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Solution
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Permeate
vapor
pervaporation

Feed Liquid Feed Vapor

I
\

Permeate Liquid Permeate Vapor
reverse 0Smosis vapor permeation

Figure 1-1. Schematic diagram of membrane separation systems.



Table 1-1. Separation options for small scale ethanol/water

(Basis: 1000 l/day, 99.5 wt%

ethanol) (Baker, 1990).

Pervaporation Distillation Adsorption
System cost $ 75000 $140000 $ 90000
Pumps 3kW 2kW 2kW
Steam 45kg/h 1.8 bar 70 kg/h 7.3 bar 90 kg/h 7.3 bar

Entrainer -

220 °C

3 1/day -

1) Preirradiation grafting technique.

Figure 1-2. Pervaporation membrane
(1987).

preparation sheme by Ellinghorst et al.



atin induced crosslinking technique.

rous suostrate &

& on
g o

ymmetric UF -membrane
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Figure 1-2. Pervaporation membrane preparation sheme by
(1987).

linghorst et
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Table 1-2(a). Pervaporation results of benzene/n-hexane system adapted from
Ellinghorst et al.(1987). (Feed temperature was 45 °C, and benzene concentration in

feed was 50 wt%.)

permeation rate
[kg/m~hr]

membrane n-hexane conc. separation
%oin perm. factor
technique |
PVF,-g-VAC 8 1%
PVF-g-MA 6 5]
technique 2
PAN-c-3 6 16
PAN-c-4 14 6
PAN-c-5 15 6
PAN-c-6 19 4
technique 3
PAN-pp-2 ~3 ~32

0.04
0.02

0.02
0.3

0.45

091

~0.015

Table 1-2(b). Pervaporation results of chloroform/n-hexane system adapted from
Ellinghorst et al.(1987). (Feed temperature was 45 °C, and chloroform concentration in

feed was 72 wt%.)

membrane n-hexane conc. separation
%in perm. factor

permeation rate
[kg/m"hr]

technique 1

PVF2-g-VAC 6
PVF -g-VIMA 2.6
PVF-g-MA 45
PVF -g-VPY 9.3
technique 2
PAN-c-7 3.7
PAN-c-8 4.8

20 wn

w

10

w
o

NVP: n-vinylpyrolidone, VIMA: n-vinylmethylacetamide, VAC: vinylacetate, VPY:
. poly(vinylidenefluoride), PVF:

4-vinylpyridine, MA: methy
poly(vinylfluoride), PAN: poly(

te;, PVE
rylonitrile)



MTBE Reaction Chemistry
cH3 cH3

CH3OH + ¢I: = CH2 === CH3OH 4(‘: —cH3
C)l{l CPl‘l

Methanol Iscbutens Methyl Tert-butyl sther

Parvaporation Process befors Debutanizer

De! \ o
butanizer ratfinate

== :

Parvaporation ! |

‘ Xt wse \

Mathanal

Pervaporation on Debutanizer Sidedraw

Debutanizer | s
ratfinate

o
e ﬁ

T Pervaporation
unit

Fig - s of i rati i
gure 1-3. Methods of integrating pervaporation membranes in the recovery of

methanol from MTBE production process (Baker, 1990).



Porous Substrate
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Dry membrane Suppressing the membrane swelling

Figure 1-4. Concept of Filling-Polymerized Membrane.



05-232 (1988).
ervaporation. ”

Aptel P.; Cuny J.; Jozefowicz J.; Morel G.; Neel J., J. Appl. Polym Sci., 16, 1061-1076
(197
"Liquid transport through membranes prepared by grafting of polar monomers onto poly(tetra
fluoroethylene) films. 1. Some fractionations of liquid mixtures by pervaporation.”

Aptel P.: Cuny J.: Jozefowicz J.; Morel G.; Neel J., J. Appl. Polym. Sci., 18, 351-364
(1974a).
"Liquid transport through membranes prepared by grafting of polar monomers onto poly(tetra
fluoroethylene) films. 2. Some factors determining pervaporation rate and selectivity.”

Aptel P.; Cuny J.; Jozefowicz J.; Morel G.; Neel J., J. Appl. Polym Sci., 18, 365-378
(1974b).

"Liquid transport through membranes prepared by grafting of polar monomers onto poly(tetra
fluoroethylene) films. 3. Steady-state distribution in membrane during pervaporation.”

Aptel P.; Challard N.; Cuny J.; Neel J., J. Membrane Sci., 1, 271-287 (1976).
"Application of the pervaporation process to separate azeotropic mixtures.”

R.¥., Membrane Separation Systems, A Research Needs Assesment-Final Report, Vol.2, U.
Dept. of Energy, Chapter2 (1990)
"Pervaporation. "

ning R.C.; Lee R.C.; Kennings J.F.; Martin E.C., Ind. Eng. Chenm.,
Separation of liquid mixtures by pervaporation.”

53, 45-50 (1961).

Blume I.; ¥ijmans J.G.; Baker R.¥., J. Membrane Sci., 49, 253-286 (1990).
"The separation of dissolved organics from water by pervaporation.”

ker K.¥.: Bengtson G.; Bode E., J. Membrane Sci., 53, 143-158 (1990a). i
Pervaporation of low volatility aromatics from water.”

Boddeker K.¥.; Bengtson G.: Pingel H., J. Membrane Sci., 54, 1-12 (1990b).
"Pervaporation of isomeric butanols.”

Brun J.P.; Larchet C.; Bulvestre G.; Auclair B., J. Membrane Sci., 25. 55-100 (1985)
"Sorption and pervaporation of dilute aqueous solutions of organic compounds through
polymer membranes. "

Cabasso 1., Ind. Eng. Chem. Prod. Res. Dev., 22, 313-319 (1983).

Organic liquid mixtures separation by permselective polymer membranes. l. Selection and
characteristics of dense isotropic membranes employed in the pervaporation process.”
flzuhusso [.; Jagur-Grodzinski J.; Vofsi D., J. Appl. Polym. Sci., 18. 1969-1986 (1974a).
Synthesis and characterization of polymers with pendent phosphonate groups.”




; Jagur-Grodzinski J.; Vofsi D., J. Appl. Poly
polyphosphonates and acetyl cellulose. 1. Sorption and diffus
lohexane. "

Cabasso I.; Jagur-Grodzinski J.; Vofsi D., J. Appl. Polym. Sci., 18, 2137-2147 (1974c

A study of permeation of organic solvents through polymeric membranes based on polymeric
alloys of polyphosphonates and acetyl cellulose. 2. Separation of benzene, cyclohexene,
and cyclohexane.”

Cabasso [.; Tran C.N., J. Appl. Polym. Sci., 2967-2988 (1979)
"Polymer alloy membrane. 1. Cellulose acetate-poly(bromophenylene oxide phosