7c, Silica R CREWE L7
DT R IZ T 410D chitosan 73 T EICEBWTHR 1.5 5 EH Lz, 2T
silica fY0RL 23 TUBERF (C NaOH /KIS Tt Ly IR silica 0Bz D g
&L THOE 2234 T, K E oBEfmfEN EERISHEM Lo EE2 bR
%

4 r
w3} Low MW
E
E Medium MW
- 2
= High MW
<
—
% 1
~
0

ori mod ori mod ori mod

Figure 2-8 Comparisons of original (ori) and surface modified (mod) chitosan

membrane on pure water flux (298K, 100kPa)

Silica KT DUINNT L > THRImSE i’bt chitosan | chitosan D437~ lZ
B o3, T _XTHAKDOFEERERNSEE R LT, FEilbii RO KL chiosan DIK45>
FREICBWT, KVBEEIZHENT, 21 iﬁ/\?i@ chitosan TlL&H 7 v b
U—2 ORIGEOEENR TH D720, AROFZETRKA &<, R EHORR
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MR SN T D EEZEZDH LN TED, 2L, HETITRERELTTIUD
PRI T OB E SR TIUTN DT E, MK FEBE R OF AR HFIZHE K
T 5 HDTIER, zwﬁ DFERTIE L gDF MUk LT 1g DIV Bk
FDOWMHBFAK D FZEPER OB AME L & 726 L, L LoD silica %ﬁﬁ%@/ﬁm
IZ & o THIZK OFEREL DI RIZBLIL 2V (Figure 2-9), ZAUFREIE
Z 72 silica OB FICITEE NN EFIET 5 2 & 2 BT 5, Silica 15%5{*4?
B A ) 3.5um, BE A 2g/em’ & LT, B 90mm O T AT ¥ — L2 30g
? chitosan/silica AL IR AVENR (silica bL F-OEH&E =03g) ZX ¥ AT 1V
7 LTt 24 BRI silica ORI 7234 7 A v v — L OIREICIERET 2 Z &2k -
TR L7z silica f50bi T OFEBIZOWTHE L2 & 2 A, K100 8 & 9 FERN
Bohic, ThIZE > T, RYERHI T T 22 ¥ — L OJREICIERE L7z silica (kL
TIXZBANCAFAE L, B X 5 T silica ki 7% bR LT L 72X
chitosan DK E 721 TIE2 <, BTEOWNTIZHITEE ST DL EEZX BN D
(Figure 2-10), 41213, REERF O K A HEAL G 2 72 0 O silica Pk T DB L %
HEHDH I EIZK ST chitosan OFRERMNEEZ D EDDHIENTEHLEEZD
o,

Silicafi Rl F (= J:éﬁlﬂuujﬁ

(ST HREHRE DR
25

20 /
1.5
1.0 |
05 |
0.0
0 0.2 0.6 1.0 1.2 1.6

Figure 2-9. The effect of added silica particles on water flux of chitosan membrane

Jy, [¥10°7 m3+m2=s7]

(Operational pressure: 100kPa).
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S ER

Figure 2-10 F&J& L 7= silica ki D€ 7 /VIX,

24 AREOKER

ARETIL, —H D chitosan IO R HFE 2 FEMITHE KT o720 D TR E LT,
PR 72 T A e & silica F50RE - D8R & U CRMmICHEL L, IO @R o KB %
X > 7z, FRIHUHE chitosan L& A U 2L chitosan RO /KB ITEH % LLik L7z,
Silica okl - CRIME L 72 OE@ i 1389 1.4 465 E7-9 5 Z L MR S T,

F7o. B2 5501 &ED chitosan FEOBEARAY TR ELHEIZ BV T, 0 FEDE
chitosan &I & KBIENIG ) & B R RFE D K& b RKEVWMEZ R L7z, Chitosan &
ZE T OO 72 MM IE O TE RIS K - THMAVBRE 2K T S8 5 2 L2 < . ZE
W72 R 2 R FF T & T,

Silica ¥k - % A BRI WD 2 &2 10 R UE S 4172 chitosan I E W
FiABEMEREZ R L2 2 & D RAFFED chitosan J5 I3 it 5 O %5 1 O Al HE
PEHTLHEHHFETE D,
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B/ 3E REYEHE chitosan RIZ X 5 BHEIW i & "7 B O FE M Re Al

A%ﬁi?%@ PEER UV TIR, 2 OABIEME AR O 2 L DRV
TBEEE LB AR DED Z ERMETH D, BHKOERKRS EE
WDA%%%%mT%&%#Oﬁm%L YT AT R AERET L LT
oo T, £ NI EO LD RRENDFREIE BT v & 20 BN
OB L > THIE L, TIANZH DI K> THEZR EO/NS WSRO
SYEEEAT O BIRE 7R T 0 AREENLETH D,

AT, B HEY = ' 20 il & K chitosan EIZHY S5, K&
W ED 37 '8 (Lysozyme (14000Da). Trypsin (20000Da). Pepsin (34000Da).
Egg Albumin (43000Da). Bovine Serum Albumin (BSA, 65000Da)) D[N DA hik
BRI 2 FEBRIT KD, chitosan fED R~ b T — 7 QR Z R T 5 Z &1
5% &5 6 B CRtah 5 k-carrageenan/pullulan 845 D 73 BlErEE & @bhi)«%%ﬁm
THIZXTEETHD,

AREOHBIL, Z oI ESFORNOBENBRSRZEET L2 L 4
BT A REAE chitosan O EFRFHEEZ P SN THZ & "C“&)
%

32 EBRRB X UMTE
321 YEZFZBEEBRORE
Figure 3-1 D X 922 DD H 7 Av/NCEmy TR EHA, BET 5, BETHY)

BT T AV OMHGEl & FR AN AL U REAR ZHEE ) & T 5BERNOY

BERE T 5, IS TORNEBIREZ KO D Z &1 X - TIRO i Fr

P2 2 9 2,

DY E Zm EERIZLL T O FINETIT - 72,

(1) —xtDH T A vV Z I AN EK B (190mL) | ZiE il
(R (190mL) 2 AL, BN RALZ —TEE Lz, ik zihiik+ 5
T2, BT AVNOERENLZ /3T 7 4 VA TE, BeIEE L,

(2) it L& HIE KM (ISUZU Seisakusho Co., Ltd., Niigata) PNIZFXE L., AU
— U & —# — (HEIDON BL600, BL1200, SHINTO Scientific Co., Ltd.,
Tokyo) (2% — & AU #E (EA 3[cm]) &8 L7z, EIE/KMANIT 303[K]
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DK TG L, BEICIREZER LT,

(3) BEFEWEBEIRTIA B CTE 5+ R LIRS CEREIT O 12D, T ER
Dk FAT TS & PG & B OV % FEHEE 850[m™ | THER L2223 b
Wy E R FEER A BRAE LT, FTEDRERIC T D'V INDT T Y U T 2T,
ERZAT o7, ok, FEERBAMEFH (=0) XKD 7V o IREE Lz,

@) H7AeNOME EETIEHSICH OB EZ K IN T RN ER3H
L8, o7 U THEHIAR— L E Ry OSER A S FENS 450 3 LL
AL TH IV Z2BRINT 5 2 LT E LT,

=
(a)—> G O 5

(e)

Figure 3-1 Schematic image of membrane mass transfer cells. (a) Agitating motor;
(b) Mass-transfer cell (feed side); (c) Mass-transfer cell (stripping side); (d) Membrane
(e) Thermostatic water bash (303K).
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555 %&miﬁﬁfﬁ@fwﬂ%&mﬁEﬁbiofwé FHERIRCR D &
FEDPBR Y Lo TV D, BRI K 2 5 BERAE o M8 SIS 53 2 iR Bl 4 & JLHR
?%60%@%$kﬁ6@@$mﬁ (BN TormtERE Th D3, LA
ﬁ%ﬁ&ﬁ%f@ﬂo%%jﬂﬁ?r?@%Vﬂhu%ﬁoﬁwws

IEBIZ X DM EOBEOE W OB E LT, 7« v 7 OiEH|(Fick’s
mmﬁ%éo%E@ﬁﬁézo®%mﬁuk%T%E%%ﬁ%(::Tiﬁ@
é)f%bt%ﬁﬁ%’%@bf%gﬁ#ﬁfé

ZC. OB AR RER H 70 @il T OBRERRE ERT D, WEH
%%%»ﬁ@mnebf%mf%#k\mﬁmerm csX T 4 v Dk
Hizk v 3-1) ickv5z26n%,

J =-D,—= (3-1)

D BEYE a DIEEEREL [m’ - s
C,iB B a DFEFE [mol * m™]
x: e
(BEEEDIED FPNTILB SR TH Y | IREDNEDT 5 HMTHD)
dC,/dx:x Bl J5 7] DI FE AL

322 REDEBIKRKOER

K%% BT DIEEDE OBENL, WA b A ORI, &5 11,

R DRI A B CHBIBAIOMKICE LB TH 5, FREWE OPEBUIIIEN

ff#ém%aﬁ YLV OFEEEEE AE U CAEL D, HIFLNOIEIR &l
FLEE & ORNCWE BN ERSL L, 20 & EWRE SN BEOBER b 5 iFEiR T
¥ RITIR o THERT 5, Flix OFIZHE T 2BEhEE Z i3 5720, 5
W DYEHOEIE Z S E BER R & LCE T & L35, REMEOILEGE
FEDET )V % Figure 3-2 |2/ T, JEEOFBEE, 372 b bAHGAIOBEE, K, %
WAIOEEFIZ BT 2 AKITENENLU T O LI T HZ LN TE D, AR5
TIIED IR BB IS & 256 I & RAR D B MR 53 D 53 Bl A
Ba 1 EAET D, 7205 Ci=Cimy Coi=Com
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Figure 3-2 Analysis of mass transfer flux near by the membrane.

Cp % BEAG I LN O B RS EE[mol « L], C, 2Bl /LN O B AL
FE[mol « L& L, MEES LIz VN OREEEICE SO W EIN X4 EH
T 5, T7bb, BEMOREEZCIZER T2 & WEBENHE NMmol - s-1]1%,
KFE VIm3] D@ M VN DR IRE (EAED) OE(ETH D, £ OftEZ 5| &
I L TWDDIE, BOMAIOREARZEE ) & T oMmEBEITHY, Zh
IR & AR E B BRI BT 5,

BEZ X 2 ERBEE R N X

N = Ak, (C, - Cy) (3-2)
N = Ak,,(C,, -C) (3-3)
N = Ak, (C,, -C) (3-4)
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A (3-2). 33), G4) ZEHETLL,
S D =6 -, G-5)

T, WRIEWEBEEN Ko, 1ZL TOR TR END,

(Y
(Y

Ko =ki+k, +kp, (3-6)
LoT, X (35, (3-6) ZEHL T,

N =AK,,(C,-C,) (3-7)
N. Koiv kiis kps kipe A 1ZZF00ENWERBENG R, RIEEEBEMRE. ARG
DY E B EIRE. RN EBEMRE. FiRAlOERY) SRR, BRmfE
Thd, £lo. C 2BV NOIEEME OIRE Cn C; ZZidilE /LN O
KB C, L BEEXHZ: . FNEFNOENLNOEEEILIZESWOT-WEIN O %
%‘Hj‘a—éo

[HEAGR DOEEELICE SN ZHEINE]

X (B-7) 1ZBWT, WEBEITR N 2 G RS2 - T G2 1 BRI
PrRT D S OIRE AR I E SR D,

dc, (3-8)
VL= AK, (C = Cy)

AR DR EZALITFE IRD T 20T, ELITADEERT, £/, A
MR 2 Cp &2 &

C,=C, +C, (3-9)
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Cy=C,-C, (3-10)

X (3-9). 3-100& D

dc, (3-11)
—Vd—t'=AK0L(2Cﬁ —Cf)
X G-1)%E =0, C=Cp. £7o. =t. CFCH L TN TDH &
2C, AK
Inf|—L-1|=-2"%; (3-12)
Ch 4

X G-1D)IZI T DA % fitdh, REfE ¢ 2RI & L CTked B2 BfRfR o x &
L C-24Ko/V DRI TZ % (Figure 3-3), A & VIZBEITHDHLDOT, Zn LD
R E BRI Koy 23RO 5,

In2C,/C/1)

t[s]

Figure 3-3 Time course of the concentration throughout the membrane.

323 RADIEBBRR OMREFE & L TORMILBAEK
Koy DI DEFED EREEINIL Ko, L7225 DT, FAHE n 2o T Ty
ML, W7 my b EORFEED 2K 5 (Figure 3-4)
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K, <n’ (3-13)

Arithmetical plot log-log plot
Ms <
Slope=b
n [min] n [min]

Figure 3-4 Effect of agitation rate on overall mass transfer resistance.

WITE BT Koo 2 Bt okt Py Plicxr L crm o b L,
Wilson plot Z £ % (Figure 3-5),

- / o
: [ smumEpBEs: K | %
;s 4________________\’ %
1 ]
i
i

( mrmEBBES K, | 5
~—

16| , ~1\-|b
Il‘ [(S 1) | ]
Figure 3-5 Wilson plot.

Wilson plot DY IR E = MR K ZRd, $72b b, SR ERBIHEH &,
BN k' RO TN ENIRGT &, 2Rl 5 2 L3 TE D, T LD,
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X (3-12) % W THNILHUREL Deff 22 H.H T 5,

X _Dy (3-14)
"

Deff : TEN DA NIEEAESEL  [m® -+ 5]
by : BENERBTRIL [m - 5]
[: EE  [m]

3.24 [ESBEVERESTEAM & LT@ﬁxﬁJ#ﬁMff#{

D Yy s m P REREA D 72 3 53 R QNS 5y 7 B O B e 72 VA % 3%
AT, Bl mu%%:jwbm/\%ﬂﬁmwﬁfﬂ#%ﬁ%ﬁ%zﬁﬂmb INhEES TRy
U — 2 ORMESOBEOREER 1 (ZEHE - K ) 2ZE L CEELREMT

HTLENTED,

325 ZUNRNJEICKIFBREROHEIE
& X7 OFBEMRE DML, RIS E A VT 2.3.51 ’J@zfj‘mf?’j‘ﬁ
FEREAT o1, RERGTDOMNRELE LTBSA 200 EiF7-, FEiEaIE2-9)

LORD,

326 ZUNRJEICLDMHIEROHIE
DB REZ R T LD & L THANTHIEE R, [FDPHW NS,

R, =L (3-15)
C
!
R =1-2 (3-16)
C
f

T, ¢ iﬁffﬁﬁﬂ?ﬁi?&%f#[mol m’], ¢, ITHEEEIEE [mol m* | TH D, BT FLIE
o VIR DFH RN > TIRE S OB NHIE SN AEETHHAIND ., X
%ﬂz*ﬁ‘/l’z X o THET S, Figure 3-6 (247 F I K - TRLIER N Z AL

-~
—

\ﬂﬂm 'N (i
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FTOMT (iRl 2om L, —kIZIE, BRIESR R, 23 90%I272 5 451
BETORDOE )8 EFY, KOSEMEREELRITHEED —2>L LTHND
NTWND,

100
L 90
<
% A&
H i
= 50
3 SELY T8
0
2 B &
= .///
0 Il B EEET] Il Ll aaanl Il lll,llll Il . "l Il L5 el
10! 102 103 104 105 106

WEOHNTFR

Figure 3-6 D53 1B 5y & 57 557 Bl #

FNTPHIER R, ITHAERIFIZ Lo TH RIS D, —MRITIT. @mWEIEEIC
KoM, SRS X 2 BEREEOBILR DS T TIER, IIE T T 5, Lo
T, DHEDAELEBIERMIC I > TEET 5,

33 ERBEREBIVUBELE
330 BHEELBICKTHZ NN BEOHTFEORE

DT EORIDH NI EHEDOFE L LT Lysozyme (14000Da), Trypsin
(20000Da), Pepsin (34000Da), Egg Albumin (43000Da) & Bovine Serum Albumin
(BSA, 65000Da)Z &R L, ZNHDHX /RIS DREUE % fii L 7= chitosan
TN DO R 2 KD T, &2 37 B DN IEEARE T 59 F 8D
WL % Figure 3-7 12789, 14000Da 725 65000Da O 4.6 54 /X7 B oy DR
BUZ BT, ARERE L LT 330 fE0E (kiR Z R L, B R0y itkeE
R LT, B, B4 RNy & UTHIE LTS G ORIER RN S |
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RO ONTAYIEBHRETH D . EEA 2 IAF LGB T R & 225+
THDLZ T EIZOWTUIRNTHET 2 MER D D,

10-10 C
F A: Lysozyme (1.4x10% Da)
- B: Trypsin (2.0x104 Da)
[ A B C: Pepsin (3.4x10% Da)
2.3x10-11 D: Egg Albumin (4.3x10% Da)
E: BSA (6.5x10* Da)
‘: 10-11 E
w [
N.E [
=~ B
1S
S g |
7x10°13 F
10
104 10°

Molecular Weight [Da]

Figure 3-7 Effect of protein molecular weight on effective diffusion coefficient of

surface modified chitosan membrane.

FMCCHE chitosan [l & R HEISCE L TV 720 chitosan 5D A Zh LR EL O Lhig 13
Figure 3-8 |Z/”kd°, FEUHE % Jii L 7= chitosan EIZI51T 5D % L /X7 B DA ZhEHE
BRI THFITAR S F5 T4 U ¥ F /LD chitosan i L V) K& 7% R d, RELE %
it L CUN72 0 chitosan I TI[A] U4y F & & H CHIILHURE DO (LD 75 5 TH
V. RESEIZ Ko TEIRMED 330 fFICmE-~72Z & iﬂﬂi%&”&wo ER N i)
T BB CHIIEEAREDOMEN K E < 72 2300 < b 72D, silica 4
KL DIEONERIZ S LA TNDTZD, L0 /NS5 1 OdEim! ioll‘“(iﬁiﬂﬁgﬁ
<BNEB2bhb,
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1010
C B Surface modified A: Lysozyme (1.4x10% Da)
[ @ Original B: Trypsin (2.0x104 Da)
X C: Pepsin (3.4x10% Da)
D: Egg Albumin (4.3x104 Da)
. 3x101 E: BSA (6.5x10*Da)
- -11
10
E
=
15
S e
4x10-13
10_13 '] '] '] '] '] Ll L
104 103

Molecular Weight [Da]

Figure 3-8 Comparison of surface modified chitosan membrane and conventional

chitosan membrane on effective diffusion coefficient of protein molecular.

/NS WG BRI B R E Wy B (X NI ) FTOWEIZE W T,
chitosan N DB IILHARI D ZAL W BT D7), /S WoaFDoRFE L
C. Methyl Orange (327Da), Indigo Carmine (466Da), Bordeaux S (604Da), Rose
Bengal (1017Da) DN O A IEHAREZ KD, LFLD & /37 'E O H WL t%
e blzTey ML, BMAEMICEZEEZITo7-, Figure3-9 IR L7 L 91T, K
W (E~D 13RS chitosan &2 K- THBTE L REMEDRH D L /)
SV 1RE (A~D) I k-carrageenan/pullulan #5612 & - THyl T & 2 AIREMEDS
o5, 2%, r-carrageenan/pullulan 8GO A N IEHUR E D 224k & 2% 1 SUE
chitosan F& DA R ILHARI D ZEA 2 7R 70— 7 08 ZREZ 3 3 T 2 M7 2 i
KD ZEINTE D, ZHIE, RUDFEOS ZWEORNZILE S 25
B AWFFED YA chitosan RO T3 K0 R&E {HEHA /R T 2 L 2R L TV &
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A I D Z EINTE D, MH D polymer DZEFE R v U — 7 ORG W) 72 =N
ORI —T o THN b D EE X BA,

10”°
-~ ) A: Methyl Orange (3.27x10%2 Da)
/ N y g
I ) \C hitosanfX B: Indigo Carmine (4.66x10% Da)
1010 | > / C: Bordeaux S (6.04x10? Da)
\ \ D: Rose Bengal (1.017x103 Da)
o o B E: Lysozyme (1.4x10* Da)
— 1A @Y . . 4
7] 1 1 \ F: Trypsin (2.0x10*Da)
K 10 l % G: Pepsin (3.4x10* Da)
g | RN H: Egg Albumin (4.3x10* Da)
— | \ I: BSA (6.5x10% Da)
S 107 ‘
NV ' B
S \
] e
N 10-13 \
\
R \
’\D
\
10-14 ‘oo
k-carrageenan/pullulanf&
1015 M M M
101 103 106

Molecular Weight [Da]

Figure 3-9 Effect of molecular weight on effective diffusion coefficient of chitosan
membrane. Plots (A ~ D) were obtained by «x-carrageenan/pullulan composite

membrane, plots (E ~I) were obtained by surface modified chitosan membrane.

332 FUNRIEBBRMED DA T-REKE O M

Figure 3-10 (2, #i/K OF@EER ORI Z bR Lz, REUERTO chitosan 512
*f L. REWEH O chitosan IO MK ZE i FITHAE D5EH) 1.4 512, BSA
KB DOLEHKI 1.3 O K E R Lz, Sl fITERERHE O BIZIZIE—ETH
D, WHEZEDLRTH-ThH, KOBRMERITIZEL TWD EF XD,
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Figure 3-10 The water and BSA permeability on surface modified and conventional

chitosan membrane.

HiK DFEPE R D[] 12OV T Figure 3-11 IZFEL KR LTz, SkOD/SI—1NFK M
BEZ L TWRWMKOFZRR R A R~T, ZhEd1ledo5E, RELEEZDE
WEHRIL 14 512772, 1 KDOEEZHW T LB R AR ESE5 2 En G
nkigoiz, if:\ BSA % & i /KR OFBIZ OV T, BWHERTOMETIL BSA O
T?UIP KoT, BlmEREN 1 FDTo8RERoTc, —FH, REWHE LI
TiX {JILFEZP 30%m L7z, Z OEIXSCERTOMAK D B ORI I D2l
mﬁﬁot DH, BB 20%EVEL 2o TS, 2O LE, RELEICL->TH
YN ENERIEICEE->TH, BEOTROETAMEI SN D Z L a2RLT

. EORESEDOF ML R L TWD,
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Figure 3-11 The water and BSA permeability on surface modified and conventional

chitosan membrane.

333 ZUNRTEDOLBEMRED D AT R EKE O M

Figure 3-12 {24 2 /37 D4y T8I K - TRHAERNZEA T 2 2584y [ h
R LTe, ZURTBEDy TR ES T A X% Table 3-1 137, XL /N7 HD
O EOEEKRIZHEV, FHIERAH K U722 &5, chitosan fRIXZ o X7 B4
DRE SN > THBHEREZ A L TWDH Z ENALNE R ST,

2L, MR L 2 NV EOMEIZE - T, # o) EHRIEEIZERERN 2
WENAET D70, BERER, HIERE 00K LEETHY . FHMEO R
T I LNIR Dol R LRI BRI D Sy BESRBR O R B 13 A
B R B DRGSR TIE Y T A RIS USRI BE o f et N R En 5,
FEEDOIRA UL T DI BEFBR % Fhi 9~ 25 DIFAS % OBRFEETH 5,

Table 3-1 Molecular weight and molecular size of protein

Estimated molecular

Protein Molecular weight [Da] .
diameter [A]
Trypsin 20000 42
Pepsin 34000 50
Egg Albumin 43000 56
BSA 65000 64
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Figure 3-12 Selective curve of chitosan membrane for protein molecules.

34 KEOHER

ARE T, chitosan [RIZIB T 50 FED 2 % % /37 E (Lysozyme (14000Da),
Trypsin (20000Da), Pepsin (34000Da), Egg Albumin (43000Da)& Bovine Serum
Albumin (BSA, 65000Da)) % H\, JREAENIC X 2 JEEEERRE QN RN g T2 5
ATV, Z NI BITKRT D0 BERr R A GE LTe, IREEEAHEE N T 552
N E T ORERNYLGEBR ORI R L 0 | 578288 14000Da 7> 5 65000Da (2=
% 4.6 {5 D5y T BABIZI VT, KEWHE chitosan T 330 f5I2ET L BE 7
T ERERE A R LTc, 72, FEUCE L TUW2U chitosan L VW FEdE L
7z chitosan BED G NIEBURI DN YLR LTe Z &b B IRMEO R E23FE O 6
iz, Zhv e &b IT silica R 112 & 2 P0HE 72 [l DT RS IR RIS & K T,
BIPLRARE DS R E K R DEMNARBO BN D,

Z T BIREOFBMFEROFERNG | IREEIZF X7 E DRI AT
DI, HBRTF v YA XN L 720 B (MK) O mERE D A
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L7z, & Z AN, FEUE L= chitosan JEIZI 1T 5 BSA KIFIK D FH R AT 2
HGUE LTV 20 chitosan EDOMI/KFIEFTHR &L U H I 20%m < | silica fki 1-12
K A FmEWE % Jiti L7- chitosan Lm0 BE N EB TE -5 25,
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BA4E VAT FOBACKYRERGTFH (FU0E) OFE
41 AEOEFRKTEH

U# K (ligand) &ix, ®25WE (KREOZEILF /N7 H) 15 L THRE
RPN ORI HE G T 2WE T, BRB IV FO—2Th D, U T A%
SE LREET DT, TR b O EEML (binding site) [FIRE->TEY . HIY
BTk LTI T, v omWEAtEL A LT D, AFrgmiE (Filx
(ISR AEL PUR-PURRT) ZRIH L. W TEEEREIR, Sit21T 5 FBRO
—ONT T4 =T A — IR "N TT 4 —ThHodHN, ZOr7u~v FXFER ([
M) ICBREEATLIBERA TN, AR THARLDIZT V—TF X K
VoHHWNITN—ET77ya—RA Rl X@3Ns 60355, ZiudlE by T
ZOUEIE (BOGHE) . &/ UAiE (58) B KLUSBUKEL (-SOsNa) &5 HHEFf-
7=t 58— 2 1E Cibacron Blue F3GA 72 E %7 & 7 LI L » TIEMELE
TEHEE (T A=A, TERRARTURE) IRIGSELELDOTH D,

AREED BIIL, 57 BEFR I D @V chitosan JEIZ # /X7 B OBRMEY T R Th
% Cibacron Blue F3GA # 8 AL, R&E 201 (Z 7 H%E) ZBRAICNK
HICHET 5 Z &2 K > T LFEMAI(Up Stream) Dy BEEREIZFIG L& Tl &
T2 THD,

42 FEBRIEB LU
42.1 VY H v K &35 Cibacron Blue F3GA MO i#&E A

Cibacron Blue F3GA (CB)YD N 7 VU EBIZH D7 nutkl s o7 )
FHEORBEEBEISIZE > THARE L, 774 =FT7 4 —F MU 23R LT,
J% lemX1lem 247 v b L, KIRE (0.005~0.2mM) (ZFHH X7 CB AHKICA
AU, 1g NaCl Z %N LR 2 333K IZa% & L Th SUs S ¥ 7%, 1g Na,CO; i
ML, 6 2h s SHET, U RE&E A LTz chitosan )X 10mM pH6.9 D
U U BERRENR 2 iR & U C R A R 0 K L IEE L 72, CB O KW 598nm
NS OB TIIBIRTE RS DI ETHRFOKE L Lz, Dk, T
WaeA v AT v 7L, TOEST-CB OREREH O TRELHE LT,
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Cibacron Blue F3GA coupled chitosan

CH,0H CH,OH CH,0H CH,0H

o o o o)
OH o OH o, OH o OH o
NH, 1\|1H NH NH,
1
=0 a
I

CH ~Cx
? @wC\N SO; NH,
)
€L Y
NS O
H N HN@ .
v O
o

SOy

Figure 4-1 Scheme of cibacron blue F3GA coupled with chitosan chain.

422 RERHFEE (ZUoR78) 208 E LERELE

A2 R L LT VT V7 2 2 (Bovine Serum Albumin (BSA)
(65kDa)) & N, & v I W EER T o7, FIRE (0.1~2g/L) IZHE S
72 BSA /K¥# 100mL (27 7 4 =7 4 —F h¥ > (lem® 40 ¥0) % AdL, 298K T
HVHNTET D F TR S H72, BSA JKIETR O AR B X Al LSRN oy et B &
(HITACHI, U-2900) (2T 280nm DOWIEE THIE L7z, W& Q 1T () TR S
i,

N m

0 (4-1)

ZZTC. QUEWFEEmMO/L]ITH Y . Copldi I DAL IEE [mol/L]. C, X3 -
B EE LT [g/L] TH Do Vo XM DALAIRGFAFELI TH Y . m ITEOIE
HE &gl Th D,

43 EZBRERBIVELZ
4.3.1 Chitosan EE{Z 3517 5 Cibacron Blue F3GA M W% & it

Figure 4-2(a)lZ, 293K (Z331F 5 =F#JH (Low molecular weight, Medium molecular
weight & High molecular weight) @ chitosan &2 %}9~ % Cibacron Blue F3GA (CB)
DY AEE M A 774, Cibacron blue DI DK & & H (T, chitosan FRIZWA L
7= cibacron blue 23§ KL, < DY H Y RBF M UEICEAZILS Z &3
Hinkirot, -, KT ED chitosan X cibacron blue (Z5%f9 2 il & i
JEDIH w8 D chitosan 5K D m\V, m4rFE O chitosan 5 TR I 3 15
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L0 WETA MR TIENSH TR WAREM 2T o 2 LT
%, Figure 4-2(b)IZ, CB OGIRENE < 72 D12t > T, ¥ M U JEIT cibacron
blue % < W7E SN TND Z & BNRBIE /2 Y02 X - THER S LT,

(2)

= 7x105
< -
S — 6x10% |
3 :
0 S 5x10° | -
gE

P ST
; g 4x10

= s |

3x105

% '2 € : Low molecular weight
S i
2 E 2x10 A : Medium molecular weight
_% e 1x10°5 [ : High molecular weight
<

0 1x10 2x104 3x10

CB concentration [M]

(b)

Low CB High CB
concentration concentration

Figure 4-2. (a) Cibacron blue F3GA adsorption on three types of chitosan membrane.
(b) The photography of CB coupled chitosan membrane within different CB

concentration.
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4.3.2 848 27 2 3 7 B (BSA)D W 55 K o SR

KERH L NTESTOMRFEE LTBSA 5V Eif7=, Figure 4-3 {2V H v
R %38 A L7~ chitosan £ & U 7o KD 72\ chitosan JEIZ 31T 5 &2 w28 7 B OW 7
FREOWEEZ /R LTz, U REEANZE - T BSA ORAEET 6.6 5L,
RERGTOFHEZY Y ROFMEPHER ST,

1.2

0.9

0.6

Q [x10° g=g]

0.3

0 : : :
0 0.5 1.0 1.5 2.0
C, lgL7]

Figure 4-3 BSA adsorption onto the conventional (¢) and surface modified (m) chitosan

membrane.
4.4 AREOKE®

ARETIL M EET =& 20 Rl 24824 2% chitosan RIZ Z 2 737 H 53 I
KI5 RERANAEVEREA FF O U > K (Cibacron Blue F3GA)ZE A L, X 0 %h=R
KB RTE i LT,

U 77 R%&E A LTz chitosan BEIZFEEE # X7 HDORFE L LT BSA OW A

T 6.6 [FHAR LT, Z o "V EWAERREZ AT D BB % chitosan 43 FHIZ [EE
THLIET, XN EDOENREE L EEO SRR EZWA W TE D, mE
W%@ﬁk(@ﬁ@m{ﬁﬁﬁ@%}ﬁfﬁ LiE A?ﬂ%ODpﬂ;ﬁx TG LT, 2, IR
QNS AT A=Y 4% ¢ VA LITLT - i WREROmEE, VT Ricksdm
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B AURRODTFOBREICKDI DT A ARBBER DS

S1AEDE %ki‘(ﬁﬁﬁﬁ

ZPEEITAREIRIZ BN T, BRI RS E 2 R 5T 5 2 SITA< A BN T
WD, ZHESHMOMAEANEN & REEBIE AT, MOZHER DT DOHENEZITL
BAlOFEIC iofgﬁéﬂ\;@%ﬁmA%W@tW%L@wm X o THE
BB E N LT 5, F72. FOV OB I T, ZESEEN NS
ik#WiHﬁT%éT %b%<&éobk@of oL DR R

T LD 72O ME R L 2R T ST IV, FIL OBMAY TR & KR
WIRTFT LT GRICE T L L BICHERIIT VTR TLE 504%’
A Al 4&1%%1%363§T“i*ﬁ)ﬁﬁ“é‘i’g&fio“(b\é Lovh, @ OEsT+

TNLHNE COBERERODHITEZE L AL —THHI LB L <§DBZYL“C?0‘O @

DFER, ZTNVOHITRWE S FHICE > THIBS W D@2 H 0 | FvE sy
TR EDOZMERDOF GBI N SN ENFZD

AEOHMIT, fHELABEKEGFELE L TxFy X MEZHWT,
k-carrageenan/pullulan # 4 H SO U T 15 2 #EST L | k-carrageenan D& & E| &,
RUPSR EE & ZRAE N - 70 EHEA S TR R ORIEIN 72 MET LT o KRR
FRAE S DIRGE & 2 OFH O FIREME 2D Z & Th 5, k-carrageenan/pullulan £E5
RO > T —27 OIERUIZOWT, T /LI Figure 5-1 12787,

CH,OH

_ozs@' ‘Q Composite membrane net-work

o K-carrageenan

(é?z‘ CH,OH CH,0H K-carrageenan
@ 2 8 8 <—— double-helix
b '
fo) Crosslinked by
HCHZ pullulan < glutaraldehyde

pullulan

K-carrageenan S o
w ’. ".‘ S
H H

Glutaraldehyde

Figure 5-1 Image of k-carrageenan/pullulan composite polymer chain.
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52 ZEBCREB K ORITIA
52.1 ZREFHEEMUBEZMFORRN

8 A D «-carrageenan D FIEEI A ZHI K+ & L CTHRY EiF 7=,
k-carrageenan DB EFI & (Fo) 13 (5-1)% AV TREH L Fe % Table 5-1 1237

K —carrageenan [g]

FC = (5'1)

K- carrageenan [g|+ pullulan [g]

Table 5-1 Mass fraction of k-carrageenan in the composite membrane

Fc[-] K-carrageenan [g] Pullulan [g]
0.00 0.0 3.0
0.33 1.0 2.0
0.55 1.5 1.5
0.60 2.0 1.0
0.83 2.5 0.5

Kk-carrageenan/pullulan #8450 3 L
NATIVE S SHiAKE 97g ICAIL, % Fe lICHBSNT-RAED T
(k-carrageenan & pullulan) FRE&E 3g Z WML, 343K Z 5% & L7 HIEAKMEIC 1
PR L Tl S ¥ 5, IREKEIKIZZERBH L LT, IREE 50~130mM D 7 )L
ZATTE R (K 5mL) ZRML, & 512 343K, 1 Rpf#H#H L T
Kk-carrageenan/pullulan DIEAIRIER Z i LTz, 77 A F v 7 WO v v L—(NEE
90mm)(Z 20g DIRIEHR 2 43iE L, BVA LSRR (338K) T 24 IffH#zlE S E 5 2 &
IZED . HERREEORZ R U7, SR BB ORI BRI Y v L— D IS
5, EEEIIE Y2y F2EHWT, Uy =760 HL, Hb Y 7LaK
IR (0.1~ 1.IM) (2 24 BffiJiRIE L TG S ¥ 5, ZRBPUGHK T4, #lK THRER
HEVEHEL, REIOZVZ LT VT REEMT ) U LKEZRNT, WEE
WOERICH LZ, EAEFEOHFEE T 0+ 2 DEF VX% Figure 5-2 IR T,
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@ Dissolution @ Cross linking @® Casting @ Drying ® Immerse Membrane

1 hour - 1 hour
== —

s N

ﬂ e - N KCIKA#KIZ24hiZEL .
INEAELIRZEITL. S0 o BB (7 T A

’/—\"—L/JZ")§|J§HS(%JO lil%’lknm@ﬂ%%{f_o

K972/ F-(0.33

~0.83)IZFARL f=x- BEBRICERESIT
carrageenan/pullulan ) %)glutarald\ehzldeﬂg
(Bg)EMA. 1h, #mL. 'c"'o\(:lh\
343K THHEL, A | 43K,
ML=, S —LIZHELT,

Figure 5-2 Preparation of k-carrageenan/pullulan composite membrane.

522 ROEAKRHE
FEDEAKFITIRERF O EE & RO E R & DOEN RO LD, ABFTEIC
FUT, x-carrageenan/pullulan # AR A =R (25°C+ 1 °C) THIKIZ 24 FEIZE
S, mEOVHERAE & R L, ERFOEEZHET HEIZ, K26 HRY
HLT, B LTI KETFES OISR TR ERY , BEREOMEKS %
B BR<, B2 demxdem IESACH v B L, POHEBEEZF S TZV v L—IC#litE
T, MEE KLy L—DORFHEE) Zato7/oftk, 338K ORRREEET 24
IRFfIRE I S W70, IEAEDO HKRRITHX 5-2)FHWTRD T,

wo—w,

W,% = x 100 (5-2)

w

N

ZZT Wt IXBEEEOEOE KR TH D, w (TIBEEEOREOEETHY . wy
IIREREF DR E & TH D,

523 BEBAYGEREOHE

ARKEDOEFIZ HIRT2 L 9 12, k-carrageenan/pullulan S D R~ b U — 7 13,
FTVEERE T D VEZ AT T B ROBKKEAIZ L - T pullulan 531 % 2846
95, =D, x-carrageenan 7y D7 't Ru-o-D-T 7 7 h—ADEIREESE &
TV T LA F O FEHNERBORIC L 58S S “ERE#HEIC L -
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TGS pullulan % v U — 7 ZfgHEG D T LI XD MEREEELR > b
U— 7 %R LTz, BNEATEAIRIZ T 5 2GRN & OB TR 4 T D
B L EEE CTH Y . ERIERE LS OS THRAREETH D, HRTRE
AR ORI 12.2.4 BEAYIREEOHIE | IZHEWV, LA A —=F 2 W5 55k Y
2 X DIEDEWr SR 217 o 72, FEREIKTEE O Kt 1[Pa] & e KRR 2R [%] % Il E
L7,

524 EERIGEME (SEM) I K 5 BEEE DT

EERIFAMGEE (SEM) BEZRD7-01C 1521 ZEETFIE & B[S oMat) 126t
- T k-carrageenan/pullulan £ & B2 G U IBBLIRED IR 2 IR EFFITIRIE L
HfG S H o, SERIZHAS U722 J 22 R v % (RLE-103, Kyowa Vacuum
Engineering. Co., Ltd., Tokyo) % F\CHLE S H 7,

ENENOREHI I — R T =T AT T TN T 4 A7 ORIEITHEE
L., A A2 A/X> % — (E-1010 Ion Sputter, Hitachi, Ltd., Tokyo) % H\\T4&J&
(Pt) 7RENFLZIT - 7=, TR L 73k % SEM (Miniscope TM-1000, Hitachi. Ltd.,
Tokyo) ([Z X VI LT,

53 ZRERBIVEER
5.3.1 «k-carrageenan/pullulan % & B 0 RIK F1E DO ®e L

ZRIGPOR 1%, BEOFEREZAT 280 TLEM D0 TSP m 5Tk
SR FRTHEARG L., ZRCEBEMELIERT 52 THDH, +orIicse
BLIEma F I TFENERRKTHY . EOX ) REBEAICHER LN,
INELVL THEE@ L7220, ZERTEAUCFIH S 2 b5 OGS BARITRRI 22 & 0 T
372 < AL ERAL T bt 5 —RHIR U Th D5 G013 2 0,
L2, BBESHRIERT 22N TEOMEL LTI, ZNODORISEIED
L9 5HEREZ 1 0 FHPICEREE A me. BREZAEICEEs 7T
b2, BEEERET S ESTOHRLITH, HDFEERND Z LICk 4
WEA N ZE G ELIIMEES T2 L0085, AR TIE, B2EA s LT
NENLT VT e RZRW pullulan 437 O 7KL & BKHE A ROG 8, pullulan
DRy NT—7 Bk SE7, L L, Figure 5-3 {279 & 512, pullulan HAH
T B FARAR 0 58 L D3 55 CREAR B TR DA NS L » TR B 1 2 2RI C
ERZNAS
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. N U
Glutaraldehyde (GA) Y. ° d % HOH 0 0 0o
1 r=-

Figure 5-3 Crosslinked pullulan molecule by glutaraldehyde.

AWFFE DR D —21%, Figure 5-4 (2”9 K 91T k-carrageenan & #HE& S8,
Kk-carrageenan D _ EIEEREIE 2N 44E S 7z pullulan Xk N U — 7 ITHERG D T &
2R 2T, B TH OB IREZ AL 72 B A IEOFRIZ R LT TH
%

CH,0H CH,

050 o o Polymer network of k-carrageenan/pullulan
0 0 0 composite membrane BEoE
OH OH

o K-carrageenan
(g‘ CH,0H CH,0H K-carrageenan

- ﬂ 8 <—— double-helix
O o :
E:I/ Crosslinked by
OH Oficy
? S
3 q 0
... Q

|
3
OH
o
OH ul pullulan glutaraldehyde
pullulan

o o K-carrageenan
H/U\/\/U\ H

Glutaraldehyde

Figure 5-4 Image of k-carrageenan/pullulan composite polymer chain.

BUREE L 63 2 INEE B 0O

k-carrageenan/pullulan A MO RELZ N T, F A X AT AT REGINLE
%, BEORESTOTFMUTR N o7, ZVEAT AT E RERML
TRIRAR () 23 ¥ —LIicx v A b L, BRREE (25+1°C) K OEE
R A IR (45°C, 65°C, 85°C) (L., HARAZES Y-, ERER XK
D, =R (25£1°C) ORET—HM < HWALE L% v 2 MERIZZ LV OIRREIC
BED., JEIIZELRD o7, Figure 5-5 XFIRESRME T 24 WRETRLME S8,
FARIZRIEL THONTEOTETH L, MODOREFGEOEIZ LD | 65°C
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THE ST BRI T TR 2R L, SISt LG 2 BBt & L a8
DHID,

65°C 85°C
Figure 5-5 The crosslinking states of pullulan-k-carrageenan composite membrane after

drying at different temperatures. (GA 70mM, F¢0.33)
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532 HBRAITRE N b A R EEB R

JIVHILT LT B RO

Figure 5-6 |24 X 912, Z2BAIE LTHOIZNAHF LT IT e ROBEED BRI
& B 720N, k-carrageenan/pullulan G IR ETIRE O fe RTINS /1725 BJ/- L, KAl
ERMET L, 202 L, PV TOEERERED I AVELT LT E R
DEINT L > TR Z L2 R LTS, BBEOEITICEY, ARy N —72
MEDBEEIZ 20 | BRI R T 25 & & b, WA R THERERMNMET
LiceBExohb, £, ZAZAT T E RREET 70mM LLETHEABEOK
BETRE DI KB NI D TIRIE—EBIC R o722 D, ZRENffcEL
el EnBEILND,

1.6 140%
_ 14 r 1 120%
ﬁ 1.2 F o
E ’ 1 100% E
2 1 f s
5 .y 800/0 o
= RN
N 08
E 1 60% g
E 0.6 F =
o p—( - &
éé 0.4 | 0% =

0.2 1 20%

0 '] '] '] '] '] 0()/0

30 S50 70 90 110 130 150

Concentration of glutaraldehyde [mM]

Figure 5-6 Effect of additive glutaraldehyde concentration on the maximum stress and

the strain of prepared k-carrageenan/pullulan composite membrane. F¢ was set at 0.33.
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Kk-carrageenan DB AL G 2 425 M5 O BEAR A 57 B2 2 ONZ W B 2 i R 0 R
ETHHEK T & L THERY EiFz, L7add-> T, KCl OUINEE R HEIYIC
Kk-carrageenan 4300 _HIRSERIE 2 HEEE L, KCl OWINEIZ X 5 «-carrageenan
57 FRINIC ZEEEREIE O R ACRIL A2 88T 5728, i b x-carrageenan 7-7EH|
B DK ZWEF0.83)NZEHR LT KCl O¥EA L 57, Figure 5-7 [Z7-T L 9
(. AL U T AOWIIEA 0.7M (30mL) LA bR HR A TR E 73 i K fif I 22
L7z, Wifgkk & KT ORICERBERM AT X D EIRHERMR R 2 (L S 5 fili 705
R IR R 2 R L7z,

3.50 , 70.0%
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Figure 5-7 Effect of additive KCIl concentration on the maximum stress and the strain

of prepared x-carrageenan/pullulan composite membrane. Fc was set at 0.83.

Figure 5-6 & Figure 5-7 DfERICES &, AFETIII VL ALT LT E R
90mM, HEAbH U 7 A% 0.TM IZEEE L, k-carrageenan/pullulan i FHH L 7=,
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k-carrageenan D'E EAF/E B & 22

Kk-carrageenan OB EAFERI G T KT 2 BEOBEIRAY TR B D% Figure 5-8 |21
¥, k-carrageenan DB EAFERI SIS 25 & & BT, RO HREITE D
—RIZHBI L TR Lz, — 07, IROMERITRAIMET L, K 35%IZPOR L
T EBICEL, BFE LTHEMBEDOHEARL L HIZ, ROoMERROND,
AHFFETHWIZIIZ T Ofk T~ — 27 LTCHERTH 5,

330 AFZE 0D FI FAEEE 100%
—  3.00 } + 1207 —
& 1 80% —
> 250 | 1 70% &
2 200 | 1 60% @
s mm) { 50% E
E 1.00 | - = 1 30% g
= 050 } 2 20%
s = 10%
0.00 = 0%
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Mass fraction of k-carrageenan (F) [-]

Figure 5-8 Effect of Fc on the maximum stress and the strain of membrane. The

concentration of GA and KCIl were set at 90mM and 0.7M, respectively.

5.3.3 «k-carrageenan/pullulan # & R D&M & & KSR

BUKMEDEIZ B W TIREEN O EZKB LR T 5 2 LITEETH L5, MNE
B XD EEEIENORDTZBENOE BEE KR (We(wewy)ws) (ZXFT 5
Kk-carrageenan DB EAFTEE| A D2 % Figure 5-9 (27K F, k-carrageenan O'E fAf7
TEBIA Fe O¥RITHEWVEEG/KRITHEKRT 5, —BICBE XD L. BKRERS
UVIRRE TIIIEDIZE 28 i 30 5 O T BEAYTREE 2ME T3 A2 TR S 5,
AIFFEDOBEERETIE Fe DEERIT & 672 > THRARE T K (Figure 5-8) LTH
0. R Em &Ry | EERESNE < TH, BRES S WA TTELTD
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BEFRD. Fho, GAEMSEVRIE TN OWHEBRY S IR 5 = &
BT BT, HDIRPRARE < ARY | ZOSWEBBOFHRA
B T L. BURAS T A XBIAESIDHERS T & 2050 & BB K
THNER BB, RHEELT, LRCWEBBIENIE OB TH 5 THE
BEECE D LEZBND,

90%
- 80% T
- @
>
g 70% [ ®
3
§ 60% [
50% 1 1 1 1
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Mass fraction of k-carrageenan (F,) [-]

Figure 5-9 Effect of Fc on water content of k-carrageenan/pullulan membrane.

5.3.4 «x-carrageenan/pullulan FEEH & (Fo) I X 2BEOEREHEDE(

Figure 5-10 |Z x-carrageenan O'E BEFIEEIS (Fo) M F7e D8 A DR O
SEM 18 % 7", Fe DARME TITARITE 254 — T 2 A3, Fe OO T LAk
OHMEI LB SN D, T, By NV =7 PiEfL L7722 &I2XD .
AT ICE R L 2 AR LT\ 5, E7. SUSTRICE T B Wit O
(CHMBRF I 22 NS EE L TV i & S L RENIZEE L TV iz B v
TRFERTRS B AL, k-carrageenan/pullulan S A KRR CTh 5 Z L 234 C
T Do AWFFETHN L72IIEX R Ofgk THAZHEIBOI TH 5,
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F.0.33 F.0.40 F0.50 F0.60

Figure 5-10 SEM images of k-carrageenan/pullulan composite membrane.

54 AREOKER

ARFETIE, BMHKROAEKE 77T Th D k-carrageenan & pullulan Z#HE5 S
T IAZATTE RTHET D Z LIk MEREEC LR E R B LES
JEOFARIZ I LTz, R TRIZHB W T, MEZHEH THL720, KBEEIZE
B, TNVENLT T e ROGUESNC LV IREZA LT=%, Bkl UV o Ao
IZd& > T, k-carrageenan 73 FHHFAREEZ IR I EDL Z LN AETH D, S HIC
BULELC I > T PRVZE TR Z 81T S H . 65°C &V 9 i 72 N ER B % L HY
Sz,

B OHIEIR T & L TP «-carrageenan O'E & F(EEIA OB KIZEEN,
BEARAYTRES T R L, EHICTE2MEL AT HHEMKE S FENE LT,
k-carrageenan OB #EAFEFIG Fe O RITHEWVE EFZ/KRITH R LZ, RUFED
BEBIIEWEKRE S 72O LB DK 2 ik L, SRR E VIR
BCIHENOAEIEBEESEHFFTE 20T, LRTYEZHIZENLTEE
EToH 2D REMED & 5,
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FoE REELILHME S L350 F V4 AHBRE O i

6.1 RENDE RIS L UEH

ARFETIX, «-carrageenan/pullulan A 2RI H U 71BN 722 5600 F CT17 5 70 79k
BOHE A2 FICHH LB riE L LT, £ a rlRelc & 2 Bl A3 i TR A
SNECHFIHD ATRER BT m e A R RET 5, REARZERE ) & LA
DILHIT. BEOFEM Th Lm0 FRENITWEN SR L, W%, BN Z JEE
T 50D W L IEFILHIRIE ISR T 2WEBEN TH D, INOMEZBTF v =
VRV SNSRI TFOHERRICERT D [0 F5200 ) OFERRERSH
Do

2 T 7B~ v & A DOYEREZ FFE-D1T 5 70 T O IE AR BT E E 22 W) AR
Thb, KEOHMIL, 2N LIEWEOIEHERZFIH L, FE D51 &il
P 60~1017Da (ZF1T DN DO FEILELRE 2 K| k-carrageenan/pullulan 15
O ZEERIEREZ AT 2 & Th D,

6.2 EEBRR I X U H ik

621 HEYMEOBREL DT IA XDOREE

BN OIEE OFHIE [3.2.1 B Zi IR OGN (IS S WHESEIEERE1T
ST, BEOWEGEFEZ I SRR & LT, §FERY « BUKHIAE M
\ZHISNEOWVE % 3R U T2, AWFIEIZF0 T, Urea (60Da), Glucose (180Da), Methyl
Orange (327Da), Indigo Carmine (466Da), Bordeaux S (604Da), Brilliant Blue (826Da),
Rose Bengal (1017Da) %18 E L7-, fRtEE DL 1E % Figure 6-1 127”7,

CH,OH

NH, o OH
o:< OH
NH, HO
OH
A: Urea B: Glucose
(60Da, 6.0A ) (180Da, 8.94)
Na*
o 9 o)
o Na* H
: ,CH; d N
O= N=N \ — é’? N
CH A a
) 3 ./ g
C: Methyl Orange D: Indigo Carmine
(327Da, 10.5A) (466Da, 11.9A)
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HO'
N\
°N
Na*Na*Na* “
0=5-0
E: Bordeaux S F: Brilliant Blue G: Rose Bengal
(604Da, 13.0A) (826Da, 14.4A) (1017Da, 15.84)

Figure 6-1 Chemical structure of model components as the indicator of molecular size.

Table 6-1 Marker molecules used to characterize ultrafiltration membranes

Species Moleculjlr weight Estimated moleocular
[10°Da] Diameter [A]
Sucrose 0.34 11
Raffinose 0.59 13
Vitamin B12 1.36 17
Bacitracin 1.41 17
Insulin 5.70 27
Cytochrome c 13.4 38
Myoglobin 17.0 40
a-Chymotrysinogene 25.0 46
Pepsin 35.0 50
Ovallbumin 43.0 56
Bovine albumin 67.0 64
Aldolase 142 82
v-Globulin 150 84

Baker |3, BRAMEBEIZ B D WFFED 212 KRk % 72 E T V001 D43 F 5 MW[Da]
EOTEA dAOHREEZRD TV D, IRAMNEBKERIC IV TR A
STV DOIRIEME D4y 18 & 43 T HR % Table 6-1 |27 7 (Baker, 2004),
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Figure 6-2 Effect of estimated molecular weight on molecular diameter referred from
Baker, R. W. (2004).

FEHROHBEMAMBIC S 2 v L (Figure 6-2). 2 & & 5 FEEOHEE (6-1)
N, 2213 d OHEMIX[A]TH D

d =1.5056 x MW *3"!
(6-1)

ZDORE W TANIFER R LR E 0 FI2HOW T, o FEEZHER LT,
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622 BHBEBERF COLBBEOHERX

WA TENOR Y MU — 27281 2608t E & bl o 5L LT, Hl
I COPEBIRE A IR T 5 2 SIXEETH L, IREFITBIT 2 WE DI
FREIE, RSB U, REEEICi 595 & L7z Stokes-Eintein @ (X 6-2)
NEARMZRERTH S

k, T

D =
671 Y 4

(6-2)

Z 2T, up IR B OREE[Pas], y, 3 E A OO TR M| TH D, E72 kRN
W~ UEE (138x107IKY) Th D, WEHORERHMEWE EITiE, Rov
4 /VF—-F ¥ - (Wilke & Chang, 1955) OHXNEERAE L TR HWHNL D,

M 0.5T
D=186x10" % (6-3)
B" A

T I T, My XA B 4y 1 Eg - mol'], v, IXIAE A OWSRICBIT L0 TR
[m'mol"], ¢ IFEEDEEEZRIHBIET, Kz LTT 26, A ¥/ — VKO
Z )= L TUEZENEN 1.6 LV 1.5, RUB oot o7 EOESEIE
B L TIX 10 &7 D,

63 EBRERBIVEBELE
6.3.1 ARILEBREICH T HHEEMEDO L FV A XDOEE LM

Figure 6-2 (ZIXSFRIEWE 731 DI DGR EL Doy W TONT Wilke-Chang
MR LD B L7 A IR COIBUREIC R T2 0 FEORELZ =T,
Fc0.33 OFEIZE T Urea (60Da)7> b Rose Bengal (1017Da)lz2 ) T, /oy FEDT
1T EDOEIC S DL BT BN O IEEAEREDS 15,000 5D 2L LTz,
WLy TPV T k-carrageenan/pullulan 5 FRIIELE 72 57 177 BIFEHE
ALTWHZ 2D TH LN LT, 2T, RO A Y P72k
b5, Filo, AOILBUREOZ LB ORI XV WEEZRT v v
Methyl Orange D43 FH 4 X () 11A) ([ZHHY L. BETF v o RO A R(TH
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SYHCCTHRI LA IZEE P L CTHii» TV D Z L RIB S T,

Z OAILBHRIL 15,000 5 OZALDRT Ok, KE, K, BEI—
TEIC RO CHATRE Y 72 0 [ BER 8 9 5 T B E B EHEE Mmol » s7]28
15,000 (5 THHZ LR LTS, T72bb, OF K 0.33[mm]DREEZ %
Z & C.Rose Bengal 177 7MWW ERBENT 5 R T Ureal5,000 43 T2 W'E &84
% Z &1272 0 | 60[Da]<MW<1017[Da]D %y { B&iFHNIZAFTET 553 T OYE B E)
BT HHEEZBEICIET D Z ENAEETH D, 2O FEFRMICITHMA
TI M, R Tz —v B, RRBFRERE ., FRx 2R SR 03MF
fELTHE Y, k-carrageenan/pullulan & & OB 72 55 143 EikRE 2 R U 7ol B
2O BEN Ko TREREME R LSy DB - FERUTICH 2 Z E I T& 2,

-8
10 Dy, (Wilke & Chang) A: Urea (60Da)
i B: Glucose (180Da)
10° E C: Methyl Orange (327Da)
: D: Indigo Carmine (466Da)
f— I E: Bordeaux S (604Da)
v, 1010 F: Brilliant Blue (826Da)
- F G: Rose Bengal (1017Da)
E 10-1
= s
N [
S jen
g j
& I
Q108§
10-14
10-15 PP sl

10° 10! 102 103 104
Molecular Weight [Da]

Figure 6-2 Effect of molecular weight on the effective diffusion coefficient of

K-carrageenan/pullulan composite membrane.
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F 72, Fe ¥ 0.66 DIEIZIWTIE, Felgiy 72 K E 72437 (Indigo Carmine ~ Rose
Bengal) O MEBRBNKE S eofe, ZOZ LI FeDENRREL 2D L
IZXoT, WEHBEBROTF ¥ o RXANKE ILES I, Y%y BT A XOILHK
MMEEINTCZEZERL TS, bE XD/ WSTFIETF v RV OHLRE%
2TV T, ZIIEHEI TH 5,

6.3.2 k-carrageenan F1EE| & (FODOHEIC X 245+ o BIERE DOREF

Figure 6-2 £ Y . «-carrageenan 1F1EE| & (FIZ L DM R~ b U — 7 473 5
N7 T DILHARE A2 AL L TV D ATREME A FER T2 2 &N TE 72D T, ARhE
HAREUZ k9D k-carrageenan fF1EEI & (Fo) DREZ D TEMI L. Figure 6-3 O
K OIEE LT,

Figure 6-3 (a) 1% 327Da 7> 1017Da D4y FE#PHIZ B\ T AL ILER S
k-carrageenan 171EE A (Fo)ERIZEE, BN OF ZMEBUREIL Fe O —WEH] L
THIINS DM A 2R LTz Fo & ARMEBAREDOMHBE A ZRD 5 Z LnTEe (L
(6-4)), o & B DOfEIZ Figure 6-3 2> HHiAHL Y | Table 6-2 IZF & 072,

-10
10 Methyl Orange
O Indigo Carmine
<O Bordeaux S
A Brilliant Blue
Rose Bengal
= (@ o
v
E 101 | (@) D= 2.0<1010F 56
&s (b) (b) D=4.0x1010F 1
= © (€©) D, p=1.0x10"10F !
) (d) D= 3.0x100F 34
(e) (€) D, y=2.0x1010F 36
10-14
101 10°

Mass fraction of k-carrageenan (F) [-]

Figure 6-3 Effect of F¢ values on the effective diffusion coefficient of the composite

membrane.
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D, = aF,’ (6-4)

Table 6-2 The change of a and B value by molecular size

Molecular size [A] o (Eq. (6-4)) B (Eq. (6-4))
10.6 2.0%x107° 0.96
11.9 4.0x107"° 1.9
13.0 1.0x1071° 4.0
14.4 3.0x107° 3.4
15.8 2.0%x107° 3.6

AL 531 A ROREFRSH7-DIZ, Figure 6-4 27 1> kL, EEEO
B A XD 3.3 Tl L 72(F(3-17)),

B=50x10"MS* (6-5)
101
s
g
5
= 100
-S
g
= B =5.0x10*MS33
2.
»
=
101
100 10! 102

Molecular size (MS) [A]
Figure 6-4 Dependence property based on the radicals of relational expressions that as

mentioned on (Figure 6-3) and molecule sizes of dyes.

72



6.4 AEDFKEH

k-carrageenan/pullulan #EEIZ K 5 B KD 53 T BIBERE & £ O HF %7055 1
BHiPH A2 ST 5720, 0 A AFREE L LT Urea (60Da), Glucose (180Da).
Methyl Orange (327Da), Indigo Carmine (466Da), Bordeaux S (604Da), Brilliant Blue
(826Da), Rose Bengal (1017Da)% &N L, WEBZHERZIT 72, 60Da D
1017Da D5y FBH#HHIZIHW T, 0 FREOHESK 17 fFI2LEDb LT, HERNOA
BWERERERIE 15,000 £5 &\ 9 BAE B b2 7m L AT 1A XZdlik L.
WIE B & L CORREMEDNIRO Hivb, F 7o, k-carrageenan {F1EEIA (Fo) % il
ﬁ#é SIZED EADR Y b= HENEIL L. BIIZIE CI B Fi
PER n;(quT“a‘ LAREMED B %
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BITE ENEEHES LT D MAKOBEEMEROFM
71 AEOERBIOEH

BRAMEEE OSSR, VA O 5B - 43 & VIR OBME &I KBI S D, FiiE T
FWE OBREZRFFENEE L 20 BB TR, @, BEITIEE A EEL ZE
LaWeh, EDOL bWRERBEHERITRZHERFCEX 20D EE L 70D, sy
SYENZBAT 2 B Tl WHE OBRE R ELS: 0 E B FLR APERERHMIC & - CH
BTH D,

ARETIE, [ENZEZERE) ) &3 2 ik OF @8 E 2 554 L, o AR %
Kd7-,

7.2 EBRREB L OETE
7.2.1 B0 F RO MK FE R 28

oy T RPN O K B & ST 9 2 I3l 2 2 OB OEAIKRE LT
ET MR Z D ZENTED, IENORND =2 — F A TIIAEES L
WELER, & K& L ERIDI>>R)HENZ TN D EH B 0 T AR & O[m’
s & E S4B S AP[Pa), KEIE u[Pa s]. F-£% R,[m]?RBAfRIL Hagen-Poiseulli DT
b TE B,

0-""L. (7-1)

X (T-DDRRNLT 2 DITRAR B TH 5 & & T, FLs3HIN LELIRIC R E T 25
EMI 72 = RN X —BIRNEAET B 720X (T-2ITSL Ly, —J7, BB
HVDIHRAY 7 4 A EFREN L L<<R; ThH D L =, Vs 0 OREBRAITK
KTRIND,

7R’

3u

Q=""LeAP (7-2)

F 72, Dagan SRR, ERIBEDOE X L OBV (L=R)DLGEIZ OV TR
AL, WiE QBT 2 ROBEBA AR L7,
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R’AP 8L
0- K2

+
3u 3nR,

(7-3)

b X olc, BRICHTHMBEOEIIZLD ., BENEZRNLDEFIIRD
ZFEhaord, 72720, RBAMEREIL L>>R, THY . EARIICETE L7
LEFFOmE o TIRZEE L, RN OMKEIRZE) T Hagen-Poiseulli =\ CHiE 3
5T ENEUN,

73 EBRFERB L OMITE
73 EBRBERBIOEE
7.3.1 RERFZEAL

Figure 7-1 |Z k-carrageenan/pullulan 8 A 154 W 7= fliKiEiE I B8 1T 2 B2
o LT, BRFFMOBIEIZ L7 - T, Flik g & IXRef o — kel L <
N 2R 2R L, FHBEMROAR L Y | ik 2B T2 2 L8 TE 5,
7B, REE A 9572, Figure 7-1 £V K DN EH BEFLH Z 2 OIRE
2B T HKOEETHRLE,

0.5
_ H F.0.66
=1}
= 04 | A F050
S @ F.0.33
g
£ 03 |
>
(=8
5 02
=
=
g 0.1 |
[~
0 | | | |

0 200 400 600 800 1000 1200

Operational time [s]
Figure 7-1 The permeability of pure water on x-carrageenan/pullulan membrane
(GA70mM, KCI10.7M) in process of time. (298K, 100kPa).
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7.3.2 ENKEM

B R & BREE J1 OFARE & Figure 7-2 1278 Lz, #AEEISH L RS
D Jy IXAFE R Q A A L HE S CRLEMETH D, BIEEIOo—KICH
5l L. Hagen-Poiseullie ZZHE> TV 5 Z & /RIE S 4U7Z, k-carrageenan D F A
BEOREWEABRIZER CENIZH LT, mWiEaiiRzr Lz, ZHUIEirR
L7 E AR O BE TH RO N7 X 92 Fe D RIZE DFwTF v > RV OYLE
R LTV D,

% 5

B F.0.66

: 4 | A F050 TR
ﬁ'_a @ F.0.33 A
£ 3

N“a’

£

-B 2

B

@E 1

(e

—

X

\; 0 1 1 1 1

0 S0 100 150 200 250

Operational pressure AP |[KPa]
Figure 7-2 Pure water permeability of k-carrageenan/pullulan composite membranes
(GA 70mM, KCl 0.7M) prepared from different mass fraction of k-carrageenan (F¢) by
applying different pressures.

B, Fc DRE 22 (FFIC Fe0.66) HRDEIHEAFNEIT/ N S 7oA & <0
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KRB D, BIRREONRE A VRS FOBMAIELL WA Z EERL T
%,

7.3.3 BEKRGFHE

Figure 7-3 12, - carrageenan/pullulan BEBIZIH T 5. MKE TR ORI
ﬁé%rﬁwmftﬁkk% WA IS K L, 20°C & bE_T30°C ClE,Fc0.33
D% ﬂlSPﬁ%Nﬁﬁ®ﬁé IR 2 EREDOMEZ R Lz, ELY B
HDHZEIZE o TKOBENMETT 5 E EHIT, B TOERICE > THAEK
NOZEREREE OEALNE T, BRER OSEEENZ (L LT & 3%‘7_ bd, 72
B, Fc DREWVIEO T DNREDREL K& = 2 SRR, &5 O
GG DEWEBEAR D Z &N TE D,

10
B F.0.66

@ F.0.33

S

15 20 25 30 35

-3 13 -2 —— | . a1
JV [XIO m water m memb. m thickness S ]

Operational temperature [°C]

Figure 7-3 Temperature dependence of pure water permeability.
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7.3.4 BRI DKL ERFH

FHYTIR & FEIR O RS FEE OB % Figure 7-4 \Z7R7, BRMEIR O L 7 L
I —ZKBRDOIREEZESEDLZ LIk > TRE L7, K-carrageenan/pullulan
# AH%®1’*@7J<L BT ARG B DO HE KITHE - Tl L 72, Hagen-Poiseuille =Z
MUEL B i R & F IR O R VB LB 2 A3 %@éhtﬁ%i%#b%
%95 T ifcﬁl/\o c T THLZEDMEMICER N H Y | FWHEE LT L b Hl
7% Hagen-Poiseuille DE T /WZHE D D TIERNZ L 2R LTWD,

[—Y
)

B F.0.66
@ F.0.33

N
T

=

-3 3 -2 -1 s -1
JV [XIO m water m memb. m thickness S ]

0 0.5 1 1.5 2

Viscosity [mPa s]

Figure 7-4 Effect of the feed solution viscosity on the pure water permeability (100kPa,

298K). Viscosity was regulated by glucose concentration.
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7.3.5 k-carrageenan 17 7EE| & (Fo) D 2

Figure 7-5 (2, #EMEDE KR L /KT 5 (2% % «-carrageenan TA/E &I &
(Fo) DA RT, Fe DIER & & HITE K & MuKFEEEEE DR Uiz, —i%y
2, BKRFEOENE T TEDIE D 23K FEEHEE 1LE VY, k-carrageenan 577 1
DORREEFEDFIKENE T2, Fe O @O RIS SRR IE TS Em U,

= 8 1.0
== 6T -
= 109 3
= =
§
F 4t S
.E}_ — O 5
E ) . 3 =
= 2 r O
>
o
ES
S : 0.7

0 0.5 1

Mass fraction of k-carrageenan (F) [-]
Figure 7-5 Change of the water permeated flux (150kPa, 298K) and the water content of

the membrane with regulated F'¢ values.

7.4 KREDE R

AE T, «-carrageenan/pullulan & DMK EIBENEZ ST 52 AR E L
T\ TR Jp (SRS DA 1 BRIERET) AP, BBEHRIREE T, %t ﬁ/ﬁﬁ'ﬁz
FEEE 1 DARTFPEIZ DWW THRET 21T o 72, TN OMUK RIS, AT
J1D—WIZHAHIF % Hagen-Poiseuille Jiiit & L TET IR A HILDH Z & 2R
L7z,
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k-carrageenan DAFTEEIG (Fo) D ZEALITHIAK OFE T R IC K& 72 BAh 5 2 7,
E5 TR E G DIEIZ & > T Fe NXPHIEEIZ K72 LTV D Z B 608N
otz
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B8 E KBEMARIIXT 5 oRERE
8.1 AEDOHEFZRBLTCHEH

EMEE S IRYEDBRE DBRED DV DBEFE L LT, BESEET —2Df
M ETH D, BROBHEIC LY, B LEDORERICEEN D AFE L REL T
PRI D EEEIRA KN D & & HIT, ARy TR E LTI T2 &
HARBIZR D B2 biILD, HERES T DL TR B HHEIEZIEEIINE S T
HNIZEZ B OKEER, 7 7K, IAVEXFVALVEEZFELTEBY, ZRUHDER
BIHMEFEMDPES Th D, ZD7D, ALFRERE A AT 2 DIZH R 72 1535
MTHd, iz, EOtEEH L TCWDE7D, FEHZOBREAMIZ/NI W,

ARFEOHWIIPEH R Y 8T — 7 OFFEE L LT k-carrageenan f7/EHIE (Fo) 12
JEH L. «-carrageenan/pullulan & EIZ X - T 791 XD 72 D TSy D
R GBEEDFIREME A RD D Z & Th D, 7k, EF7/LFE L LT Methyl Orange
(327Da), Indigo Carmine (466Da), Bordeaux S (604Da), Brilliant Blue (826Da), Rose
Bengal (1017Da) (Figure 8-1)% &€ L 7=,

Na*
o 0 o]
! H
o ,CH; Nag, N
GO e,
6 CH, i o

C: Methyl Orange D: Indigo Carmine
(327Da, 10.5A) (466Da, 11.9A )
o Q0
oy
HO
N,
Na*Na*Na* “
0=S-0
o
E: Bordeaux S F: Brilliant Blue G: Rose Bengal
(604Da, 13.0A) (826Da, 14.4A) (1017Da, 15.8A)

Figure 8-1 The chemical structures of dye component.
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82 ZEBRRB XU Fik
82.1 BRBEDIITHIE

AL THNTZET VAES TITETBKETH Y . KEBEBEE U CTRML
Too BEFEEL LTUL, VU7 a8R%E., TOUE LSRRI EIZ TE
Ak« B EERE (UV Mini 1240, Shimizu, Kyoto, Japan) % AV W BE %
E L7z, pH TRk E~ T 2T v 7 AL —F —THELZRNL, pH A—XF—
(HORIBA D-50 + Y — X, Kyoto, Japan) C#fl] € L 7= (Table 8-1),

Table 8-1 The dye components

Marker Molecular Molecular Size pH* Structural
component Weight [Da] [A] Formula
Methyl Orange 327 10.6 5.6 Ci14H14N9O9SNa
(MO)
Indigo 466 11.9 5.4 Ci16HsN2Na,OoS,
Carmine (IC)
Bordeaux S 604 13.0 5.9 Cy0H11N2Na3040S3
(BS)
Brilliant Blue 826 14.4 5.5 C45H44N3NaO5S,
(BB)
Rose Bengal 1017 15.8 5.8 C,oH,Cl1414Na,Os5
(RB)

“Determined from the marker component aqueous solutions of concentration at ImM.

822 FBREBROMEL FiE

@%FL LB 2 B)ICEZ 28 L, PO S AFREEIR 190ml % [RIME
WEZAIL, BERE D HK lem BEIL D IHEE 7T, [RIMNERIEE FHE 0~
XF v I AL =T =% HWTEEESE Uz, RAMNEREE FEICE5 T ARE
i L, FTERET) 150KPa £ THIET 5 Z &I2L 0 REElm S, Zilji
W, BREOE &L RHGICETFRETHRET 22 LICK VR L, 2k,
22512 nﬂLj;iOKﬂﬂ%@TQﬁfﬁﬁﬂDﬁ ﬁ@*f%ﬂmkﬁ%ﬁ(ADVANﬂxj
No.2) ZJr LT\ A 728, Himd DRI ARSI NDAIREMED N B 5 DT,
HER O DK dml 134T, T D%E ﬁ#éﬂ% ik & Lz,
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F7-. BEOOFRRIROFBEHTHILE 2 D HIEIKE> THIE L., FHIERIZS
WL, MIETRERIBIREENFRB X OB IRROEETH L Z b, —&
12 (8-1) N TEE SN D RENT DORHIEZR R,y 2 W2,

R, = . (8-1)

Crk ClE. TNEFNFEEB L OERIROBRETH 5, FENtETe &, — I
O EREIFRARDOIRE LV bm< 25, TN A RES L FES, BT
%@uﬁﬁ&&f%@@g%%%LTW5;k_ﬁéoLkﬂof\g@ﬁi¢
R 13X B2 TEE SIS,

R = m P (8-2)

ZD CuiTE TE RO T, AU RENT OFEIEZR R, 2 E S WD S5 BfETER
DO L UCEE L7,

83 EBRERBIUVEZ

831 HFYA XTI 2HEEDHE

Figure 8-2 |2, AW 31T il R & B sEHE O BfR % "9, k-carrageenan

%ﬁf@%Awrw\aﬁaWE ZBWT, AR FEPHE KT H 2 &I
. BT H D KOFEIETRR DS FIR T 9 2B 3Bz, Fc0.33 DOfRI3E

{)ILEE ITIE T L2, 2K E LT flux IT—ETH D, ZiIuIfEmit Nk

¥ RIS DEAZEDEED Fc DR EWEIZIB W TR ICH N2, Fc D/h S

WIRTITEZOZEEN DR, MARPLZELTWDL EEZXbND, vE, Kl

FEBRICE > T—HIIEAINDL D, KT D L EAEWICR DT, BAED

ENGIBLAOL) A2 NSy WA
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Figure 8-2 Membrane flux permeation of various model dye solutions (pressure:
200KPa). (W: Water; MO: Methyl Orange; IC: Indigo Carmine; BS: Bordeaux S; BB:
Brilliant Blue; RB: Rose Bengal)

FRoOEEEET VTR LIED DX Figure 8-3 TH D, tAFE 01 QA¥ﬁ
NIZHBHAKBFEET D27 17 v Z IR L, %Fﬁm_%ofﬁ%vﬁfé
HECBEICHBI L= L 91, fREmE DS %%4%&%%@%%%@%@ mm
BN LIZZ LD, FRNHASOY A XIHIGE LWE BRT v o RL
B 2N OIEEPEH L TITL, o T, RERDTREI/N S 720 7 X 0 IEN
®*VFU~&%§@T6ﬁ%ﬂ§wW%L<i%ﬁf%ﬁw:&%%ét

IR NS L 2D,

Polymer chain

o Water molecule

O Dye molecule

18z 9L
Figure 8-3 Model of the dye molecule diffuses through the void of polymer chains.
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832 HAERDE “%ﬁmm%

a2 CEmn T LRy T2 nBET 256, AT 2RICITENO &S T %
BEIE L., K5y 7% %1 éﬁéﬁ ENRODBND, ZOMREEZ T ONED Sy E
Rtk CTh b, —MEANIIEOMERFEG & LT, R2NT OFHIESE 90%I272 55 1
B & OO 5515 (molecular weight cut off) & FES, EERIZIXE DS T &
Tﬁ*%’AﬁféébH?m&<\%é TER#HHEEEZATHND, Z0k)

. EERESTIEO S T RIIKREEE MR THY . EBRICHEHIT2HD
_%bﬁfﬁ%%mﬁéigﬁaﬁ’ﬁé

Figure 8-3 |21 k-carrageenan/pullulan #2545 [ 5y 1 & AR 2 VTV 5,
s TEOHE R E & HIC BHIERENHR L7, F0.3 BEIZ 380 Tl Methyl
Orange (327Da)lZxf L. PHIEZRIE 90%IZ7E L7z, Fc0.66 FEIZIVTiE Indigo
Carmine (466Da)lZxf L, BHIEFRIET 90% & 720 | Fc0.33 IED 43 E 7§ &1E 327Da
T%D\meﬁ@ﬁﬁﬁ%%ﬁ%am&mbé EMNTE D, FeDED 0.33
MH 066 IZEMNTDHZ LIZEo T, IRRNOWEZET v VX A X%
Methly Orange D53 1A X (% 114) /> 5 Indigo Carmine D53 1%+ X (£ 124)
WAL LTI Z &R ST,

1.0
0.9

0.5

R[]

0.0
0 200 400 600 800 1000 1200

Molecular Weigh [Da]

Figure 8-3 The selective curve of k-carrageenan/pullulan membrane for dye molecules.
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Figure 8-4 |Z k-carrageenan/pullulan f£5 1R 2 JH N2 K LERFT#2 O I ZE L 2 7R
. WIR Tl (25 In) L@tz (Gl Out) O/KFMOEFHE(IZ, A
T OFBWMREDZRZTE IR LTV 5D, FFIZ, Indigo Carmine |2 %9 2 Z5iHi%k
RIS FC0.33 D THHICHN TR Y | B LB £ 550+ Y A X8k
BENN L <<HENTW5D, Indigo Carmine (2T 2L MENE/ D Z Lk - T,
Fc DIENENO R >y 8T —27 OZEbE IT 252 &R nhroT,

MO IC RB
F-0.33 membrane - - w5 E F=r o 5
In Out In Out In OQOut

MO IC RB

F-0.66 membrane = > < s

In Out In Out In Out

Figure 8-4 Comparison of the membrane performance in decolorization (In and Out

represent the feed solution and the permeate solution, respectively.) The dyes were used

Methyl Orange (MO), Indigo Carmine (IC), and Rose Bengal (RB).

84 AREODFE#

ARBE T, S FELE 327Da 705 1017Da £ CHFEEDBENSR & L, F0.33
& Fc0.66 _FEFAD M2 F TR BIEEIC X D R p oy O /3 BEEAIR IZ DUV TRt
1T o7,

@  k-carrageenan/pullulan #A I IES O @ W ERTE R 2 4R L-D>D, AFRD T
DA RN U T RS BEICE D) L 7=, %FIZ Rose Bengal (1017Da)lz%f L,
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®

1ZIE 100% D AT FRIER 232 L 7=,

Sy oy BRI KV . Fc0.33 DSy isy - £i% 327Da TH Y | Fc0.66
STy T8 466Da ThH D Z & HER TE 7o,

K- carrageenan DEBFEEEN 033005 0.66 ICZLTHZ LIk -T, &
NOWEFZ IR T v > KV A XX Methyl Orange 7> 5 Indigo Carmine @
DTV A KRB LT 2 ERRB ST,

Fc DEDNERLBFEIZ LI > TEELSFOBZBRERPELR DL Z 00,
k-carrageenan D IFAEE|IEITFRRKE ORI XA EE ZHE L Tk, K
Doy ForEPEREZ G T 28 7K+ & LTROLZ ENTE T,

8

87



BINE  ABFEEORE

WoE ARENTFEOEBMICENLEESM S ok RDER
9.1 AEOERBLUHH

EHOFET HWEZEA RAENDISH L TAENMEZAEL XS &3 08
s EE LS BEL TWD, ROISEEN DY H S5 BOSAERMIZIE, B
WAL DIEDNRBOG DT E . SRR & 72 2 E . pH Ei O 72D DREIE
W72 ETEAx OMEPTFIET D, T DIREWN D BRIAEEY & D WIEED
OMEZ DT D I NA A EET B RZBWTEHETH D,

% DA FAEFEDIRED KO FHEIRE THOL M HRE LTHFEL
TWD, ZDTeD, A ARAEFEY D53 BET— MR 2 b5 BOS O A B 7y Bt &
BB EAT L, TN LT 5,

O JFUE T O PR DMKV,

%L DA FRAMWEOLEEIZRLHND Z L TH DA, mmol/L BT
BTHY, ZAEIZE > TUT umol/LFREDO L OEX RO D Z & b7 720,

@ JFEETICIEZ < OWERIEET D

NA FRAEFEDITEERP TEZL OFBEOAILTFWE L IFLTVWDHZ L EE
ZIUE, ZORFEIIEICEET S2METH S, L, Z2< OGEICITENY
BORENILFWEDIRE LD b7 DRV,
© HEOMEOENT ERTRIND

RATIZRHCHEEDE A A= R) 2GRN EDRNETH D, B,

VT2 0 E (ABEYE) REFO 728 1k Te 253 FRERIR I L7,
HOLVILEAIZIRE LT THE SN 6562 <, T2 TV IHME LT
REOAMMZZERNE W) BRI T RETH D, Z OIS OL &M
EWVOBLRINDIFFICERETH D,

@ SEEOFMFFEMTHLZ ENEE LW

L7 pH SO D 5 TIZAALFE S AR AR M L CIEEE Ko 7
DRENEDD Z ENHDHDOT, TEHIETWE L PRI ST Tl
ATV, RA R R 2 SER B D,

NA A RAETEY) O3 BE T ENRIRME & SRt 2 RSN D 2 &%, 20
2, SEERMICES LIEFEZMASDE TN 2 ML ETHD, £
DHIZH - T, ESEERAN (Membrane Separation Technology) i <P 2 3K 5 D
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Y CIRNE - RO TN TEE LCEASFIH SN TV, TOHEE Y
BABECBWT, AR EOBMR T o 2 2R\ LW, BWIICREZE
ToNA T RWE DSBS RICHWD Z LR R[EETH D, o, W ZFHTICH
WSRO T, FERRDOMENELIZEDBND Z L2 D,

FEIZIR T2 L 912, < O, FEFEMTIREOKOFICHERE THOE

(R ELTIEEL TS, 2D LD RRAICEW TS BEHREITIE—O#EL
—BTITH KO BT e A TIHERTE R, ZOARICELTIE, o

%%W&%ﬁbfﬁ TREERE 2 Z BRI ol RIS AR R D Z BT &

. EB R DS BRI N B T X 5,

ZIKE@EE/‘J X, B2 ENLE 8§ EE TO HOWFIERR 2 AR L.
BEICHR LIEEORRZTEN L TESE Y e e A2 _ET 52 THDH, £D
EAF# & LT, BMHROERE G T OEELELFERMICL Y | PEHR >
FU— 27 Ol 2 EZE L, BB ORMEIZIS Ui Eo LMl (Up
Stream) & Tyiffl (Down Stream) % ZIZAH YT 5 55 14 LByl
72 BT e A ERET L L TH D,

9.2 AWFFEDOKERE chitosan L EEBIC L 5L BRBESBES 0 & R

B EROEREG S FIEE OV SBES T nE 2A0ETVRELTH
N, HBE RFEOZWNREBZZTCHELI, £9. KRERDTEDIHTO
AL L THIZIEZ 737 E (Lysozyme or BSA) % LEtfAllZE%E T D FHkE
chitosan %12 K » CTHiES 5, —fRIZHZ 7 BIZ R MIAOIRTH Y | *
OHLHEIZKIER (Fxv BT 4 —) BHYV, 774 =7 4 —Z3IEMERE
o TWD, ZUnR7EERRPEIMEOSH DY T N (R#F2ETlX Cibacron
Blue F3GA) % chitosan fEIZEA L, XV RIS F I HE2METES, K

C PREOSTREOREFE LT va—R (HE) %« carrageenan/pullulan #
/Eu\ﬂﬁ FoTHEEL., BEMIT/NS R FOREE L TREDFEOFZEK L L
THEIRE 5,

Figure 9-1 |21 chitosan FED Rl 5y DG NIEHBURIL & k-carrageenan/pullulan
BHEDO B NI AR T & L L7= 6 D TH 5, Chitosan D H Zh Ik 4% Hx
Kk-carrageenan/pullulan 8 G IO G ZWILHARI L D K& <. WEIEHSNTEIE T
LT EMmMole, WoT, RERDFEMESTLIZLITERANE LT,
chitosan 5% 7y BEEEAE O B3Rl TR L, RN T, Tl © k-carrageenan/pullulan
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HO OGRS TH BRI X > CREZ ST 5 2 & S ORI T B
R TH D,

107
Chitosanf&
10-10
‘Tm
~ 101
)
% 10-12
Q
Qa -13
< 10
Q
10-14 /
K-carrageenan/pullulanf&
1015 1o Lt i sl
101 103 109

Molecular Weight [Da]

Figure 9-1 Effect of molecular weight on the effective diffusion coefficient of the

membrane.

Figure 9-2 |[ZiX, chitosan JETOREED —Fl& L TRE ey roRFEE LT,
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Lysozyme, TREEDFDONREL LTI/ Va—R, INER5FORELE LTR
FEEY B, BB B0 X 512, Lysozyme I3 chitosan i HIZHE £ 0 |
BEEORANIR LN T, T a— R T EAE 2 1258 L, PR
2D Lz, 502, RBEKL/DNSWO & L TIEARBISHER L, 30
CIRERD N R LND, 22T, [ URRICRIT 28 M0 OREEZ 2D &, 20
737 OFITIX, Lysozyme OIEEIFELIELS | 7 b3 — R 3K 50% DI ERD %
RLU. RFAD 85%I%[A CHpEICHE 2 % LTV D, BT K 2B EEAN A &
BN RER L S 2 5, Rt chitosan 2 Fi#E L= 7L a— R L JRFITZ
D FIANZFR & S 177 k-carrageenan/pullulan #4 FEDOBUE 72 7y 145 BIFEREIZ &
S THBET 5 Z LR HERBIC A2 D,

A Lysozyme (14000Da)

Glucose (180Da),
Surface modified membrane

. Urea (60Da),
Surface modified membrane

0.0015

LysozymelZEEICEEY . iRED R TR0
'y 7'y A

0.001

GlucoselIE##R < TFE@AL .
BEMNELTS

0.0005

HIGHERADER S DRE M]

Ureald:REICEZEEL.
EONMERERDNEND
0 10 20 30 40 50 60 70
ZEIBFFfE [min]
Figure 9-2 K E L 7= chitosan 5Z K 2 =B IR G 5 DRI FEH O —1F,

RS AR AT Figure 9-3 1ICR T, £7 . A A EFEM D L0 R
BN BET 2 8A 1%, EANC IO TR E ORI E T o 2 feEr L TRk
ROy TRE (BIZITH Ly B L) BB Ko THIET 5, ABFRTIRET L
HIIZ Lysozyme & BSA OfilZ /R L7z, IRWT, FREDOSGFHEONREE LTS
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)L 21— A % k-carrageenan/pullulan A I K - THOBEL | AT/ & 20+
DODREEL L TRIZEVEZZRT 5, T7obE, RFIEOEZ WD & 313,
AN Fe i S A i L 7 chitosan ), TR k-carrageenan/pullulan A2 515 2
D Z ENIBETE S,

Feed MW (Da)
IS A HEEY 105 — SUvE
- HMRE = BSA Pepsin (34KDa)
l = Egg Albumin | E€g Albumin (43KDa)
REHEEML=chitosanfi -|  Pepsin BSA (65KDa)
_ — Trypsin .
')7:’% EF( SEBKREVNSFHD fysomyme z/=
P o1 b
B 104 — HTH2/(290Da)
= 4Y257R>(222Da)
Lk A l - ~On04wE(354Da)
Up Stream N K-carrageenan/pullulan _ JLF2(610Da)
(p : s s |wem _
4 —B&AR 3 __J Rose Bengal ﬁﬁ
e srrrRizezamll - 4 )La—2Z (180Da)
=] Brilliant Blue TJLh—X (342Da)
l - Bordeaux S 274/—R (504Da)
— | Indigo Carmine FVT8E
. . | Methyl Orange (300 ~ 3000Da)
o . 102 — Glucose 75/&
[ () [ = _
= 752> (89Da)
BT A KB~ £ B = B 7»#:; (174Da)
7] Fith A Ael- . — 71/\05 > (132])21)
BEDOERBBES 7 A — RS
I T e o (Down Stream) O ATAY (121Da)

Figure 9-3 —HDAFZEFERZ ZBEAESBES nE 2 & L THIH LIZGAE DA R
__.\:/“O

9.3 AREDKR

LB EE Y 12 212V TC, Bl (Up Stream)Tidk, Silica fhi 14 H
TR SN2 8MIC L » CRMEE L7z chitosan fBEIZ L 2 @i R OFEH # X 5
& & BT, Cibacron Blue F3GA 2 U H v K& L, K& 7018 (X80 HE%)
Ze IR AT (CH S 2 Ry FREO T EER ORI 2182 Lz, Tl (Down
Stream) ClX. x-carrageenan & 7 /L X /L7 /LT & K CHE4E S L7= pullulan #H &R
O, FERA/ N &0 1 BE(60~1017Da) 2 SRR S H . IR L L C
DA REME TR LT,

HH By Doy A RN U T OB E D Ll & Rl 2 2 2824
By TIRAE BRI L, 2B DE ) e B o A 2R LT,
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FBINE AMEORELAVCTIT 4 —HRCBE
101 AHEOEEF

AWFZEIL, HARFUT KEIZHELE L T DR 5L SR O KR BHEE O A1 il fig o
EWVWHEREE BN E LT, BHExy NV —27 OflENCER L, #irfledl a1t
W20 EERES T EEERAT S 720 OB NS AR R L T 5,

%1 EClX. AMFFECHER T 5 chitosan, k-carrageenan & pullulan O EJRAL
FHRABUZ DWW TCRLIR L, Z O v b U — 27 OF#EIK 72 b NEH AL DO E
FPEIZOW TR~ T2, £, RBFFEO Fl & 70 2 1655 BESAT O R0l ONZ AR
o FIEOISHENZ it 5 & &bz, RUFgEo B Z R ~7z,

%2 B CIX, — KD chitosan BEDSEE R EAE A9 LR E LT, BEOMMA
SREEZ4R70 9 2 & 7a < B2 M YA IE % silica ok T- A 85 & L CRENITIERL
L. BEOEFIRDOERZ X > 7=, RESHE chitosan i & 4 U 27 F /L chitosan D
KT R 2 bbige L7z, Silica b7 CRmE L 72 BE0E M it /3K 1.4 1%
H U7z, F£7-. Chitosan f&Z i O MO 72 M WIS OTE R K 0 | BERAY TR 2
T2 &< BRI LG HLEIT U THo 2R g 2 frir T & 72,
F7-, BA2 D5 78D chitosan |2 X 2 OB RENEIZB W TIE, 0 F&D
i\ chitosan BEIE R RBIEIIL ) & R RERE b KREVEE R LT, Silica
PR 71 L 28R X o TREUUE 47z chitosan [EIEE O K ZE R M RE 2 7~
L7 Z &b ARAFZED chitosan BRI ST R 2 8L LoD, K& 20 % o
THAREMEE AT D LRI TE 5,

%5 3 FETIL. chitosan RIZB T 50 FREDOER D X /37 E (Lysozyme
(14000Da), Trypsin (20000Da), Pepsin (34000Da), Egg Albumin (43000Da) & Bovine
Serum albumin (BSA, 65000Da)) Z M\, JREEARLIZ K 2 HEECGERRIE DN FRAMIE
WEERZAITUV, Z 8T EISKT D BRI A R LT, IREAEZEET) &
D5 N E Sy DIENEREER OFER L0 5y 828K 14000Da 7> 5 65000Da
DE T BIZEBT DG NIEBEREOED BT L T, chitosan &I XBAZE 7250+
Sy ERSEE A R L=, £ 72 B UE L7V chitosan 5 X W & £ UE L 7= chitosan
FEDEINERARE DR E L o7 T LD | silica SR 712 X 2 0GR 72 W] A% &
DU L > T, IROREENSFEENIH R L7 LRI T,

& R BIEROFEBRFEROFER NG | RIS Z T E TN ERERN & 5
UVNEBUKBIR BAERIC L > CTRAET D720, BT v o RVEAZEIC X 5 BmEifE
DT 0 Bl (Mik) OFBWRE A JAD Lz, —JF. RiEidE L7z chitosan
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IEIZH1T 5 BSA KSR OFEIARIL, KESE L TV chitosan =DK%
WA &V 6K 20%E < | silica PRI 1T & 5 R HSUE % it L 72 chitosan 5T %
2N B IR DB RIZ B W T O IO @i R B S FEBL T E 1,

554 I, B EE v ' A0 EFRAIAZ Y95 chitosan JEIZ & X7 B A
WZxE T DRFERANAEPEREZ FFD Y 7 K (Cibacron Blue F3GA)ZE A L, LY %)
RN EEE LT,

U 5> R A L7z chitosan Tl BSA OWAE &IZE AR & L LT 6.6 i%
R LT, & /X7 EOWRAREZ AT % B ek % chitosan 70 F#ICEET D Z &
T X U B OSSN HRE L IO SRR NN T E S chitosan [ 4 G HY
TOLZENARETHLZ LA LT,

%5 BCIE, BMHCROERE ST Th D «-carrageenan & pullulan Z 5
X4, glutaraldehyde TZEMET 5 2 LIC LV . IBEIRRECHLLER BT EHAIED
FELZ AR LTz, fESZPEH CThH A7, KEEEEIZE 7, glutaraldehyde (2 & %
KA SIS X » TRIGEZTER L, S 62, kDY v AORICE > T,
k-carrageenan 7 TEHBEIZRGE 2R S CTIREZ K LTz, S OICBULEIZ L - T
(LR BEAE UG 2 T S, 65°CHN R 72 IIEMBE & R S 7=,

k-carrageenan D'E EAFEHIE (Fo) OHERITHEV, BEMAOTRE ITH R L, 5
HIZTE aMEZ AT L2EKESDTENEONTZ, £/, Fc O KRIZHEWVE R
BRI R L, A OHIEIKF & LT Fe OEEMEN LT S iz, ARt
OEATIEmNEAKEIZ S 000 b THRARE DN < TNDOAZ)
PR EDEHFEFTEL0T, LRTYESBEICENT-EHABRKE L THIFRT
ERAR

% 6 = TIL. «-carrageenan/pullulan #4 B NIFED 4y 747 BIEERE & Z OH Y7250y
FEFEHEZAONCT DO, 774 XOBEEYE & LT Urea (60Da),
Glucose (180Da), Methyl Orange (327Da), Indigo Carmine (466Da), Bordeaux S
(604Da), Brilliant Blue (826Da), Rose Bengal (1017Da)% B4R L, & AFC & fEiE
NET2MEERFEREIT 572, 60Da 225 1017Da D53 FEOHEIK 17 512
B 69, BENOAILBERIENT 15,000 {5 &0 9 BEERZ L EZ R L, #HEEIX
WD TEMUZ 3 T A X ik L, WESHER & L TOREMENRO bil,
F 72, «-carrageenan fFEEIAF)EHIEHTHZ L2V, BERNOX Yy FU—7 14
WERZEM L, BRIZIS U EE MR L X CE O RIErH 5 2 L 2 W 5
M Lz,
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% 7 B TCIL. «-carrageenan/pullulan 85D MK e 2 7000 L7, B

W Ty AR DRI ¢, HABET) AP, IREE T, FRIHoR A u @{M?

WCHRET 2T o 7o, RN OMK Z s 13 ) O — Il L, W%W?ﬁ@O)
E7 /L& L THIBL LS Hagen-Poiseuille AL DBEREIZHE S TWD Z & DRI S 4
7o

7272 L. #AGH R R ORREFZEA L O T, k-carrageenan DIFLEE| S (Fo) D21l

IZ X O FBEFEARIC KR E I Ba 5. 2722 LT, Fe OED &5 718 B EE DAL

(CHEERIIC 2 D & & BT, BIBEIROULE &R & O BRI X0 FBHRD Fe

DEWEA BB 6%(575)%@5@?%5( LnEwn ) BBRTRNEE) 2R LT,

B8 B CIL, sy fi e LCOZN 327Da 725 1017Da £ TEXIG & L, Fc0.33

& F0.66 _FHI DR Z W TEFER T D53+ YA ANTHEKD < SrEEMEREIC DWW T

AEA L 72,

@  «-carrageenan/pullulan B-& X B W FEETE R 2 HERF L7223 & (R BEIT AR
L7z, L5y 8D E ) Rose Bengal (1017Da)izx%f L. 1EIE 100%D FH.
B2 LT,

@ ELy TR LY . F0.33 BEOS4HE 4y T-HiT 327Da TH Y . F0.66 i
D55y 8lE 466Da TH -7,

@ Indigo Carmine (Zxf 3 2 LGN FFHCEAE CTHH Z 0B, Fe DEDIEANO
Xy hT—7 @’ﬁfb%iﬁﬂb“(b\é BRI,

@ BEANOWEFERT v RV A XOZEACFEKIL Indigo Carmine D571
PR (K 1R2A)NTHYS T 5,

W9 BT, ZEESEET v R BT, Bl (Up Stream)iZid, Silica

PRI 12 K 282 K % chitosan BERAUE 21TV @R OEHR LK D5 & &b

IZ. Cibacron Blue F3GA # U 7 K& LT, RERGTRHE (X "I HESE) &

RIS E T AR BE D B & L CrlaettE 2~ L7z, FUe] (Down

Stream)Z 1%, k-carrageenan & pullulan ZEHE5 I E T, AR L-ZEEEIZ XY

R 2 D 57 - R #iPH(60~1017Da) & GBI ZR 3 2 BE I 205 M LT KSR S HiEE &

LTCORREMEEZR LIz, Bl o &R OB & Tl s+ A X%

BB FRER T DA B 2 AR DO ARR Y ~—I2 K > TR L |

IEEEREDZ BER o) e T m e A A RRE LT,

#5110 ETIE, AWFEORIC L 2 Z BB e 2 2T 5 L L bic, &

MEROF Y OF VT 4 —%E LD,
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AMFFRIE, BEBE Ry FU— 7 OFIENCER L, B8 Ic LY ks
53 F % m BRI 5 720 O BRI QNS IS AR ZE 2 BBA L7z, — I DAFFERUIRIZ
0. BRMHROERSEG S FOEEL EALFHEMIZ LY FEEHR Y PU—7 D
HilE 2 2B U v H Ry ORFEICS CCToBERiEo Ll & Tz 2 th
NI D& FIEEZFBUCTHR L, DEEBRIEOZ BRI oM 2 7 nt 2 &

RE LT,

102 RFROAY UF VT 14— L MHE

AWML B SHECROERE S FORRRMICIER L, B Llcma e LT
DRREITEDMESLIZ DT 5 & &b, maFEDZ 7327 F (Lysozyme, BSA
728) MHIRSTFEDORFE TOBFIT, ZAENREOENT 5 F A X58%
RE/)Z B &M LTz, chitosan B2 35Tl silica f80K. 7, k-carrageenan/pullulan
AT BN TIX k-carrageenan D'E B EHIAIZ L > TR Ty MU — 7 H
EEHIEICE D2 LEYHTRE L,

WEVER Y = —IC X D EMRBE R XL 5 @0 TR ORI, &5 H
Do EFICIRE SV TWTCIBIEER Y ~ — O Al geth 2 REERIIZ LG U, Ffe 7l HE
REBEAMO/NSWNES FICEDERPOBRELET 50D TH D, WIEMER
U~—l3 Lot/ e — 2R TEEITFET 2EKRBROE T TH D |
WERICAET T 5720, o X 9 ICRIEEE O 2L HUEIZZ T TICLER
IZINFET 2 Z W CE D, PN BIROHMCI T - TEMEFIZED S
T, HERREINTWAN, BIEDHEIKE Tl < £ 9 7o iniEsm i e e
BN BRSHRDMEERICB W TIIAERBM e S 2 AT LN TE D, 1
FEVEBE OB THER DIRBEAL O FRIIGRITH v | I & R MICHFTET
LT ENHIFFTE S,

ERETTELTH= s 2k e LTHEEINTVLIERNLELND
chitosan (2B L Cid, SSHEIZE LT IV K22 0E S THICZ<ATHZ LIT
HEL, FFEOH FREICEWVIBRIREEL G T 5 U I Ra b FEMIZ X > TRHEE
el &R 7 EoNTF NEDERIEEE 70 53 AR KRN+ D or Bt 2
AT, FrIZ, MWEIETR A FZBL T D720, F v 2 MREIZ silica b T Z RS
THZ LK, HIRAS B ETRESAE LT Z L2k 0, HoFEEMZR
FHBEERKEIELZ LIk L7z, 23T X Y., Chitosan B2V TIE, A
DT E RN FEBLT D720, PRI IC X 28R E F N U IRO R MK
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BOFEELELTEAL, BEOBBAMRELIER S Z L2 BE—HBH 720 OFEK
D EEK > T2 IR EDOA ) OF N TH D, —FH, 5Tl SeeD U b
K& LTH 7 EBRPED & Cibacron Blue F3GA Z DL Efi & L TE
AL, ZU NI EORRONGE LT 550 REGDE S o o @i R o & B
TBEERITO ZEERRE LT, T Lo T, mBEEED Byl (Up Stream) %
YT 5058 L CoraEMZ R U 7e s 2 X & L C Ll
2N (5 2~5 %),

By z R U, BEERO—FCh 5 Aureobasidium pullulans % 1538 L T 5
D ZHEFEO pullulan & 57 3K D & 47 1 (k-carrageenan) & OE AL & R ATz,
“FEDOAIRE S (pullulan and k-carrageenan) DA L E LT, HEHR Y U —
7 OREEHIEOFERE & L C k-carrageenan {F/EEIA (Fo) ICHEHET 5 & &I
T 60 ~ 604Da DHELPH THBLEAREL DY 15000 f5281LT 5 Z & &2 JLH L2 sl
KWFEDOA ) DT NVRRETH D, TOREE R A XORIRENZ L - ThH
HEEED T Ml (Down Stream) Z4HY4 2 73HfEl & L CoRaEME 2 AL L7 S
(X9 CI2H 2~5 B CHE L7z chitosan IEORR & & IS m A& LTL
FHMMED EV (55 6~8 &),

—HOMHFZERCR L, BAHRO ARG T OEA L LA PEMIZ L D | BEH
X MU —7 ORI Z LB U, EH G OREIZS CToRi/Eo Bimfl e T
lZ 2N ZnEE T 2 E 0 FIRZFHFICTRER U, 2B EO L Bry )i
727 m A ZRET LI ENTELARELRLIEATET I VT ATHY
ARG S THEEMEZ A LT EMBR A~ T T u—F & LTEMERB L L
TOMAE IR,

103 AHABELESHBORE

BAHSEOERE S I AR Y ~— & LCORRUAMIZ L FEESINT
BY., MG - BAEEARRRNY ~—FEME LT, o, AMBRAY ~—DfR
B LCHHFHOARBITEE CH D, 7 7 I ANEILED ER 2K
TEHDFTHHN, WESPHEE LT TR O S RE L, AIHiED
EUVBSEEMEREM & L TIEACTE R, B LTOEMEIROH L& EFRIAHIC
G DI TR, RMEXDOZAMZEME L THIIRFTE S,

AHFIE CRERRL L 7= — OB e RIS & | BE L BEZ B OB IEIC BT
% LA & FH A 2 SV T S AR E Y TR ORSE - BIRICEB T 545
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DI L BRAIZHOW TR 5,

%5 2 B T4 o 7= chitosan [X AR CHE— DM S I TH VU |\ KA H K DA
(RiE 5y O TIERHBISISHE BT & < mil - BIREEORIK THLETH
5o TORBAEZFMA L, BRI silica L 72 WIN L., chitosan [ ICHFE L
7= silica fCRL 1% @i - mdE MO WMIIZ Lo THEO R v N T — 2 24725 2 &
72 < WiBfE . chitosan 15 D2 mNIZ WA 72 WG 2 TR S 72, RIS K - T,
P L LT o silica BORL - 23A 1T H L7-BRISIFER E R OH Koy & 72 0 | #likiEiE
PERED ] FITEED oo, L L2 B AWFFED silica Mok 1 OB &I HAET
HTH 93 EAITHY T HREICKATEY, KIBEIO silica KL DIRINC X
T, MKRZERIB O KITHN L0 oo, A%, RUREE O & m A S H
720 @ silica AL DL LBt R & OB LV b LD LItk - T
chitosan DFIENIMNEZ H & D 5,

B3 EICBWTIE, Bl RORE Ry TEES 7 BN/ S 7257
FET Vo — 270 EONRN O RILHAR I A K | chitosan 1% o /3 7 BT
LI AL, 7 a—ARRFEEO/N WS FRITELZERT 52 &
REATE 72, UL, EEOSBEEMETIX., B—loOoWE 2 50k x 1%
WD LEFBDTHTH Y, WHITZET OERD IO R L0 D, #
ORI BITIRTT T EA R OO, o FRICIEEREN M B # . £
DOFBRFFHEIC OB B2 525 2 LR TPREND, DU LD EET
BE i, B AEEHOREL &I, KEICER TE R0 FRERET
DIRE RO BT D MEND D,

%4 BT, 2N EEORRENREGDY T R Cibacron Blue F3GA #
chitosan JEIZIEA L, KERGFONRFKE LTH /37 H (BSA) O EIT 6.6
TR LT Z b, RERSTHOMEIZY T RPREHHTHD 2 LD
WTE T, ARIIMO Y T Foigat L GERMEOm L4 B L2V,

—J7. WE LT 2 o B L, WAER AT D T2 O I AE #ED
HIMATONLORERND D, LIER->T, HEVWENRECTH L & HAEN+
TFIATOIIR, Flo, BEEIZEE SN2 Z X7 ExREL, FRGEROFE
BEBEOHAMAZT 2N H D, M chitosan DT & F /ALEIZ L DO fE
AMHEZ RO pH & & HI2HEdT 5 Z & chitosan D)5y 1812 K 5 B
DFEIZOWTHRFTT 2 0ERD D,

%5 BETIEF ¥ X MRADE ST T OURIREE & I RF OIS T RUZ #72)
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DREFBROMHINRE & 72 D, B RR OV EAFORE D A& 6N
Loy TG Z IR 2 HERRE L 2D AlRetEn s 5, ERIZREIT T,
0D R B A P 2 (BRSO T mddE el 7 e AR S D L Bbin s,
k-carrageenan/pullulan GO REIED X r— T v TRF % S BITHFTT D%
RS 5,

%6 ECTIX, AN k-carrageenan DFAEER| G & 57 1V A AFEaEE ) D BEf%
AL, A%, EREREIIST M (HREKO pH 72 L) it 5 4
RS 5,

SEERE L L CORAEEZ DICHTz-> T, MKOFBEMREZIRET S Z L 1T
ZORMEL L TEETH D, 5%, BEXFHIMIT TROT —Z 2/ 5
VERDH 5,

O 7 &FmE R O B MO

@ MHEMNEIRD pH &K 2 12356 OB ER

@ WL ONDREL~LT, Bk z KEIE, R E &b ISFEEiRR s —
ETHD I EDRER

lDa A7 4 Fa—va e L THRREORNEE TH D, LD
DITIIHALFRE & 5t & DA AAE 2~ MK OFiE i R AME AT T—E T
HLOMEMRT DVEND D, BROFMITEHEL G X 72\ e 715 £ T 13 BEAl
DHFBNRMETH D,

%9 WCIX, BEMICEIEERZ T OMLERND D, LS 0 XA
DO GEIE, ENZESIREAROWE ZHES) & U CHREEZIT 5, ZmA ik
o2 Llizko T, @ FEE K OENOYEZIET ¥ o RVTIHEILDEE
LT &, @ FEOFBRBEIAEMT 5 & PRI D, BREOSLBEHE T OFF
EOWHE L FHAMERZ U TR AHTIZ /i, &5 WIEAR RIS EE LT L
F 954 (Fouling) O TPiLZDREFEETHD,

FROPeE &R MERE O RIE 71k & LT,
O BB HE — ARCVR—/, 8, @R, . B L
@ AT

() "t — B, 7AWV, BEE, pHZR L

Q) A FUFEEUIW — A A 9RE, pH., { BEAL

(3) Wb — EEbKSE. KHEEE Y — &, HA U, WRERE

4) BEEM — VUM, RU U R, Syl
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(5) FEAERGIE — CMC. RmiEtEAlZs &
INODHTEEZRAEDLED Z LI L - T, ERFMEE NCEOE Hm{br

HFFCcx 5,
BB EOARE S FITH LWIESBM OMEREX—X L L TEWRT vy L

ZRD TN D, ERE g FIIS D EE LRI RS, BEREMERC D DR e LTH
ZOAREMEZ LR L T < EHIfGT 2 2 &N TE 5,
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Nomenclature|

A
Cr
Cro
Cs
Cso

Detr

DD
Fc

Membrane surface [m?].

Concentration in the feed solution [mol L™].

Initial concentration in the feed solution [mol L™].

Concentration in the stripping solution [mol L].

Initial concentration in the stripping solution [mol L™].

Concentration of polymer [g dL'], used in chapter 2

Diffusion coefficient estimated from Wilke-Chang equation in bulk aqueous
phase [m”s™].

Effective diffusion coefficient in the membrane [m” s™].

Diameter of mass transfer channel in membrane [m], used in chapter 3
Deacetylation degree [%] defined in page 20.

Mass fraction of k-carrageenan in composite membrane [-], defined in page
55.

Factor of 0.0025 N PVS-K [-]

Volumetric permeate flux [m’ m? m™ s™].

Film mass transfer coefficient in the feed phase [m s'].

Film mass transfer resistance in the feed phase [(m s™)].

Film mass transfer coefficient in the stripping phase [m s™'].

Film mass transfer resistance in the stripping phase [(m s™)™'].

Mass transfer coefficient of the membrane (=Degr/ /) [m s™'].

Mass transfer resistance of the membrane [(m s™)™].

Overall mass transfer coefficient [m s™'], defined in page 36.

Overall mass transfer resistance [(m s™)"'].

Empirical parameter of the Mark-Houwink-Sakurada equation [-].
Membrane thickness [m].

Length of mass transfer channel in membrane [m)].

Permeability coefficient of water [m® m™ m™ Pa™' s™'].

Molecular weight of solvent B [g mol'], using in Wilke-Chang equation.
Mass transfer flux [mol s™'].

Operational pressure [Pa]
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Robs Resistance [-], used in Eq. (8-1)

t Time [s].

T Temperature [K]

u Flow rate of water in mass transfer channel [m s™'].

\% Volume of aqueous solution in the transfer cell [m’].

\% Volume of 0.0025N PVS-K on colloidal titration [mL].

Va Molecular volume of solute at his boiling point A [m’ mol'], used in
Wilke-Chang equation.

Wq Mass of dried membrane [g]

We Initial mass of the swollen membrane [g].

Wi Mass of total contained water [g].

Greek symbols

o Empirical parameter of the Mark-Houwink-Sakurada equation [-].

B Empirical constant of the Mead-Fuoss equation [-].

n Viscosity of solution [cP].

] Intrinsic viscosity [dL g'].

Nrel Relative viscosity [-], defined in page 18.

Nsp Specific viscosity [-], defined in page 18.

Mo Viscosity of solvent [cP], used in Eq.(2-1).

u Viscosity of feed solution [mPa s], used in Eq.(2-1)
Density of solvent [kg m™]

PM Density of the swollen membrane [kg m™]

pw Density of the pure water [kg m™]

(0] The association parameter of solvent [-], used in Wilke-Chang equation.

Abbreviations

BSA Bovine serum albumin.

EA Egg albumin.

MO Methyl Orange.

IC Indigo Carmine.

BS Bordeaux S.
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BB
RO
SEM
MW
MS
MV

Brilliant Blue.

Rose Bengal.

Scanning electron microscope.
Molecular weight [g mol™], [Dal.
Molecular size [A].

Molecular volume [mol m™].
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ABSTRACT

Biopolymer pullulan (P) can be cross-linked easily by glutaraldehyde, and additive x-carra-
geenan (kC) completes an attractive combination for increasing tensile strength sufficiently for
practical use. In this study, the k-carrageenan mass fraction (F.) was defined as F. = (xC[g]/
(P[g] + xC[g])) and was set at 0.33, 0.50, 0.66, and 0.83. Composite membranes were success-
tully prepared in our experiment F_. ranges by the casting method. The maximum stress and
strain, water content, mass-transfer characteristics, and pure water permeability were demon-
strated to be a function of the added cross-linker glutaraldehyde. Increasing the mass fraction
of k-carrageenan enhanced the maximum stress and the maximum strain at break, suggest-
ing that pullulan imparts flexibility and the x-carrageenan imparts stiffness to the composite
membranes. The mass-transfer characteristics were analysed based on changes in the effec-
tive diffusion coefficient in the composite membranes. Some water-soluble marker components
were employed to estimate the size of the mass-transfer channel in the composite membranes.
The reference molecular size was from 60 to 826Da, indicating Urea, Methyl Orange, Indigo
Carmine, Bordeaux S, and Brilliant Blue. The effective diffusion coefficient was dramatically
changed by a factor of 26,000 for F_ 0.66, even though the molecular weight of the reference only
changed by a factor of 14. The F_ value significantly controls not only the mechanical strength
but also the molecular size recognition of the membrane. A large dependence on the molecular
size was achieved by specific polymer frame-works using the excellent combination of pullulan
and Kk-carrageenan.

Keywords: Pullulan; x-Carrageenan; Mechanical strength; Effective diffusion coefficient;
Composite membrane; Water permeability

1. Introduction

Biomass is a renewable class of materials of grow-
ing interest among researchers in the quest to achieve
global sustainability. Biopolymers are a representa-
tion of the biomass, in particular starch and cellulose.
In recent years, studies on edible films have intensi-
fied [1-2]. The potential benefits of these films lie in
both their bio-compatible characteristics and relatively

*Corresponding author.

low cost. Edible films are primarily composed of poly-
saccharides, proteins, and lipids, alone or in combina-
tion. Such films are an effective barrier for preventing
unwanted mass transfers in foods (e.g., water vapor and
oxygen transmission), thereby improving their quality
and extending their shelf life [3-5]. Composing poly-
saccharides in the form of blends with varying ratios of
polymers offers the possibility of creating different films
with improved characteristics.

Pullulan (P) is a water-soluble microbial polysaccha-
ride with excellent film-forming properties. Its films are

Presented at the AMS6/IMSTEC10, The 6th conference of the Aseanian Membrane Society in conjunction with the 7th International
Membrane Science and Technology Conference, Sydney Australia, November 22-26, 2010
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Fig. 1. Molecular structure of pullulan, k-carrageenan, and glutaraldehyde, as used in this study.
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Fig. 2. Two models of the conformational transition of
K-carrageenan.

colorless, tasteless, odorless, transparent, flexible, highly
impermeable to oil and oxygen, and heat-sealable.
Pullulan is an exocellularhomopolysaccharide produced
by the fungus Aureobasidiumpullulans. It is a linear
mixture of a-D-glucan consisting mainly of maltotriose
repeating units interconnected by o-(1—6) linkages.
The regular alternation of o-(1—4) and o-(1—6) bonds
results in distinctive structural flexibility and enhanced
water-solubility [6-8].

Carrageenan is water-soluble polymers extracted
from red algae. They are used in the food and phar-
maceutical industries as gelling and stabilizing agents
and for microencapsulation and immobilization of
drugs and enzymes. Carrageenan consist of alternat-
ing copolymers of o-(1—4)-D-galactose and B-(1—4)-3
6-anhydro-D or L-galactose [9]. Several isomers of car-
rageenan are known as %-, A-, and t-carrageenan; they
differ in the number and positions of ester sulfate
groups on the repeating galactose units. k-Carrageenan
(xC) has only one negative charge per disaccharide and
tends to form a strong and rigid gel. Carrageenan also
undergoes a thermo-reversible ion-induced conforma-
tion transition from a disordered (coil) to an ordered
(helix), and these transitions are both temperature- and

concentration-dependent. At temperatures below its
transition temperature, k-carrageenan assumes a helical
configuration between polymer strands, forming a more
rigid structure. These transitions from coil to helix have
been observed by many researchers. Several investiga-
tors favour the coaxial double helix as the fundamental
ordered conformation. Upon reducing the tempera-
ture or increasing the salt concentration, double-helical
stretches will be formed in a thermo-reversible process.
Other groups of researchers have presented evidence
of the single helix as the fundamental ordered state of
carrageenan prior to association and gel formation. The
two kinds of molecular structure thought regarding the
conformation transition of k-carrageenan are illustrated
in Fig. 2 [10-15]. Whether it is a single or double helix,
the structure becomes more rigid in the helical confor-
mation, as seen in the figure.

Water-soluble glutaraldehyde was chosen as the cross-
linking agent because of its ability to facilitate the forma-
tion of linkages from hydroxyl groups [16-17]. Crosslink
of pullulan with glutaraldehyde involves the reaction of
the —OH radical of pullulan with the aldehyde groups of
the glutaraldehyde. The chemical structures of pullulan,
k-Carrageenan, and glutaraldehide are shown in Fig.1.

This paper describes the preparation and mass-
transfer characteristics of a pullulan-k-carrageenan com-
posite membrane. A composite membrane made from
natural polymers was successfully prepared by the cast-
ing method. The membrane was clearly recognized to be
an attractive combination of sufficiently elevated tensile
strength for conventional applications and to possess a
molecular-size screening effect.

2. Materials and methods
2.1. Materials

Pullulan (MW 60,000~240,000Da) was provided by
Hayashibara Biochemical Laboratory (Okayama, Japan).
k-carrageenan (MW 500,000Da) and glutaraldehyde
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(MW 100.12Da) were purchased from Wako Pure Chemi-
cal Industries, Ltd. (Osaka, Japan). Urea (MW 60.06Da),
Methyl Orange (MW 327.34Da), and Bordeaux S (MW
604.48Da) were purchased from Wako Pure Chemi-
cal Industries, Ltd. (Osaka, Japan). Brilliant Blue (MW
826.0Da) was purchased from Sigma Chemical Co. (Perth,
WA). Indigo Carmine (MW 466.37Da) was purchased
from Kokusan Chemical Works, Ltd. (Tokyo, Japan).

2.2. Preparation of pullulan-x-carrageenan composite
membrane

Pullulan and x-carrageenan were dissolved in dis-
tilled water (70°C) using a magnetic stirrer to prepare
film-forming solutions of various blend-weight ratios.
All polymer solutions were prepared based on 3 g total
polymer weight dissolved in 100 ml of distilled water
at 70°C for one hour. In addition, each was stirred for
one hour at 70°C with cross-linker glutaraldehyde
added. The polymer solutions were then cast onto petri
dishes, followed by drying in an electrical blast-drying
chest at 65°C for 24 h. The dried membranes (attached
to the petri dishes) were immersed in distilled water
for one hour. The swollen membrane was spontane-
ously peeled from the petri dish at 25 + 1°C for further
testing. Membrane samples were tested in triplicate.

In our studies, the glutaraldehyde added pullulan-
K-carrageenan solution was dispensed to the petri dishes
and then put a part of ones in desiccators to be dried at
room temperature (25 £ 1°C) for 1 week, the others were
dried in an electrical blast-drying chest at 45°C, 65°C, 85°C
respectively for 24 h. As you can see in Fig. 3.

One sample dried at room temperature (25+1°C) for
1 week and relatively-low temperature (45°C) for 24 h

Fig. 3. The crosslinking states of pullulan-k-carrageenan
composite membrane after drying at different temperatures.
(GA70 mM, E_. 0.33).

with very low crosslinking tend to be weak and flexible,
whereas another sample dried at over high temperature
with high degree of crosslinking are too hard and rigid
to experiment. Therefore, we chose 65°C for drying our
composite membrane, and it performed excellent for-
mation of the composite membrane for our studies.
Thereafter, we could assume that crosslinking almost
be taking place during drying at high temperature. Inci-
dentally, authors cannot observe the phenomenon of
gelation when the glutaraldehyde added during mem-
brane preparation at 70°C.

2.3. Mechanical strength and elastic characteristics

A rheometer (CR-DX500, Sun Scientific Co., Ltd.,
Tokyo, Japan) was used to determine the tensile strength
and the percentage elongation at the break. Three rect-
angular-strip specimens (10 mm wide, 40 mm long)
were cut from each membrane for tensile testing. The
initial grip separation was set to 20 mm, and the cross-
head speed was set to 1 mm/s. The initial membrane
thickness was measured using a micrometer (Mitu-
toyo, Kanagawa, Japan). The average thickness of the
membrane strip was used to estimate the initial cross-
sectional area of the membrane sample.

2.4. Measurement of mass-transfer flux

The concentration of the solution transported
through the membrane in regular time is required to
estimate the mass-transfer characteristics of the mem-
brane. Diffusion is a fundamental phenomenon in sev-
eral physical and chemical processes, representing the
natural movement of neutral or charged species in solu-
tion. The diffusion coefficient in liquid is an important
parameter in understanding the complex processes of
mass transfer. There are several empirical methods for
estimating the diffusion coefficient in aqueous phase
that consider infinite dilution and are based on molec-
ular-size indicators. This paper introduces one of these
methods as follows:

1.86 x 1078(pM,, )"

WV 406

Wilke & chang, D,, T 1

where D is the diffusion coefficient of the solute in
water[m?-s™'], u_ is the viscosity of water [Pa s], and
[K] is the association factor for solvent B at the required
temperature T (for water, ¢,=2.6). M, is the molar mass
of water [g-mol™'], and v, is the molar volume of solute
A at the normal boiling point [m*-mol™].

The mass-transfer setup in our experiment is illus-
trated in Fig. 4. The membrane was sandwiched between
two equal-volume compartments. The compartments
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Fig. 4. Schematic diagram of the mass-transfer setup in our
experiment. (a) Agitating motor, (b) Mass-transfer cell (feed
side), (c) Mass-transfer cell (stripping side), (e) Membrane,
(d) Constant temperature water tank (303 K).

had a volume of 200 ml and an effective membrane area
of 0.24 m?. The feed compartment was filled with water-
soluble marker components (Urea, Methyl Orange,
Indigo Carmine, Bordeaux S, Brilliant Blue) in solution
(190 ml), and the stripping compartment was filled with
distilled water (190 ml). During the experiment, the two
compartments of solutions were stirred at a constant
speed (850 min™') in order to minimize the mass-transfer
resistance of the soluble boundary layer above the mem-
brane. Samples were taken from the two compartments
at regular time intervals of 30 to 60 min. The sample con-
centration of the samples was analysed with a spectro-
photometer (UV Mini 1240, Shimadzu). It is supposed
that since the concentrations in the two compartments
were uniform, the mass-transfer flux was so small that
the diffusion process can be regarded as a quasi-steady
state. Accordingly, we can use Egs. (2) and (3) to calcu-
late the effective diffusion coefficients.

Inf|1-25% |2 —2§K0Lt )
Cs %
Kol = kit + k' + ki 6)

The film mass-transfer resistances k,, "' and k,' in the
overall mass transfer resistance K, ™' can be neglected
because of the sufficiently turbulent conditions in the
two compartments during the experiment. K, ' did not
depend on the stirring rate, therefore it directly indicates
the membrane mass-transfer coefficient (k = Deff-I™").
The effective diffusion coefficient in the membrane (Deff)
was evaluated from k . The initial membrane thickness
l'in the swollen state was measured with a micrometer.

2.5. Water content

Swelling of the cross-linked membranes was mea-
sured using distilled water as the swelling medium in
order to determine the degree of cross-linking achieved
with the glutaraldehyde concentration. In general, a
lower degree of swelling has been attributed to a higher
degree of cross-linking.

Membranes were immersed in distilled water for 24 h
at 25+1°C. The swollen membranes were then placed
between two dry filter papers to remove residual
water from the membrane surface and weighed. After
being dried at 65°C for 24 h, the dried membrane was
re-weighed. The water content of the membrane was
calculated using Eq. (4):

W, —W
Water Conter (W, %) = ———2
W,

S

(4)

Where w_is the mass of the swollen membrane, and
w, is that of the dried membrane.

2.6. Pure-water permeability

The pure-water permeability of the membranes
was measured under steady-state conditions. Prior to
the experiments, the membrane was immersed in pure
water for 12 h and was then installed into the pure-water
permeability set-up.

The pure-water permeability experiment used an
ultra-filtration cell with a volume of 200 ml and an effec-
tive filtration area of 0.21 m?. A pressure regulator valve
was installed between the filtration cell and the pump
in order to monitor the variation in applied pressure
during filtration. A magnetic stirring bar was installed
at the upper surface of the membranes but not attached
to the membrane. Operational pressure was adjusted by
a nitrogen gas. A petri dish was set in electronic balance
to collect the permeated water from the ultra filtration
cell. The mass of permeated water with aging variation
was accurately measured based on the indication of the
electronic balance.

A schematic representation of the module and setup
is presented in Fig. 5. The pure-water permeability
experiment was conducted at different pressures using
the following equation:

Vi

T AA ()
.m>?

where |, is the water flux [m® emb. S 1, Vp 18
the volumetric amount of permeated water [m?], A is the
membrane area [m?], ] is the membrane thickness [m], and
is the sampling time [s]. ], is the water-permeated flux
per unit membrane thickness, defined as (], I"') [m®
m™ m!

memb.

Jv

water

a1
thickness s ]
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Fig. 5. Schematic diagram of filtration cell used to measure
steady pure-water permeability through the membranes.
(@) N, gas, (b) Valve, (c) Transducer, (d) Filtration cell, (e)
Magnetic stirring bar, (f) Pipe, (g) Electronic balance, (h)
Magnetic stirrer, (i) Membrane.

3. Results and discussion
3.1. Mechanical strength and elastic characteristics

It can be seen in Fig. 6 that the mechanical charac-
teristics of the composite membranes in our experi-
ment exhibited increasing strength (max. stress) and
decreasing elongation (max. strain) as the glutaralde-
hyde level increased. The polymeric framework of the
pullulan-k-carrageenan composite membrane became
more densely populated with increasing glutaralde-
hyde concentration, and its mechanical strength was
elevated. The mechanical stress increased with increas-
ing glutaraldehyde concentration and then levelled off
over 70 mM. In contrast, the mechanical strain gradually
decayed with glutaraldehyde concentration.

Fig.7 demonstrates that the increase in the mass frac-
tion of k-carrageenan increased the maximum stress and
water content under the same cross-linking conditions.
The mass fraction (F_.) was defined as F_.= (xC[g]/(P[g] +
kC[g]), depending on the addition of k-carrageenan, the
membrane strength continued to increase regardless
of the water content. Moreover, the frame network of
the composite membrane depends on both the concen-
tration of the cross-linker and the mass fraction of the
co-polymer. It is likely that swelling of the composite
membrane increases the permeability.

3.2. Measurement of mass-transfer flux

The mass-transfer characteristics were evaluated
from the effective diffusion coefficient estimated by
measuring the mass-transfer rate in the composite
membrane. Water-soluble marker components were
employed to determine the size of the transfer channel
in the membrane. The reference molecular size was from
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Fig. 6. Effect of additive glutaraldehyde concentration on
the maximum stress and strain of prepared pullulan-k-car-
rageenan composite membrane. F_ was set at 0.33.
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Fig. 7. Effect of the fraction of k-carrageenan (F_) on the max-
imum stress and water content on a pullulan-k-carrageenan
membrane (GA 90 mM).

60 to 826Da indicating Urea, Methyl Orange, Indigo
Carmine, Bordeaux S, and Brilliant Blue (Table 1).

The diffusion coefficient (D) in bulk aqueous phase
was estimated by Wilke & Chang’s correlation (Eq. (1)).
The effective diffusion coefficient in the membrane (Deff)
was lower than D, due to diffusion channels in the
composite membranes (Fig. 8). The effective diffusion
coefficient in the membrane Deff dramatically changed,
ranging within molecular weight by 26000-fold in a case
where molecular weight only changed by 14-fold.

The effective diffusion coefficients of the components
of lower molecular weight strongly depended on the
K-carrageenan fraction F.. As it appears, Deff evidently
decayed under lower F. conditions. The large depen-
dence of Deff on the F_ value suggests that the polymer
frame-works become denser under lower F_. conditions.
In the case of Bordeaux S, the change of effective diffu-
sion coefficient with F. was different from other tested
chemicals’. The detail evaluation on mass transfer of
Bordeaux S was necessary in future.

In addition, the steep change of the effective diffusion
coefficient between Indigo Carmine and Bordeaux S in
the each types of composite membrane was appeared.
Authors therefore assumed that the size of the mass
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Table 1
Water-soluble model components
Model Components MW MS
[Da] [A]
A: Urea NH, 60 6.0
O=<NH2
Na* 327 106
B: Methyle Orange ¢ CH,
ot DO
o 3
- 0
C: Indigo Carmine Na*o\/ P Y o 466 119
© Q N O S//\ 7Na+
H J ale)
D: Bordeaux S o P A0 604 13.0
d o)
el
N

E: Brilliant Blue 144

1078 -
¢ D, (Wilke & Chang)
A F;0.33
1070 ® F. 050 > Deff
R ® F0.66
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Fig. 8. Effect of molecular weight on the effective diffusion
coefficient of a pullulan-k-carrageenan composite membrane.
A: Urea (60Da), B: Methyl Orange (327Da), C: Indigo Carmine
(466Da), D: Bordeaux S (604Da), E: Brilliant Blue (826Da).

transfer channel was almost equivalent to molecular size
(approx.12) of Indigo Carmine, and it was suggested that
mass transfer channel size was monodispersity.

3.3. Pure water permeability

The pure-water flux as a function of applied pressure
was measured to investigate the stability and hydrau-
lic properties of biopolymer composite membranes. In
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Fig. 9. Permeability of pure-water on pullulan-k-carra-
geenan composite membrane (GA 70 mM) over time. (298 K,
100 kPa).

Fig. 9, time course experiments were performed on four
tested membranes (F. 0.33, F. 0.50, F. 0.66 and F_ 0.83)
at a constant concentration of the cross-linker glutaral-
dehyde (70 mM). The water flux of the composite mem-
brane was calculated from the experimental curve. The
volumetric water flux was recalculated using the density
of the permeated water.

Fig. 10 depicts the relationship between the volumet-
ric water flux and the operational acting on the mem-
brane. The water flux increased almost linearly with
increasing operational pressure. The permeability of the
membranes increases in the following sequence: F. 0.83>
F.0.66> F_. 0.50> F. 0.33. Fig. 10 also illustrates that the
water flux of the composite membrane was in primary
proportion to the operational pressure, and it was sug-
gested that the water flux of the composite membrane
was obeyed by Hagen-Poiseullie flow.

It indicates that a higher mass fraction of k-carra-
geenan in the polymer concentration would lead to high
water permeability. Based on the pure-water permeabil-
ity results, we note that the higher mass fraction of «-car-
rageenan exhibits significant water flux compared to
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Fig. 10. Pure-water permeability of pullulan-k-carrageenan
composite membrane (GA 70 mM) prepared from different
mass fractions of k-carrageenan (F.) by applying different
pressures.
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the higher mass fraction of pullulan. The amount of the
K-carrageenan in the composite membrane performed
noticeably high the water flux on the same pressure.

4. Conclusions

Food polymer pullulan-k-carrageenan composite
membrane was successfully prepared by the casting
method. It has sufficient mechanical strength enough
for a practical use and excellent mass transfer character
especially on molecular size screening. The relationship
between mass transfer character and the mass fraction
of x-carrageenan in the composite membrane was for-
mulated based on the experiments of mass-transfer flux
and pure water flux. The results provided a novel and
simple method of preparation membrane and the size of
mass-transfer channel based on molecular-size indica-
tors, and suggested that different F values significantly
affect the mass-transfer permeability. The water perme-
ation flux as a function of applied pressure provided
valuable technical information for investigating the sta-
bility and hydraulic properties of the composite mem-
branes. It was concluded that pullulan-k-carrageenan
composite membrane possessing a cross-linked hydro-
philic structure performed high selectivity and high
water flux. Thus, the mechanism of mass-transfer inves-
tigations is very useful and informative for the study
and analysis of composite membrane.
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Symbols

A —  Area of membrane [m?]

Cﬁ. — Initial concentration of feed solution [M]

C, —  Concentration of stripping solution [M]

D, — Diffusion coefficient in bulk aqueous phase
[m?-s7]

Deff —  Effective diffusion coefficient [m?-s™]

Iy —  Water-permeated flux [m®  _-m=__ -s7]

J,* ~— Definedas(Jy" =]y -I")[m® _ -m2

milthickness s7]

K., —  Opverall mass-transfer coefficient [m-s™]

K, " — Overall mass transfer resistance [(m-s™) ']

k, — Membrane mass-transfer coefficient
[m-s7']

k,, —  Film mass-transfer coefficient in feed phase
[m-s7']

k,, —  Film mass-transfer coefficient in stripping
phase [m-s™]

l — Membrane thickness [m]

AP —  Operational pressure [kPa]

At —  Time [s]

T —  Temperature [K], defined by Eq. (1)

Vv —  Volume of aqueous solution in the transfer
cell presented in Fig. 4 [m’]

v, — Permeated water through the membrane
[m’]

W, —  Total water content ratio [%], defined by
Eq. (4)

w, — Initial mass of the swollen membrane [kg]

w, —  Mass of dried membrane [kg]
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ABSTRACT

The x-carrageenan mass fraction (Fc) was a key factor to determine membrane character not
only on mechanical strength but also on selected molecular permeability. It was defined as
the following equation: Fc = (kClgl/(PIg] + «C[gl)) and changed in desired range
(0.33-0.83). This study reports the results of mass transfer and ultra-filtration experiments on
model dye solutions, indicating Methyl Orange, Indigo Carmine, Bordeaux S, Brilliant Blue,
and Rose Bengal, and the reference molecular weight are from 327 to 1017Da. The
fundamental parameters influencing the transport of dye such as experimental temperature,
viscosity of the feed solution, initial dye concentrations have been determined. The effective
diffusion coefficient of dye molecules in the biopolymer membrane was calculated. Outstand-
ing molecular size recognition was appeared. The molecular weight cut-off values in Fc0.33
membrane were 327 Da, and for F-0.66 membrane performed the results of 466 Da, respec-
tively. The membrane changed from the wholly compact structure to the porous structure by
an increase of the Fc, and then, we proved the changes of membrane formation while Fc
value increased scientifically based on a scanning electron microscope (SEM) observation.

Keywords: k-Carrageenan; Pullulan; Composite membrane; Mass transfer; Diffusion coefficient;
Water permeability

1. Introduction whereas NF and RO are limited by the high osmotic
pressures, which arise at high concentrations. The
literature has provided different studies in which
traditional methods are coupled with membrane
processes [2-4]. Over the past two decades, mem-
branes made from polymeric materials have become
increasingly popular in industrial processes where
reliable and repeatable purification or concentration is
required. Membrane processes have wide industrial
applications covering many existing and emerging use

Treatment of wastewater containing dyes is one of
the most important ecological problems because the
effluents containing the dyes are not only highly col-
ored, but also toxic to aquatic life [1]. Concerning
membrane operations, ultrafiltration (UF), nanofiltra-
tion (NF), and reverse osmosis (RO) are the most
applied. However, UF presents low rejection values,

*Corresponding author.
7th Aseanian Membrane Society Conference (AMS7), 4-7 July 2012, Busan, Korea
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Downloaded by [Masanao Imai] at 20:42 23 July 2013

5238 P. Wu and M. Imai | Desalination and Water Treatment 51 (2013) 5237-5247

in the chemical, environmental, water treatment, phar-
maceutical, and food industries. Among all types of
membrane process, NF as one of the most promising
membrane technologies has the advantages of
low operation pressure, higher permeate, and high
rejection for small molecules separation from water
solution. NF is shown to be the most effective princi-
pal for the separation of dyes from wastewater with
relatively low investment [5,6]. The rejection of the
aromatic poly (m-phenylene isophthalamide) (PMIA)
NF membrane for dyes Eriochrome black T, Erio-
chrome blue black B, and Alizarine red were all over
98%, with a flux about 80L/m?h, while the rejection
for NaCl was only about 5.5% when tested at 0.4 MPa
[7]. Two hydrophobic and one hydrophilic commercial
membrane were selected to study the removal
efficiencies of color and chemical oxygen demand
(COD) from the real-dyehouse wastewater [8]. In
another report on dye separation using polymeric
hollow fiber membranes, excellent separation of Meth-
ylene blue (MB) from dye wastewater was obtained
by micellar-enhanced UF using a combination of
polysulfone hollow fiber UF membrane and sodium
dodecyl sulfate surfactant the [9]. Further, the poly-
sulfone-polyamide membranes exhibited molecular
weight cut-off values in the range of 490-730 g/mole.
They showed the rejections in the range of 60-97% for
Reactive black-5 and Rhodamine-B for feed solutions
containing 400-2,000 ppm dye with water flux of
10-35mL/m*h at 170kPa [10].

The biopolymers of marine algae origin are
ubiquitous in surface waters and attracted to their
potentialities. They present an enormous variety of
structures, such as alginate, carrageenan, and chitosan.
They are still under-exploited, and they should
therefore be considered as an extraordinary source of
biopolymer for membrane separation technology. In
contrast, polysaccharides based on sugar unit repeat-
ing units, they are rich in -OH functional groups that
form H bonds, in stereo-regular polysaccharides
especially in bacterial polysaccharides such as pullu-
lan, and a number of potential applications have
been reported for pullulan as a result of its good film-
forming properties. The great success as preparation
of membrane used marine biopolymer is a tremen-
dous extension of applications of marine polymers
(casing, regenerate medical treatment, etc.) other
than using in food industry. It is signaled that
the development of membrane technology based on
the sustainable and ecological polymer. Among the
polysaccharides, starch and cellulose are the most
frequently and massively modified, followed by car-
rageenans. Such marine algae as carrageenans should
be pointed out that optimum growth conditions in

terms of sufficiently supplied sun light, stable temper-
ature and no-effect on climate change on ground, and
therefore, the stable harvest is expected. Biopolymer
membranes are biodegradable, and therefore, they
have the potential to cut carbon emission and reduce
CO, quantities in the atmosphere. It is significant
research for membrane separation technology to
utilize biopolymer membrane. Sanchuan et al. investi-
gated the impacts of cellulose acetate membrane
properties on reactive dye removal from dye/salt
mixtures through NF process. They found that
the properties of the NF membrane play an impor-
tant role in dye removal rate, stable permeate flux,
and their change of behaviors with operational
conditions [11].

As the adsorption-separation research, Aleksandra
et al. combined the Langmuir and Freundlich adsorp-
tion isotherms to study the adsorption capability for
the removal of textile dyes with the novel chitosan/
montmorillonite membrane. They observed that the
membrane exhibited high adsorption capacity at low
concentration of dye. The Bezactiv orange adsorbed
per unit mass of the adsorbent is high and is efficient
than the other materials [12]. Papageorgiou et al.
reported that the prepared Ca alginate/TiO, fibers
exhibited high efficiency for the removal of Methyl
orange from polluted water [13].

Carrageenan is a high-molecular-weight linear
hydrophilic polysaccharide comprising repeating
disaccharide units of galactose and 3,6-anhydrogalac-
tose (3,6 AG), both sulfated and non-sulfated, joined
by alternating o-(1,3) and p-(1,4) glycosidic links. The
main carrageenan types, kappa, iota, and lambda, can
be prepared in pure form by selective extraction tech-
niques from specific seaweeds and plants within those
species. Kappa forms strong, rigid gels in the presence
of potassium ions, iota forms soft gels in the presence
of calcium ions, lambda does not gel and is used to
thicken dairy products.

The k-carrageenan comes from a family of linear
water-soluble polysaccharides extracted from different
species of marine red algae with a primary structure
based on an alternating disaccharide repeating unit of
0-(1-3)-D-galactose-4-sulphate and f-(1-4) 3,6-anydro-
D-galactose. It is largely used as thickening, gelling
agent or texture enhancer or stabilizer in food, phar-
maceutical [14] and cosmetic [15] industries. Indeed,
in aqueous solutions and in the presence of several
cations, k-carrageenan forms, on cooling, thermo-
reversible gels. It is known that, in the presence of K7,
thermo-reversible gelation of x-carrageenan involves a
coil-to-double helix conformational change, followed
by aggregation of the ordered molecules in an infinite
network [16] (Fig. 1).
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Fig. 1. The schematic chemical structures of (a) x-carrageenan; (b) i-carrageenan; (c) A-carrageenan; (d) crosslinked

K-Ccarrageenan.

Pullulan is an extracellular glucan elaborated by a
fungus of the genus Aureobasidium, commonly called
‘black yeast’, and was first discovered by Bauer
(1938). Pullulan is a linear glucan consisting of repeat-
ing units of maltotriose joined by a-D-(1—6) linkages
(see Fig. 2). The polymer also contains some maltotet-
raose units. A number of potential applications have
been reported for pullulan as a result of its good film-
forming properties [17].

Pure pullulan film, however, performs weak
mechanical strength property, which is difficult to
use in membrane separation process. In our study,
combinations of k-carrageenan and pullulan give

0 0 0

CH, CH, CH,
0 o 0
= OH OH OH

OH OH OH

HO

Fig. 2. The schematic chemical structure of pullulan.

membrane strengths and elasticity. Pure pullulan
single component membrane (cross-linked by glutaral-
dehyde) was too weak to make a flat membrane in
our study (Fig. 3).

2. Materials

Pullulan was provided by Hayashibara Biochemical
Laboratory (Okayama, Japan). k-carrageenan, glutaral-
dehyde and potassium chloride were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Glucose (MW 180 Da), Methyl Orange (MW 327.34 Da)
Bordeaux S (MW604.48Da) and Rose Bengal (MW

¢
CH
| ! | I
° ; 1
|
CH, CH, CH,
] 0, (4]
OH OH OH \
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OH OH
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k-carrageenan/pullulan
membrane (F0.50)

Pullulan membrane

Fig. 3. The pictures of pure pullulan membrane and
k-carrageenan/pullulan composite membrane.

1017 Da) were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Brilliant Blue (MW
826.0Da) was purchased from Sigma Chemical Co.
(Perth, WA). Indigo Carmine (MW 466.37 Da) was pur-
chased from Kokusan Chemical Works, Ltd. (Tokyo,
Japan).

Model dye solutions were prepared by dissolving
dyes in pure water at room temperature (approxi-
mately 25°C). Dye concentration in the aqueous
solutions was determined by measuring UV absor-
bance (UVMINI-1240 Shimazu) at the wavelengths
given in Table 1.

3. Experimental
3.1. The preparation of composite membrane

k-carrageenan and pullulan powders were dis-
solved in distilled water (70°C) using a magnetic
stirrer to prepare film-forming solutions of various
blend-weight ratios. All polymer solutions were
prepared based on 3 g total polymer weight dissolved
in 97¢g of distilled water at 70°C for one hour. In
addition, each was stirred for one hour at 70°C with

concentration preparation of glutaraldehyde [18]
(30-130mM) was added. The polymer solutions were
then cast 20g onto for each Petri dish, followed by
drying in an electrical blast-drying chest at 65°C for
24 h. Potassium chloride solution was introduced into
the dried membranes (attached to the Petri dishes)
[19] (0.1-1.0M) for 24h. The swollen membrane was
spontaneously peeled from the Petri dish at 25+1°C
and washed by pure water cleanly for further testing.
Membrane samples were tested in triplicate.

3.2. Photograph by Scanning Electron Microscopy (SEM)

The membranes were snapped under liquid nitro-
gen then dried in a vacuum freeze dryer (RLE-103,
Kyowa Vacuum Engineering. Co. Ltd., Tokyo, Japan)
(298K) for 24h. The membranes were then sputter
coated with a thin film of Pt, using a sputter-coater
(E-1010 Ion Sputter, Hitachi, Ltd.,, Tokyo, Japan).
Images of cross sections of the membranes were
obtained using a SEM (Miniscope TM-1000, Hitachi,
Ltd.,) (Fig. 4).

3.3. Measurement of the composite membrane’s mechanical
strength

A rheometer (CR-DX500, Sun Scientific Co. Ltd.,
Tokyo, Japan) was used to determine the tensile
strength and the percentage elongation at break. Three
rectangular-strip specimens (10 mm wide, 40 mm long)
were cut from each membrane for tensile testing. The
initial grip separation was set to 20mm, and the
crosshead speed was set to 1mm/s. The initial mem-
brane thickness was measured using a micrometer
(Mitutoyo, Kanagawa, Japan). The average thickness
of the membrane strip was used to estimate the initial
cross-sectional area of the membrane sample.

3.4. Water content (Hy,)

The water content was measured as follows.
Membranes were immersed in distilled water at 25°C
for 1day. The membranes were removed from the

Table 1

The dye components

Marker components Molecular weight ~ Molecular size (MS)[A]  Power terms pH®  Structural formula
(MW) [Dal (Referred from Fig. 9)

Methyl Orange (MO) 327 10.6 0.96 5.6 C14H14NyOgSNa

Indigo Carmine (IC) 466 119 1.9 5.4 C16HgN>Na,OgS,

Bordueax S (BS) 604 13.0 4.0 59 C20H11N2Na301083

Brilliant Blue (BB) 826 14.4 3.4 5.5 C45H44N3NaO75,

Rose Bengal (RB) 1,017 15.8 3.6 5.8 CooH,Cl4I4Na,Os

“Measured from the dye aqueous solutions at 1mM.
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F0.40

F0.50

Fig. 4. SEM imagines of x-carrageenan/pullulan membrane (cross-section).

water, tapped with filter paper to remove excess water
on the membrane surface and weighed W, in the wet
state. The water content, Hy, 1is calculated
from weights in the wet state, W, and in the dry
state, Wy, as:

(Ww - Wd)/pw
(Wi = Wa)/pw + Wa/pm

H, = 1)

Here, p,, and p, are the densities of water and
membrane, respectively.

3.5. Effective diffusion coefficient (D) of dye molecules in
the composite membrane

Molecular diffusion experiments were used a mass
transfer setup (Fig. 5). The k-carrageenan pullulan
composite membrane was sandwiched between the

membrane

Feed side Stripping side

]
i
"
'
"

Fig. 5. The schematic image of the mass-transfer setup.

two halves of the glass made diffusion cell. The diffu-
sion area was 24cm? One of the diffusion cell was
filled with 190 cm® of water-soluble solution (1 mM) in
distilled water, while the other diffusion cells received
190cm® of distilled water. The diffusion of solutes
through the membrane was monitored by periodically
removing 1cm’ samples from both diffusion cells and
determining the tested solute in the stripping side
samples as detailed below.

It is supposed that since the concentrations in the
two diffusion cells were uniform, the mass transfer
flux was so small that the diffusion process can be
regarded as a quasi-steady state. Accordingly, we can
use Egs. (2) and (3) to calculate the effective diffusion
coefficients.

In (1 — zgs) = —ZA/VKOLt (2)
f

KoL = ki + k! + ki (3)

The mass-transfer resistances k;{ and kj, in the
overall mass transfer resistance Kgj can be neglected
because of the sufficiently turbulent conditions in the
two diffusion cells during the experiment. K5 did not
depend on the stirring rate, and therefore, it directly
indicates the membrane mass-transfer coefficient
(kpn=Degs I71). The effective diffusion coefficient in the
membrane (D.y) was evaluated from k.. The initial
membrane thickness [ in the swollen state was
measured with a micrometer (Mitutoyo, Kanagawa,
Japan).

The mass-transfer characteristics were evaluated
from the effective diffusion coefficient estimated by
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Na*
0=§ N=N N
6 “CH,
A: Methyl Orange
(327Da, 10.5A)

o H,C

C: Bordeaux S
(604Da, 13.0A)

Fig. 6. The chemical structures of the dye molecules.

measuring the mass-transfer rate in the composite
membrane. The dyes were employed to determine the
size of the transfer channel in the membrane. The
reference molecular size was from 327 to 1017 Da
indicating Methyl Orange, Indigo Carmine, Bordeaux
S, Brilliant Blue, and Rose Bengal. The chemical
structures of the dyes molecule were shown in Fig. 6.

3.6. Measurement of the composite membrane separation
performance

The dye solutions permeability experiment used a
filtration cell (UHP-62K, ADVANTEC, Ltd., Japan)
had a volume of 200mL and the membrane surface
area of 21 cm?® A magnetic stirring bar was installed in
the membranes upper surface. The filtration cell was
employed for both constant flux and constant pressure
filtration. For operation in constant flux mode, a
nitrogenous gas pump was connected to the inlet of
the filtration cell and piped the permeate solution from
the outlet. The weight of permeate solution was logged
by electronic balance. The schematic representation of
module and set-up are shown in Fig. 7. In our study,
the permeate flux can be calculate by

W
J= @)

Here, W is the total mass of the water or solution
permeated during the experiment; A is the membrane
surface area; and At is the operation time. Rejection,
R, is calculated using the following equation:

D: Brilliant Blue
(826Da, 14.4A)

B: Indigo Carmine
(466Da, 11.9A )

- Na'Na'

E: Rose Bengal
(1017Da, 15.8A)

[ T P Hose Adapter

Inlet Cap O-ring

Protector
Stir Bar

..
@

Fig. 7. The schematic representation of membrane
permeation module.

R=1-2 (5)

where Cp is the concentration of permeate and Cr is
the concentration of feed.



Downloaded by [Masanao Imai] at 20:42 23 July 2013

P. Wu and M. Imai | Desalination and Water Treatment 51 (2013) 5237-5247 5243

4. Results and discussion

4.1. Measurement of the composite membrane’s mechanical
strength

The lower Fc membrane (Fc0.33) is convenient to
investigate the influence dehydration by glutaralde-
hyde, because the lower Fc membrane (F-0.33) con-
tains many hydroxyl groups bonding to pullulan. The
polymeric framework of the x-carrageenan/pullulan
composite membrane became more densely populated
with increasing glutaraldehyde concentration, and its
mechanical strength was elevated. The mechanical
stress increased with increasing glutaraldehyde
concentration and then leveled off over 70mM [20].
Authors set the concentration of glutaraldehyde and
potassium chloride-immersion condition at 90mM
and 0.7M, respectively. Fig. 8 represents the effect of
Fc values on membrane mechanical strength. The
maximum stress linearly increased with proportional
to Fc values, and the maximum strain was appeared
at 35%.

4.2. Measurement of the composite membrane separation
performance

In Fig. 9, the logarithmic plots of diffusion
coefficients (Deg) in membrane plotted against the
fraction of k-carrageenan (F¢) in composite membrane,
showing that the Dy changes vary directly with the
Fc value. On molecular range of 327-1017Da, a
high-molecular-weight component indicates a higher
Degs changes in the same composite membrane; how-
ever, on the Bordeaux S (604 Da) the D¢ changes is
showed higher than Brilliant Blue (826 Da) and Rose
Bengal (1017 Da). Therefore, we could predict that the
changes of Fc value from 0.33 to 0.75 could regulate

__ 35 1
& 3 109 —
b 108 =
o 25 % 107 &
é 2 + 10.6 «»
@ {05 E
E 1.5 404 E
§ 1 . 103 %
~ 102 =
2“ 0.5 1o

0 0
0.2 03 04 05 06 07 08 09

Mass fraction of k-carrageenan (F ) [-]

Fig. 8. Effect of Fc on the maximum stress and the strain
of k-carrageenan/pullulan membrane. The concentration
of GA and KCI were set at 90 mM and 0.7 M, respectively.
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Fig. 9. Change of effective diffusion coefficient (Deg) with
mass fraction of k-carrageenan (Fc). Empirical correlations
were obtained, the power terms of Fc- in empirical
equations were summarized in Table 1.

the size of the mass transfer channel up to approxi-
mate 2A (Remainder of subtract molecular size of
Methyl Orange (11 A) from Bordeaux S (13 A)).

Fig. 10(a) shows the logarithmic plot of the mass
fraction of k-carrageenan (Fc) against to the effective
diffusion coefficient (D.g) of Indigo Carmine, which
indicated that D.s should be severely dependent
when Fc values were changed (Degt o<1-%9). On the
other hand, in Fig. 10(b), the water content (Hy) of
membrane had a weak potential for Fc values’
changing (Hy o< F&15). There is a great difference
(approximately 12 times) between exponential terms.

So in Fig. 11 shows the dependence property
based on the radicals of relational expressions that as
mentioned in Fig. 9 and molecular sizes of dyes.
The value of the radical was appeared at 3.3
(Des o< wvolume of dye molecule), and therefore, authors
came under review in the connection between water
content (free volume) and mass transfer through
membrane. The presumption that molecular transport
is regulated by free volume was first introduced by
Cohen and Turnbull (1959). The dye molecules diffuse
into the membrane through the void of polymer chain
(capillary model) or the free volume (free-volume
model). The difference between the two models exists
because of the assumption that void may exist in the
membrane. The void of polymer chain plays the main
role in transport and is neglected in dependence of
the free-volume in the k-carrageenan/pullulan com-
posite membrane. Thus the molecular size distribution
is the physical properties influenced by the variation
of the mass fraction of x-carrageenan (Fc), and in
short, the dye molecule was smartly choosing the size
which suitable to itself, and diffusing through the
membrane.
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Fig. 12. The model of the dye molecule diffuse through the
void of polymer chains.

Fig. 12 illustrates the model of the dye molecule
diffuse through the void place of polymer chain.
The information about the model is necessary, because
the dye molecule can diffuse into the domain with a

large free-volume fraction, and this domain is only
the path of molecular diffusion. The variable void
place (pores) of the polymer chains is activated and is
the real factor to determine the transports.

4.3. Effect of temperature and viscosity of solutions on
membrane permeability

Fig. 13 presents the permeate flux of pure water as
a function of temperature. Along with an increase in
temperature, the permeate flux increased linearly.
Fc0.33 membrane, the permeate flux of 0.13gm?s ' at
31°C was about 1.4 times higher than 0.09gm’s ' at
20°C, whereas F-0.66 membrane the permeate flux of
0.22gm?s ! at 31°C was about 2.2 times higher than
0.1gm”s~"' at 20°C. These phenomena might be due
to the effect of temperature on the viscosity of solu-
tion, the other reason might be that x-carrageenan is
sulfated only at C4 in the 1,3-linked galactose ring.
The structure of k-carrageenan allows the formation of

double-helical segment that can form gel structure at
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Fig. 13. Effect of feed temperature on permeate flux
(pressure: 100 kPa).



Downloaded by [Masanao Imai] at 20:42 23 July 2013

P. Wu and M. Imai | Desalination and Water Treatment 51 (2013) 5237-5247 5245

@~ ro03
020Fr -‘- F .66

J [g-mvzcsvll

0.00 - - .
0.00 0.50 1.00 1.50 2.00

Viscosity (x10* [Pa"s])

Fig. 14. Effect of feed viscosity on permeate flux (pressure:
100kPa).

the appropriate conditions of potassium concentration
and temperature. The temperature has a dramatic
effect on k-carrageenan gel-structure. The relative high
temperature can make polymer chain of x-carrageenan
more spongy and larger pores.

Authors adjusted the viscosity of feed solution
with different concentrations of glucose solutions.
Variation in the viscosity of glucose was studied on
the membrane permeation performance as shown in
Fig. 14. The membrane fluxes of F-0.33 and Fc0.66
membrane filtration experiments were both impair
with the elevated solution viscosities. According to
Fig. 14, compared with the Fc0.33 and Fc0.66
membrane in permeability at different solution viscos-
ity of the feed solution F-0.66 membrane had good
permeation properties at low-viscosity solution, but
dramatically decreased in the high viscosity of the
glucose solution, whereas F-0.33 membrane has only
a little change in permeation flux.

4.4. Membrane performance in dye separation

The experiments were aimed at evaluating the
application of x-carrageenan/pullulan membrane for
the decolorization of dye solutions. The effects of the
dye molecular weight and viscosity on the process
were verified. The basic transport and separation
properties of the membrane permeation were deter-
mined prior to the long-term experiment, which was
shown in Fig. 15. It is likely that the worsening of
membrane transport properties (in terms of membrane
permeability to pure water) was cause by the high-
molecular-weight dyes. Furthermore, it is also worth
that the decreases in dye permeate flux is pronounced
for the x-carrageenan/pullulan membrane, which the
size of separated particles is anticipated to be much
similar with the mean pore size.
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Fig. 15. Membrane flux permeation of various model dye
solutions (pressure: 100kPa). (Water; MO: Methyl Orange;
IC: Indigo Carmine; BS: Bordueax S; BB: Brilliant Blue; RB:
Rose Bengal).
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4.5. Membrane performance in dye treatment

The selectivity of a membrane is usually repre-
sented by its molecular weight cut-off. This is defined
as the minimum molar mass of a test solute that is
90% retained (or 95% depending on the manufacturer)
by the membrane.

Fig. 16 shows that the plots of the rejection rate for
tracer molecules according to their molar mass: the
selectivity curve. The molecular weight cut-off values
of Fc0.33 membrane were 327 Da, and for F-0.66 mem-
brane performed the results of 466 Da, respectively.

From Fig. 16, the rejections of Bordeaux S, Brilliant
Blue and Rose Bengal were achieved 96-98%, which
demonstrated that the x-carrageenan/pullulan com-
posite membrane had low-molecular-weight cut-off
and good performance in dye treatment.

Different dye solutions were treated at 25°C and
100kPa with x-carrageenan/pullulan composite mem-
brane, respectively. The decolorization effect of the
membrane was shown in Fig. 17. It can be seen that

0.25

0 250 500 750 1000

Molecular Weight |Da|

Fig. 16. The selective curve of x-carrageenan/pullulan
membrane for dye molecules.
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Fig. 17. Photograph of the membrane performance in decolorization (F and P represent feed solution and permeate
solution, respectively. The dyes used Methyl Orange (MO), Indigo Carmine (IC), and Rose Bengal (RB)).

the permeated solutions of Rose Bengal (1017 Da) was
completely was colorless as pure water, the dyes were
partially removed when the Methyl Orange (327 Da)
and Indigo Carmine (466Da) applied to larger
molecule is expected high rejection.

5. Conclusions

Biopolymer x-carrageenan/pullulan composite
membrane was successfully prepared by the casting
method. It has the sufficient mechanical strength
enough for a practical use and the excellent
mass transfer character especially on molecular size
screening (327-1017Da). The relationship between
mass transfer character and the mass fraction of x-car-
rageenan in the composite membrane was formulated
based on the experiments of mass-transfer flux and
pure water flux. The results provided a novel and
simple method of preparation membrane and the size
of mass transfer channel based on molecular-size
indicators and suggested that different Fc values
significantly affect the mass-transfer permeability. The
membrane can be applied in the removal of dyes from
aqueous solutions. The membrane with low-molecu-
lar-weight cut-off (the molecular weight cut-off value
of F-0.33 (Fc0.66) membrane was 327 Da (466 Da)) had
good rejection in dye solution and had relatively high-
flux permeation, which were suitable to be applied in

desalination of dyes with low-molecular-weight. The
dye treatment experiment indicated that the mem-
brane showed good performance molecular weight
higher than 1000 Da.

Acknowledgement

This study work was supported by research
funding grants provided by the lijima Memorial
Foundation for the Promotion of Food Science and
Technology. The authors sincerely thank Dr. Kei Tao
of Nihon University, who provided technical assis-
tance on SEM photography.

Nomenclature

A — area of membrane [m?]

Ct — initial concentration of feed solution [M]

Cs — concentration of stripping solution [M]

Degs — effective diffusion coefficient [m?s™]

J — water-permeated flux [gm?s™']

Koo — overall mass-transfer coefficient [ms™']

Ko ! — overall mass transfer resistance [(ms™ )]

km — membrane mass-transfer coefficient [ms™]

ki1 — membrane mass-transfer coefficient in feed
phase [ms™']

k1o — membrane mass-transfer coefficient in

stripping phase [ms ']
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1 — membrane thickness [m]

AP — operational pressure [kPa]

At — time [s]

\%4 — volume of aqueous solution in the transfer cell
[m’]
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1. Introduction

Applications of bio-polymeric materials have increased significantly for both textile engi-
neering and medical sciences. Use of biopolymer in place of artificial polymers has been in-
creasing due to stringent environmental regulations [1]. The development of new-
generation materials that extend the industrial and biomedical applications of membrane
processes will require a high level of control of the characteristics of the base polymeric sup-
port layer [2]. Current research in membrane science is now focusing more on biopolymers
from natural raw material with well-defined structure to develop new membrane materials
[3]. Noticeably, biopolymer production can be sustainable, carbon neutral, and renewable
because biopolymers are made from sea or land plant materials that can be grown year after
year indefinitely. Novel biopolymer membranes enable separation based on other driving
forces like electrical charge and physicochemical interactions, and with appropriate func-
tional groups can provide applications such as tunable water permeation and separation,
toxic metal capture, toxic organic dechlorination, and biocatalysts [4-5].

Biopolymers for stabilizers, thickeners, and gelling agents were extracted from various raw
natural resources. They determine a number of critical functions including moisture bind-
ing, control, structure, and flow behavior that enable organisms to thrive in a natural environ-
ment [6]. A number of the typical biopolymers from natural resources such as alginate,
cellulose, and chin/chitosan have been applied for functional polymer networks (e.g., carri-
ers for controlled drug release, membranes with regulated permeability, sensor devices, and
artificial muscles). For these purposes, proper responses to changes in external physicochem-

I m EC H © 2012 Wu and Imai; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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ical conditions and developed internal microstructure of the gels are required. Interest in the
behavior of biopolymer gels and networks has grown significantly. The various hydrophil-
ic bio and/or artificial polymers that can be used for membrane formation are also discussed.

Various novel membrane materials and systems have been developed and applied. The
technological benefits of such membrane materials and systems have begun to be identified
for a wide range of applications for controlled drug delivery, chemical separation, water
treatment, bio-separation, chemical sensors, tissue engineering, etc. There have been two
main subjects of research in the field of biopolymer membrane materials and systems: devel-
opment of novel and efficient biopolymer materials and improvement of capability of mem-
brane processes and operations [7].

This chapter discusses the novel function of polysaccharides (k-carrageenan (kC) and pullu-
lan (P)) in membrane formation and molecular-size screening. The k-carrageenan mass frac-
tion (F.) was a key factor in determining membrane characteristics for both selected
molecular permeability and mechanical strength.

2. Development of Biopolymer membranes

When discussing biopolymer gelation, the biopolymer types of interest fall naturally into two
categories: protein and polysaccharides. A second classification is in terms of the molecular
networks underlying the gels, that is, in terms of associative and particulate networks [8]. The
present status of biological and ecological research demands much more emphasis on effi-
cient biopolymers with multiple applications such as membrane-separation engineering.

One of the most common membrane types currently in use is the asymmetric cellulose ace-
tate (CA) membrane. This high-flux, high-rejection membrane was developed in the early
1960s by Loeb and Sourirajan [9]. Chitin, poly ((3-(1-4)-N-acetyl-D-glucosamine), is a natural
polysaccharide of major importance, first identified in 1884. When the degree of deacetyla-
tion of chitin reaches about 50% (depending on the origin of polymer), it becomes soluble in
aqueous acidic media and is called chitosan [10-11]. Chitosan membranes have been ex-
plored in many uses, such as in water—ethanol pervaporation [12-14], enzyme immobiliza-
tion and cationic specimen transportation [15-16], protein separation [17] and concentration,
controlled ingredient-release, and environmental applications [18-19]. Among the various
biopolymers, alginate is the most studied matrix for membrane separation technology [20].
Hirst and Rees (1965) were the first to postulate that alginate is a polymer of mannuronic
acid and guluronic acid having 1,4 linkage. Kashima and Imai (2011) investigated the a-L-
guluronic acid chain with regard to regulation of the mass-transfer characteristics of the al-
ginate membrane [21]. Many other biopolymers also consist of membrane structures.
Exploiting and improving the chemical and mechanical properties of biopolymer mem-
branes will create many more applications in the membrane industry.
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3. Novel biopolymer membrane materials (k-carrageenan & pullulan)

Biopolymers of marine algae origin are ubiquitous in surface waters and have attractive po-
tential. The seaweed extractives of commercial importance fall into three main groups, two of
which (agar and carrageenans) are derived from red algae, and the third (alginates) from
brown algae. All three types of extractive are associated with the cell walls of the algae and
resemble cellulose in basic molecular organization. Red algae are considered as the most im-
portant resource of many biologically active metabolites compared to other algal classes
[22-23]. Marine algae as carrageenans have optimum growth conditions with sufficient sun
light, stable temperature, and no climate change impact on the ground; stable harvests are thus
expected. Marine algae can be produced in virtually unlimited amounts around seafaring na-
tions. It contributes noticeably on the preventing Global Warming and coexistent with fishery.

Carrageenans are large, highly flexible molecules that curl and form helical structures. They
are widely used in food and other industries as thickening and stabilizing agents. Carra-
geenans consist of alternating copolymers of a-(1—3)-D-galactose and (3-(1—4)-3,6-anhydro-
D- or L-galactose. Several isomers of carrageenan are known (k-, -, and A-carrageenans),
and they differ in the number and position of the ester sulfate groups on the repeating galac-
tose units. k-Carrageenan has only one negative charge per disaccharide and tends to form a
strong and rigid gel. The gelling power of k-carrageenans imparts excellent film-forming
properties, and k-carrageenan forms a firm gel with the aid of potassium ions. Hot solutions
of k-carrageenans set when cooled below the gel point, which is between 30° and 70°, de-
pending on the cations and other ingredients present, to form a range of gel textures. The
two-step gel mechanism is illustrated in Fig. 1, with stage B being elastic (iota) and stage C
being brittle (kappa).

Cool |
SHeat
Stage A Stage B Stage C
Random Coil Double Helix Aggregated Double Helices

Figure 1. Models of conformational transition of k-carrageenan and 1-carrageenan.

k-Carrageenan selects potassium ions to stabilize the junction zones within the characteristi-
cally firm, brittle gel. Potassium ions counter sulphate charges without sterically hindering
close approach and double-helix formation (Fig. 2) [24-30].
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Figure 2. The gelation mechanism of k-Carrageenan crosslinked by K* ions.

Pullulan is an extracellular glucan elaborated by a fungus of the genus Aureobasidium,
commonly called black yeast. The structure of pullulan is a linear glucan consisting of re-
peating units of maltotriose joined by a-D-(1—6) linkages. The safety of pullulan in foods is
supported by its chemical composition, the purity of the final product, a series of toxicologi-
cal studies, and the fact that it has been used about 30 years as an ingredient in human foods
in Japan [31-33]. Recently, the demand for pullulan has rapidly increased for films and hard
capsules, and its use in these fields is expected to grow [34-35]. The major interest in pullu-
lan concerns its capacity to form strong, resilient films and fibers [36]. Pullulan can be used
on its own or combined with other thickeners or gelling agents. The stringiness of pullulan
may be a disadvantage for some applications, but this can be modified by adding a small
amount of another polysaccharide such as carrageenan or xanthan gum [37]. Combinations
of k-carrageenan and pullulan achieve gel-network strengths and elasticity between the two
extremes and consistent with the ratio used (Fig. 3).
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Figure 3. Schematic representation of composite k-carrageenan-pullulan chains.
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In our study, original biopolymer composite membrane was successfully prepared from ma-
rine biopolymer (i-carrageenan) and food polysaccharide (pullulan). Selective mass transfer
and excellent water permeability were achieved. The membrane was characterized from the
mass fraction of k-carrageenan. The attractive potential of marine biopolymer (k-carrageen-
an) combined with polysaccharide (pullulan) was demonstrated in membrane-separation
engineering. The authors focused on the complex cross-linked biopolymers (k-carrageenan
and pullulan) regulating mass-transfer flux. The membrane was prepared by a simple cast-
ing method. The k-carrageenan-pullulan composite membrane has sufficient mechanical
strength for practical use and excellent mass-transfer characteristics, especially for molecu-
lar-size screening.

4. Polymer membranes preparation

The most important part in any membrane separation process is choosing the membrane
material. Membranes have very different structures, functions, transport properties, trans-
port mechanisms, and materials. The methods of making membranes are just as diverse as
the membranes are. The methods of making membranes are considering the large diversity
suited for technical application. The following characteristic of membranes determine sepa-
ration capability.

® Membrane materials.
Organic polymers, inorganic materials (oxides, ceramics, and metals), or composite materials.
©® Membrane cross-section.

Isotropic (symmetric), integrally anisotropic (asymmetric), bi- or multilayer, thin-layer or
mixed matrix composites.

® Preparation methods.

Phase separation (phase inversion) of polymers, sol-gel process, interface reaction, stretch-
ing, extrusion, track-etching, and micro-fabrication.

® Membrane shape.

Sheet, hollow fiber, capsule.

The process for forming a biopolymer membrane comprises three steps.:
I. Mixing a biomaterial in a solvent to define a gel.

II. Drying the gel to define a sponge having a solvent content.

III. Adjusting the solvent content of the sponge so that the sponge is substantially filled with
the solvent.
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4.1. Preparing of k-carrageenan/pullulan composite membranes

k-Carrageenan and pullulan powders were dissolved in distilled water (70°C) using a mag-
netic stirrer to prepare film-forming solutions of various blend-weight ratios. All polymer
solutions were prepared based on 3g total polymer weight dissolved in 97g of distilled wa-
ter at 70°C for one hour. In addition, each solution was stirred for one hour at 70°C. Gluta-
raldehyde solution (30 ~ 130mM) was introduced into the polymer solutions [39]. And then
twenty grams of the polymer solutions was then cast into a petri dish, followed by drying in
an electrical blast-drying chest at 65°C for 24 hours. The dried membranes (attached to the
petri dishes) were immersed in potassium chloride solution [40] (0.1 to 1.0M) for 24 hours.
The swollen membrane spontaneously peeled from the petri dish at 25 + 1°C and was wash-
ed clean with pure water for further testing. Membrane samples were tested in triplicate.
Pure pullulan single component membrane (cross-linked by glutaraldehyde) was too weak
to make a flat membrane in our study [41].

Mass fraction of k-carrageenan (F,) F[-] K-carrageenan [g] Pullulan [g]
0.33 1.00 2.00
0.42 1.25 1.75
F - k — carrageenan[g] 05 150 1.50
¢~ k - carrageenan[g]+ pullulan[g] 0.58 175 125
0.66 2.00 1.00
0.75 2.25 0.75

Table 1. Mass fraction of k-carrageenan (F¢).

5. Measurement of biopolymer composite membranes’ properties

Commercial membrane applications focus much effort on desalination requirements [42-43],
membrane-fouling characterization [44-45], drinking-water disinfection [46-47], industrial
waste treatment [48-49], food industry material separation [50-51], adsorption desalination
[52-53], biofiltration [54], membrane bioreactor [55-56], thermal distillation [57], electrodialy-
sis desalination [58], reverse-osmosis desalination [59], oil-water separation applications
[60], and future membrane and desalination developments. The stress-strain correlation of
biopolymer membrane is affected by the origin of polymers, molecular weight, and methods
of membrane preparation, conditioning, and cross-linking. Biopolymer membranes may be
amorphous homopolymers or heterogeneous, depending on whether they are prepared
from a single polymer or from blended polymers [61]. However, the properties of biopoly-
mer membranes are inconsistent with the requirements of industrial-processing technolo-
gies, since the range of biopolymers suitable for membrane-separation processes is limited.
To expand the application area of commercial membranes, research on improving their
properties is necessary.
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5.1. Mechanical properties of k-carrageenan/pullulan composite membrane

A rheometer (CR-DX500, Sun Scientific Co., Ltd., Tokyo, Japan) was used to determine the
tensile strength and the percentage elongation at break. Three rectangular-strip specimens
(10mm wide, 40mm long) were cut from each membrane for tensile testing. The initial grip
separation was set to 20mm, and the crosshead speed was set to Imm/s. The initial mem-
brane thickness was measured using a micrometer (Mitutoyo, Kanagawa, Japan). The aver-
age thickness of the membrane strip was used to estimate the initial cross-sectional area of
the membrane sample. Maximum Stress (o) (MPa) was calculated by dividing the maximum
load (N) by the initial cross-sectional area (m?):

o= @

where T is the maximum load (N), b is the width of sample (m), and d is the membrane
thickness (m).

Maximum Strain (A) (%) was calculated as follows:

A= 7—r(L Lo 0% @)
LU

where L, is the sample length before deformation and L is the sample length at break [62].
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Figure 4. Effect of additive glutaraldehyde concentration on the maximum stress and strain of composite membrane.
Fcwas setat 0.33.
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Dehydration of hydroxyl groups in the polysaccharide chain by glutaraldehyde facilitates
formation of polymer networks. The polysaccharide composite membrane was further
cross-linked with glutaraldehyde to reduce swelling and increase the structural strength of
the membrane as well as to improve its thermal and mechanical stability [63]. The lower F
membrane is convenient for investigating the influence of dehydration by glutaraldehyde
because the lower F. membrane contains many hydroxyl groups bonding to pullulan. The
mechanical stress increased with increasing concentration of glutaraldehyde and became
constant over 70mM. Figure 4 presents the polymeric framework of the membrane densely
populated with increasing glutaraldehyde concentration.

F0.75 membrane accounts for the largest mass fraction of k-carrageenan. k-carrageenan is a
key component for constructing the gel structure and for characterizing mechanical
strength.

3.50 70.0%
= 330 | 1 650% _
& 310 } { 60.0% =
% 290 | o 55.0% 5
g2 270 } { s0.0% £
S 250 } —> 1 450% E
E 230 | ¢L 1 900% &
£ 210 } I _i{i { 350% %
7 o190 } { 300% =
= 170 } ‘{’ 1 25.0%
1.50 . . . . . 20.0%

0 0.2 0.4 0.6 0.8 1 1.2
Concentration of KCI [M]

Figure 5. Effect of potassium chloride-immersion on the maximum stress and the strain of composite membrane. F¢
was set at 0.75.

The authors prepared k-carrageenan/pullulan membranes with 90mM of glutaraldehyde
added and 0.7M potassium chloride-immersion. (Fig. 5)

5.2. Water content

Water content is important for evaluating hydrophilic characteristics. The volumetric water
content of the membrane indicated voids in the network that affect the water permeability
[64]. Gravimetric methods were used to determine the mass-based water content (W,) [65].
The water content (W,) was measured as follows. Membranes were immersed in distilled
water at 25+1°C for 1 day to achieve natural hydration and swelling. The membranes were
removed from the water bath, and excess water on the membrane surface was removed by
filter paper. The mass of the swollen membrane W,, was then determined.



Novel Biopolymer Composite Membrane Involved with Selective Mass Transfer and Excellent Water Permeability 65
http://dx.doi.org/10.5772/50697

W, -W
WﬁwaO% ®)

Here, W, is the mass of the dried membrane.

5.3. Scanning Electron Microscopy (SEM)

The membranes were snap-frozen in liquid nitrogen then dried in a vacuum freeze dryer
(RLE-103, Kyowa Vacuum Engineering. Co., Ltd., Tokyo, Japan) (298 K) for 24 hours. The
membranes were then sputter-coated with a thin film of Pt, using a sputter-coater (E-1010
Ion Sputter, Hitachi, Ltd., Tokyo, Japan). Images of cross sections of the membranes were
obtained using a scanning electron microscope (Miniscope TM-1000, Hitachi, Ltd.,).

F0.33 F0.40 F0.50 F0.60

Figure 6. SEM images of k-carrageenan/pullulan composite membrane.

6. Mass transfer in biopolymer membrane

The prolific application of membrane separation processes in industry today is primarily
due to innovations in membrane materials technology. Loeb and Sourirajan (1963) pio-
neered the first reverse-osmosis (RO) asymmetric cellulose acetate (CA) membrane capable
of withstanding the rigors of industrial use [66]. Since then, many types of biopolymer mem-
branes have been developed and commercialized: membranes for microfiltration (MF)
[67-68], ultrafiltration (UF) [69-70], nanofiltration (NF) [71-72], gas separation [73-74], and so
on. These membrane separation systems are illustrated in Fig. 7.
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Membrane
Pressure bar Pore size um
Reverse Osmosis (RO) 30-60 104-103
Nano Filtration (NF) 20-40 102 -1072
Ultra Filtration (UF) 1-10 10210
Micro Filtration (MF) <1 101 -10!

@ Bacteria, Fat

R @® Proteins
® Lactose
® Minerals (salts)
o Water

Figure 7. Principles of membrane filtration.

The energy consumption for these technological filtration (MF, UF, and NF) processes is
low, as latent heat in the phase change is not consumed in the membrane separation process.
Membrane separation is expected to be one of the most promising and energy-efficient sepa-
ration technologies. Diffusion of solutes through non-porous biopolymer membranes is dis-
cussed using a molecular-diffusion model [75-76].

In many conventional porous membranes, the membrane material is not an active partici-
pant; only its pore structure matters, not its chemical structure [77]. A common feature of
biopolymer membranes in the solution-diffusion process is that the solute molecules dis-
solved in the biopolymer membranes diffuse through the polymer chains (also called mass-
transfer channels) and then exit the membrane at the other side phase [78]. The biopolymer
is an active participant in both the solution and diffusion processes.

6.1. Diffusion in biopolymer membrane

According to a solution-diffusion mechanism based on Fick’s law (Eq. 4) [79], mass transfer
flux was indicated as followed:

dc;

Ji=-Dg *)
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where
Ji is the flux of component i (mol/(m?s)),
D is the diffusion coefficient (m?/s), and

dc;/dx is the concentration gradient for component i over the length x (mol/(m®m)).

(a) Agitating motor

(b) Mass-transfer cell
(feed side)

(c) Mass-transfer cell
(stripping side)

(d) Membrane

(e) Constant temperature
water tank (303K).

Figure 8. Schematic diagram of the mass-transfer setup in our experiment.

In this chapter, mass-transfer experiments were carried out using a standard side-by-side dif-
fusion cell with two compartments separated by a membrane with an area of 23cm? (Fig. 8).

The diffusion cell was installed in a water bath to keep the temperature constant (303K). The
feed compartment was filled with water-soluble marker components in solution (190ml)
(Fig. 9), and the stripping compartment was filled with distilled water. During the experi-
ment, the two compartments of solutions were stirred at a constant speed (850min™) in or-
der to minimize the film mass-transfer resistance near the membrane surface. The solutions
in the feed and stripping compartments were sampled at a fixed time interval, and the con-
centration was determined by measuring UV absorbance. The wavelengths of maximum ab-
sorbance are listed in Table 2. The relationship between concentration and absorbance was
calibrated by taking spectra of known concentrations. The diffusion of solutes through the
membrane was monitored by periodically removing 1em® samples from both diffusion cells.
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Figure 9. Chemical structure of the water-soluble components.
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Marker Molecular Molercular pH? Structural Formula
components Weight [Da] Size [A]

Urea 60 6.0 5.4 NH,CONH,

Glucose 180 8.9 5.8 CeH1,04

Methyl Orange 327 10.6 5.6 Ci4H14NgOsSNa
Indigo Carmine 466 1.9 54 Ci6HsN,Na,0,S,
Bordeaux S 604 13.0 5.9 CyoH15N,Na;0,055
Brilliant Blue 826 14.4 5.5 CusH44N5NaO,S,
Rose Bengal 1017 15.6 5.8 C,yoH,Cl,l,Na,05

2 Determined from the marker component aqueous solutions of concentration at TmM.

Table 2. The water-soluble components and their molecular size.
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6.2. Determination of effective diffusion coefficient (Deff) in the biopolymer

The concentration of the solution transported through the membrane is required to estimate
the mass-transfer characteristics of the membrane. Diffusion is a fundamental phenomenon
in several physical and chemical molecular processes, representing the molecular motion of
neutral or charged species in solutions [80]. The diffusion coefficient in liquid is an impor-
tant parameter for understanding the complex processes of mass transfer. Several empirical
methods for estimating the diffusion coefficient in aqueous phase consider infinite dilution
and are based on molecular-size indicators. Figure 10 presents a schematic of the mass-
transfer model. This chapter introduces the following method [81].

1.86 x 1078(pyM )05
Wilke & Chang, D, = 0% ©®)
:quA

Here, D, is the diffusion coefficient of the solute in water[m?*s™], y,,is the viscosity of water
[Pa s], and ¢y is the association factor for solvent B at the required temperature T [K] (for
water, ¢=2.6). M, is the molar mass of water [g mol™], and v, is the molar volume of solute

A at the normal boiling point [m?® mol™].

Membrane
| |
I |
|
| |
[ \ |
| I
| | ¢,
|
1 1
Feed solution ku' 1 km-l kLz-I Stripping solution
N J
Y
Ko™

Figure 10. The schematic mass transfer model.

The concentrations in the two diffusion cells were uniform, so the mass-transfer flux was so
small that the diffusion process can be regarded as in the quasi-steady state. Accordingly,
we can use Egs. (6) and (7) to calculate the effective diffusion coefficients.

69
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The mass-transfer resistances k;; and k;,” in the overall mass transfer resistance K, ! can
be neglected because of the sufficiently turbulent conditions in the two diffusion cells dur-
ing the experiment. K, did not depend on the stirring rate, therefore it directly indicates
the membrane mass-transfer coefficient (k,= Deff I"). The effective diffusion coefficient in the
membrane (Deff) was evaluated from k,. The initial membrane thickness / in the swollen

state was measured with a micrometer.

The mass-transfer characteristics were evaluated from the effective diffusion coefficient esti-
mated by measuring the mass-transfer rate in the composite membrane. Water-soluble com-
ponents were employed to determine the size of the transfer channel in the membrane. The
reference molecular size was from 60 to 1017Da indicating Urea, Glucose, Methyl Orange,
Indigo Carmine, Bordeaux S, Brilliant Blue, and Rose Bengal (Table 2). The diffusion coeffi-
cient (D) in the bulk aqueous phase was estimated by Wilke & Chang’s correlation (Eq.
(5)). The effective diffusion coefficient in the membrane (D,;) was lower than D,, due to dif-
fusion channels in the composite membranes (Fig. 11).

10-8 A: U (60Da)
D,, (Wilke & Chan, i rea (00
w ( 8) B: Glucose (180Da)
C: Methyl Orange (327Da)
10'9 D: Indigo Carmine (466Da)
»n
b: F: Brilliant Blue (826Da)
E G: Rose Bengal (1017Da)
— 1010
S
3 S
§
2 101 S
S =
)
Q ~
10-12
17-fold
10-13

10° 10" 102 103 10*
Molecular Weight [Da]

Figure 11. Effect of molecular weight on the effective diffusion coefficient of a k-carrageenan/pullulan composite
membrane.
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The effective diffusion coefficient in the membrane (D) changed dramatically by 15,000-
fold in molecular weight when molecular weight only changed by 17-fold. The effective dif-
fusion coefficients of the components of lower molecular weight strongly depended on the
K-carrageenan fraction F.. D,; evidently decayed under lower F. conditions. The large de-
pendence of D,; on F. suggests that the polymer framework becomes denser with lower Fe.
In addition, there was a steep change of the effective diffusion coefficient between Methyl
Orange and Indigo Carmine in each type of composite membrane. The authors therefore
speculated that the mass-transfer channel was monodisperse and almost equivalent to the
molecular size (11A) of Methyl Orange.

7. Water permeability

In pressure-driven membrane separation processes such as RO and NF, solvent permeabili-
ty estimation has to consider the series of resistances to fluid flux, including the membrane
resistance and the boundary layer proposed, to explain the mass transfer and the hydrody-
namic permeability in these processes [82]. The mass transfer inside the membrane in the ab-
sence of any osmotic effect using pure solvent (pure water) as feed indicated the moisture
sensitivity of polymers. Permeability should be a more reliable indicator [83-84]. Enhance-
ment of water permeability of the filtration membrane reduces the cost of modules used.

Goldstick [85] argued that water permeation flux in membranes follows Darcy’s law for hy-
drodynamic flow through porous media but with swelling-pressure gradients driving the
transport. In 1856, Darcy observed that the rate of flow of water through a bed of given
thickness could be related to the driving pressure AP by the simple expression.

1 av _ AP
At ar TR

®)

m

where ] is the volumetric flux (of volume V permeating in time ¢ through cross-section area
A, m®/m?s) for the pressure gradient (AP, Pa) and the viscosity of the fluid (1, Pas); R,, refers
to the permeability of the clean porous media. The resistance model is based on Darcy’s law,
which states that water flux through a membrane is proportional to the pressure gradient
across the medium and the permeability of the medium.

If there is no fouling (clean membrane), if feed water is completely free of any solutes, and
assuming laminar flow through capillary tubes of radius r, the Hagen-Poiseuille law was
obtained.

er? AP

T8t Ax ©
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where

& =wvoid fraction of the membrane (void was assumed to be cylindrical pores) (n7r 2 /surface area)
n = number of pores

1= pore radius [m]

n = viscosity [Pa s]

T =tortuosity factor

AP = trans-membrane pressure [Pa]

Ax = membrane thicknee [m]

Flux is proportional to porosity, pore size, and trans-membrane pressure.

To study the performance of prepared membranes, pure-water permeability through a -
carrageenan/pullulan membrane was measured under steady-state conditions. Prior to the
experiments, the membranes were immersed in pure water for 12h and then cut into the de-
sired size needed for fixing in a pure water permeability set-up.

The pure-water permeability experiment used a filtration cell with a volume of 200mL and
effective filtration area of 21cm? A magnetic stirring bar was installed on the membrane up-
per surfaces. The filtration cell was employed for constant-flux, constant-pressure filtration.
For operation in the constant-flux mode, a nitrogenous gas pump was connected to the inlet
of the filtration cell and pumped the permeation water from the outlet. A pressure transduc-
er was installed between the filtration cell and the pump in order to monitor the variation in
applied pressure during filtration. The weight of the filtration water was logged by an elec-
tronic balance. The schematic of the module and set-up is presented in Fig. 12. In this chap-
ter, the pure-water permeability was measured at different pressures and using Eq. 10.

(f) @N,
@) N, gas

MY @ (b) Valve

i (c) Transducer

(d) Filtration cell

(e) (€) Magnetic stirring bar
(D) Pipe
(g) Electronic balance
(!) (h) Magnetic stirrer
(i) Membrane

@) —,

= ®
T\ ® VA

=

ol 1 [

==y

Figure 12. Schematic diagram of filtration cell used to measure steady pure-water permeability through the mem-
branes.
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_ Ve (10)
Iv=Za8

Here, |, is the water flux [m® m™ s™], V, is the volumetric amount of permeated water [m?],
A is the membrane area [m?], and At is the sampling time [s].

The pure-water flux was measured as a function of applied pressure to investigate the sta-
bility and hydraulic properties of biopolymer membranes. In Fig. 13, the water flux and con-
tent increased linearly with increasing F.. The result agreed with the general trend of water
permeation in a hydrophilic membrane: higher water content induced higher water flux.
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Figure 13. Change of the water flux (150KPa, 298K) and the water content of the membrane with regulated F. values.

7.1. Obtaining the selectivity curve and molecular weight cutoff

The selectivity of a membrane is usually represented by its molecular weight cutoff [86], de-
fined as the minimum molar mass of a test solute that is 90% retained (or 95% depending on
the manufacturer) by the membrane. It is thus determined experimentally from a plot of the
variation of the retention rate for tracer molecules according to their molar mass (i.e., from
the selectivity (or sieving) curve) (Fig. 14).

R (%) 100

80

60

40

20

0 20 40 60 80 100 120 140
Molecular Weight (KDa)

Figure 14. Example of a selectivity curve. The molecular weight cutoff, i.e., the molecular weight of a molecule reject-
ed at 90% by the membrane is 83 kDa.
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To determine a cutoff threshold, an intrinsic characteristic of the biopolymer membrane on-
ly, it is essential that the operating conditions (trans-membrane pressure, tangential circula-
tion speed, etc.) should not affect the retention data. The rejection used for molecular weight
cutoff evaluation was defined as follows.

R - FeedConc.-PermeatConc.
B FeedConc.

(11)

Figure 15 presents the effect of F. on the molecular weight cutoff of the k-carrageenan/pullu-
lan membranes. The molecular weight cutoff and the flux of k-carrageenan/pullulan mem-
branes increased with increasing F. (Fig. 15). The molecular cutoff of F-0.33 (F-0.66)
membrane was 327Da (466Da). The retention for high-molecular-weight tracers above
604Da was 96 to 98%.

1 7 3 = 1
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Figure 15. The selective curve of k-carrageenan/pullulan membrane for dye molecules. (a): F- 0.33 membrane, (b): Fc
0.66 membrane.

8. Conclusions

There are increasing reports on the physicochemical behavior of well-characterized biopoly-
mer systems based on the fundamentals of gelation, and component interactions in the bulk
and at interfaces. It appears, however, that a gap has emerged between the recent advances
in fundamental knowledge and the direct application to products with a growing need for
scientific input. As can be seen from the above, biopolymers are now one of the most ex-
plored potential materials for membrane-separation technology, but there is much experimen-
tal and theoretical work left to complete. An analysis of the structure-property relationships
provides much information on the effects of side groups, structure, and stiffness of the main
chains that can be used in directed search for advanced membrane materials of other classes.
Much more interesting results have been obtained for composite and modified biopoly-
mers. Here, significantly fewer structures have been examined, so much is yet to be done.

Biopolymer i-carrageenan/pullulan composite membrane was successfully prepared by the
casting method. It has sufficient mechanical strength for practical use and excellent mass-
transfer characteristics, especially for molecular-size screening. The relationship between



Novel Biopolymer Composite Membrane Involved with Selective Mass Transfer and Excellent Water Permeability
http://dx.doi.org/10.5772/50697

mass-transfer characteristics and the mass fraction of k-carrageenan in the composite mem-
brane was formulated based on mass-transfer flux and pure-water flux experiments. The re-
sults provided a novel and simple method of preparing membranes and mass-transfer
channels based on molecular-size indicators, and suggested that different F - values signifi-
cantly affect the mass-transfer permeability. The water permeation flux as a function of ap-
plied pressure provided valuable technical information for investigating the stability and
hydraulic properties of the composite membranes. It was concluded that k-carrageenan/
pullulan composite membranes with a cross-linked hydrophilic structure exhibited high se-
lectivity and high water flux. Thus, mass-transfer investigations are very useful and infor-
mative for studying and analyzing composite membranes.
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Abstract

Marine biopolymer k-carrageenan-pullulan composite membrane was successfully prepared. Novel function of
polysaccharides (k-carrageenan (kC) and pullulan (P)) in membrane formation and molecular size screening effect
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weights ranging from 327 to 1017Da were used in mass transfer examination through the composite membrane.
Outstanding molecular size recognition based on the effective diffusion coefficient was appeared. The membrane
molecular weight cut-off was established experimentally.

© 2012 Published by Elsevier Ltd. Selection under responsibility of the Congress Scientific Committee
(Petr Kluson)

*Corresponding author. Tel.: +81-466-84-3978; fax: +81-466-84-3978.
E-mail address: XLT05104@nifty.com

1877-7058 © 2012 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2012.07.523



1314

P. Wu and M. Imai / Procedia Engineering 42 (2012) 1313 — 1325

Keywords: k-Carrageenan; Pullulan; Composite membrane; Mass Transfer; Diffusion coefficient; Water permeability.

1. Introduction

In recent years, the desire for bio-polymeric materials, which demonstrate in high-degreed
applications, has grown significantly. Use of biopolymer in place of artificial polymers has been
increasing and due to stringent environment regulations [1]. The development of the new-generation
materials that extend the industrial applications of membrane processes will require a high level of control
of the characteristics of the base polymeric support layer [2]. Current research in membrane science is
now focusing more on the biopolymers which from natural raw material with well-defined structure to
develop new membrane materials [3]. Additionally, biopolymers can be sustainable, carbon neutral and
are always renewable, because of they are made from sea/land plant materials, which can be grown year
on year indefinitely. The novel biopolymer membranes allow separations based on Fick’s diffusion law
and other driving forces like charge and physical/chemical interactions, and with appropriate functional
groups can provide applications ranging from tunable water permeation and separations, toxic metal
capture, toxic organic dechlorination, biocatalysis, and others [4-5].

Biopolymers as stabilizers, thickeners and gelling agents were extracted from various raw materials.
They regulate a number of critical functions including moisture binding and control, structure and flow
behavior that enables organism to thrive in a nature environment [6]. A number of the typical
biopolymers from natural raw materials such as alginate, cellulose, chin/chitosan, and other synthetic
polymers use for functional materials (e.g., carriers for controlled drug release, membrane with regulated
permeability, and sensor devices, artificial muscles). For these purposes, high cooperativity of response to
the change in external conditions and developed internal microstructure of the gels is required. Interest in
the behavior of biopolymer gels and networks has grown significantly over the past decades. The various
water-soluble polymers that can be used for membrane formation are also discussed at length.

Up to now, various novel membrane materials and systems have been designed and developed.
Worldwide, considerable effort is being deployed to develop biopolymer membrane materials. The
technological benefits of such membrane materials and systems have begun to be identified and
demonstrators are under construction for a wide range of applications from controlled drug delivery, to
chemical separation, to water treatment, to bio-separation, to chemical sensors, to chemical valves, to
tissue engineering, etc. In the field of biopolymer membrane materials and systems, the following two
topics will be the main focus of research in the future. One is the development of novel and efficient
biopolymer membrane materials and the other is the enhancement of biopolymer membrane processes

[7].

Siage A Srage B Stapge
Random Ol Dbl Hrlix igprepeted Dawbile Helices

Fig. 1. Models of conformational transition of k-carrageenan and t-carrageenan
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Carrageenans are large, highly flexible molecules that curl forming helical structures. They are widely
used in the food and other industries as thickening and stabilizing agents. Carrageenans consist of
alternating copolymers of a-(1—3)-D-galactose and B-(1—4)-3,6-anhydro-D- or L-galactose. Several
isomers of carrageenan are known as kappa, iota, and lambda-carrageenan, and they differ in the number
and position of the ester sulfate groups on the repeating galactose units. k-Carrageenan has only one
negative charge per disaccharides with a tendency of forming a strong and rigid gel. The gelling power of
Kk-carrageenans imparts excellent film forming properties, and additionally forms a firm gel with
potassium ions. Hot solutions of k-carrageenans set when cooled below the gel point, which is between
30°Cand 70°C, depending on the cations and other ingredients present, to form a range of gel textures. The
two-step gel mechanism is shown in Fig.1, with stage B phase being elastic (iota) and stage C phase being
brittle (kappa).
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Fig. 2. The gelation mechanism of k-carrageenan crosslinked by K ions

k-Carrageenan selects potassium ions to stabilize the junction zones within the characteristically firm,
brittle gel. Potassium ions counter sulphate charges without sterically hindering close approach and
double helix formation (Fig.2) [8-14]. Pullulan is an extracellular glucan elaborated by a fungus of the
genus Aureobasidium, commonly called ‘black yeast’. The structure of pullulan is a linear glucan
consisting of repeating units of maltotriose joined by a-D-(1—6) linkages. The safety of pullulan in foods
is supported by its chemical composition, the purity of the final product, a series of toxicological studies
and the fact that it has a long history of use of about 30 years as a food ingredient in human foods in
Japan [15-17]. Recently, the demand of pullulan has rapidly increased for films and hard capsules, and its
use in these fields is expected to grow [18-19]. The major interest in pullulan relies on its capacity to form
strong resilient films and fibers [20]. Pullulan could be used on its own or combined with other thickeners
or gelling agents. The stringiness of pullulan may be a disadvantage for some applications, but this can be
prevented by adding a small amount of another polysaccharide such as carrageenan or xanthan gum [21].
Combinations of k-carrageenan and pullulan give gel strengths and elasticity intermediate to the two
extremes and in line with the ratio used (Fig.3).
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Fig. 3. Schematic representation of composite k-carrageenan-pullulan chains.

This study successfully demonstrated the novel function of polysaccharides (k-carrageenan and
pullulan) in membrane formation and molecular size screening effect. The k-carrageenan mass fraction
(Fc) was a key factor to determine membrane character not only on mechanical strength but also on
selected molecular mass transfer.

2. Materials

Pullulan was provided by Hayashibara Biochemical Laboratory (Okayama, Japan). k-carrageenan and
glutaraldehyde were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Urea (MW
60Da), Glucose (MW 180Da), Methyl Orange (MW 327.34Da), and Bordeaux S (MW604.48Da) were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Brilliant Blue (MW 826.0Da) was
purchased from Sigma Chemical Co. (Perth, WA). Indigo Carmine (MW 466.37Da) was purchased from
Kokusan Chemical Works, Ltd. (Tokyo, Japan).

3. Experimental
3.1. Membrane Preparation

k-Carrageenan and pullulan powders were dissolved in distilled water (70°C) using a magnetic stirrer
to prepare film-forming solutions of various blend-weight ratios. All polymer solutions were prepared
based on 3 g total polymer weight dissolved in 97g of distilled water at 70°C for one hour. In addition,
each was stirred for one hour at 70°C with concentration preparation of glutaraldehyde [22] (30 ~
130mM) was added. The polymer solutions were then cast 20g onto for each petri dish, followed by
drying in an electrical blast-drying chest at 65°C for 24 hours. Potassium chloride solution was introduced
into the dried membranes (attached to the petri dishes) [23] (0.1 ~ 1.0M) for 24 hours. The swollen
membrane was spontancously peeled from the petri dish at 25 + 1°C and washed by pure water cleanly
for further testing. Membrane samples were tested in triplicate.

3.2. Measurement of membranes’ mechanical properties
A rheometer (CR-DX500, Sun Scientifi ¢ Co., Ltd., Tokyo, Japan) was used to determine the tensile

strength and the percentage elongation at break. Three rectangular-strip specimens (10 mm wide, 40 mm
long) were cut from each membrane for tensile testing. The initial grip separation was set to 20 mm, and
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the crosshead speed was set to 1 mm/s. The initial membrane thickness was measured using a micrometer
(Mitutoyo, Kanagawa, Japan). The average thickness of the membrane strip was used to estimate the
initial cross-sectional area of the membrane sample. Maximum Stress (c) (MPa) was calculated by
dividing the maximum load (N) by the cross-sectional area (m?):

P
c= (1)
(bxd)
where P is the maximum load (N), b is the width of sample (m), and d is the membrane thickness (m).
Maximum Strain (L) (%) was calculated as follows:
= Lo o00 2)
(Ly)

where L, is the original length of sample before deformation and L is the final length of sample at break
[24].

We set the concentration of glutaraldehyde and potassium chloride-immersion condition at 90mM
and 0.7M, respectively. Figure 4 represents the effect of F values on membrane mechanical strength.
The maximum stress linearly increased with proportional to F¢ values, and the maximum strain was
appeared at 35%.
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Fig. 4. Effect of F¢ on the maximum stress and the strain of pullulan-k-carrageenan composite membrane. The concentration of GA
and KCI were set at 90mM and 0.7M, respectively
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3.3. Scanning Electron Microscopy (SEM)

The membranes were snapped under liquid nitrogen then dried in a vacuum freeze dryer (RLE-103,
Kyowa Vacuum Engineering. Co., Ltd., Tokyo, Japan) (298 K) for 24 hours. The membranes were then
sputter coated with a thin film of Pt, using a sputter-coater (E-1010 Ion Sputter, Hitachi, Ltd., Tokyo,
Japan). Images of cross sections of the membranes were obtained using a scanning electron microscope
(Miniscope TM-1000, Hitachi, Ltd.,).

Fig. 5. SEM images of cross-section of k-carrageenan-pullulan composite membrane
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3.4. Molecular-Recognizable Membranes

Molecular diffusion experiments were used a mass transfer set-up (Fig.6). The k-carrageenan/pullulan
composite membrane was sandwiched between the two halves of the glass made diffusion cell. The
diffusion area was 24cm”. One of the diffusion cell was filled with 190 cm® of water-soluble solution
(1mM) in distilled water, while the other diffusion cell received 190 cm’ of distilled water. The diffusion
of solutes through the membrane was monitored by periodically removing lem® samples from both
diffusion cells and determining the tested solute in the stripping side samples as detailed below. A
maximum of 8 samples were withdrawn in the course of an experimental run, which lasted about 12 h.
The corresponding changes in solution volumes within the diffusion vessel did not exceed 5%. The
schematic mass transfer model was shown in Fig.6.

(a) Agitating motor

(b) Mass-transfer cell
(feed side)

(c) Mass-transfer cell
(stripping side)

(d) Membrane

(e) Constant temperature
water tank (303K).

Fig. 6. Schematic diagram of the mass-transfer setup in our experiment

It is supposed that since the concentrations in the two diffusion cells were uniform, the mass-transfer
flux was so small that the diffusion process can be regarded as a quasi-steady state. Accordingly, we can
use Egs. (3) and (4) to calculate the effective diffusion coefficients.

m[ —ZC*J_—zAKOLz 3)
C, v
Ko =k +k, +kp; (4)

The mass-transfer resistances k;; ' and k;, ' in the overall mass transfer resistance K,; ' can be
neglected because of the sufficiently turbulent conditions in the two diffusion cells during the experiment.
Ko, ' did not depend on the stirring rate, therefore it directly indicates the membrane mass-transfer
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coefficient (k,= Dy - I™"). The effective diffusion coefficient in the membrane (Dey) was evaluated from
k. The initial membrane thickness / in the swollen state was measured with a micrometer (Mitutoyo,
Kanagawa, Japan).

The mass-transfer characteristics were evaluated from the effective diffusion coefficient estimated by
measuring the mass-transfer rate in the composite membrane. Water-soluble components were employed
to determine the size of the transfer channel in the membrane. The reference molecular size was from 60
to 1017Da indicating Urea, Glucose, Methyl Orange, Indigo Carmine, Bordeaux S, Brilliant Blue and
Rose Bengal (Table 3). The diffusion coefficient (Dy) in bulk aqueous phase was estimated by Wilke &
Chang’s correlation. The effective diffusion coefficient in the membrane (D,;) was lower than Dy, due to
diffusion channels in the composite membranes (Fig.7).

The effective diffusion coefficient in the membrane (D.;) dramatically changed, ranging within
molecular weight by 15000-fold in a case where molecular weight only changed by 17-fold. The effective
diffusion coefficients of the components of lower molecular weight strongly depended on the «-
carrageenan fraction F¢. As it appears, D,y evidently decayed under lower F¢ conditions. The large
dependence of D yon the F¢ value suggests that the polymer frame-works become denser under lower F¢
conditions. In addition, the steep change of the effective diffusion coefficient between Methyl Orange and
Indigo Carmine in the each types of composite membrane was appeared. Authors therefore assumed that
the size of the mass transfer channel was almost equivalent to molecular size (approx.114) of Methyl
Orange, and it was suggested that mass transfer channel size was monodispersity
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Fig. 7. Effect of molecular weight on the effective diffusion coefficient of a k-carrageenan/pullulan composite membrane

3.5. Water permeability

A pure water permeability experiment used a filtration cell (UHP-62K, ADVANTEC, Ltd., Japan) had
a volume of 200mL and effective filtration area of 21cm®. A magnetic stirring bar was installed in the
membranes upper surface. The filtration cell was employed for both constant flux and constant pressure
filtration. For operation in constant flux mode, a nitrogenous gas pump was connected to the inlet of the
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filtration cell, and piped the permeation water from the outlet. A pressure transducer was installed
between the filtration cell and the pump in order to monitor the variation in applied pressure during
filtration. The weight of the filtration water was logged by electronic balance. The schematic
representation of module and set-up are shown in Fig.8. On the chapter, pure water permeability
experiment was measured at different pressure and using the eq.5:

— VP
" ANt
where J is the water flux [m® - m™ > s '], V, is the volumetric amount of permeated water [m’], 4 is

the membrane area [m’], 1 is the membrane thickness [m], and 4 is the sampling time [s].
The apparent rejection of dye molecules, R is defined by:

)

2

C
=12z 6,
R[]—[l C] (©)

S

where C, is the concentration of permeate and Cyis the concentration of dye solutions.

(b)

(a) N, gas
(d) (b) Valve
l {c) Transducer
(d) Filtration cell
L (e) (e) Magnetic stirring bar

T / () Pipe
A (g) Electronic balance

{h) Magnetic stirrer

/ (I] (i) Membrane
(c) |

4 — /(E)

(a) —

e

~ J - v

" CERE e

Fig. 8. Schematic diagram of filtration cell used to measure steady pure-water permeability through the membranes

The pure-water flux as a function of applied pressure was measured to investigate the stability and
hydraulic properties of biopolymer membranes. In Fig.9, the water flux and water content increased
linearly with increasing the F¢ values. In general, higher water content membrane performed higher water
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flux. The water flux of composite membrane agreed with it. The mass fraction of k-carrageenan linearly
regulated both water permeate flux and water content.

104y 1.E-0
S s 2E06  —
= "
= 0w} .
&z LE-06 F
S st =
o LE-06 ""E
PR =
= " < =
E 075 b SEAT ey

w70 = = = = LE+{M)

L 0.2 0.4 0.6 0.8 1

Fraction of k-carrageenan (F.)
Fig. 9. Change of the water flux (150KPa, 298K) and the water content of the membrane with regulated F¢ values
3.6. Obtaining the selectivity curve and molecular weight cutoff

The selectivity of a membrane is usually represented by its molecular weigh cutoff [25]. This is
defined as the minimum molar mass of a test solute that is 90% retained (or 95% depending on the
manufacturer) by the membrane. It is thus determined experimentally from a plot of the variation of the
retention rate for tracer molecules according to their molar mass.

Fig.10 shows the effect of F values on the molecular weight cut-off on the k-carrageenan/pullulan
membranes. With the increase in Fc values, the molecular weight cut-off and the flux of «-
carrageenan/pullulan membranes increased. It was found that molecular-cut-off values of F0.33
membrane and Fc0.66 membrane performed the results of 327Da (10.6A) and 466Da (11.94)
respectively. For high-molecular-weight dyes above 604Da retention amounted to 96-98%.

{ah b}
1 T X = 1
o8 F TH
= 06 = & f
= ' 4
b4 wd
LN a2 b
w
] L]
n i1} 4od (il = ([0 1200 ] 208 HI (] RN 1600 )20
Muoleoular Welgh [I¥a) Modecular Weigh |Da)

Fig. 10. The selective curve of k-carrageenan/pullulan membrane for dye molecules. (a): Fc0.33 membrane, (b): Fc0.66 membrane
4. Conclusions

Biopolymer k-carrageenan-pullulan composite membrane was successfully prepared by the casting
method. It has the sufficient mechanical strength enough for a practical use and the excellent mass
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transfer character especially on molecular size screening (60Da ~ 1017Da). The relationship between
mass transfer character and the mass fraction of k-carrageenan in the composite membrane was
formulated based on the experiments of mass-transfer flux and pure water flux. The results provided a
novel and simple method of preparation membrane and the size of mass-transfer channel based on
molecular-size indicators, and suggested that different F¢ values significantly affect the mass-transfer
permeability. The water permeation flux as a function of applied pressure provided valuable technical
information for investigating the stability and hydraulic properties of the composite membranes. «-
Carrageenan-pullulan composite membrane possessing a cross-linked hydrophilic structure performed
high selectivity and high water flux. Thus, the mechanism of mass-transfer investigations is very
informative for the study and analysis of composite membrane.
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Nomenclature

A Area of membrane [m?].

C;  Initial concentration of feed solution [M].

C; Concentration of stripping solution [M].

D, Diffusion coefficient in bulk aqueous phase [m-s™].

D,y Effective diffusion coefficient [m-s?].

Jy  Water-permeated flux [m* m?*s™].

Ko Overall mass-transfer coefficient [m-s™].

Kor! Overall mass transfer resistance [(m-s™)™].

k, Membrane mass-transfer coefficient [m-s™'].

k;;  Membrane mass-transfer coefficient in feed phase [m-s™'].
k;>  Membrane mass-transfer coefficient in stripping phase [m-s™].
/ Membrane thickness [m].

AP Operational pressure [kPa].

At Time [s].

¥ Volume of aqueous solution in the transfer cell [m’].

W, Total water content ratio [%]
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Adsorbed CB onto chitosan
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Fig.1 (A) Cibacron Blue F3GA adsorption on three types of chitosan membrane. (€ : Low molecular

weight ; A : Medium molecular weight ; Il : High molecular weight) ; (B) the photography of CB
coupled chitosan membrane within different CB concentrations.
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Fig.2 Effect of molecular weight on the maximum stress and the strain of prepared chitosan membrane.

(A) (B)

01 | 9 t
. 80T

0.08 270t
2 60

0.06 g =0 o
T 40

O L

o
o
N

0 02 04 06 08 1 1.2 -14-12-10-8 -6 4 —EJO 2 4 6 810 12 14
Initial concentration of BSA[mol/g] 1/CelL/g]

o

Adsorbed BSA onto chitosan
memnbrane [g/g]
o
o
N

Fig.3 (A) : Effect of BSA adsorption onto the chitosan membranes over BSA concentration;
(B) : Linear representation of Langmuir equation of BSA with chitosan membrane.
(@ : Low molecular weight ; A : Medium molecular weight ; Il : High molecular weight). membrane.
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Fig. 4 (A) Comparisons of conventional (¢ ) and surface modified ( m) chitosan membrane on pure
water permeability; (B) Effect of molecular weight on pure water permeability through chitosan membrane.
(M : Low molecular weight ; A : Medium molecular weight ; l : High molecular weight).
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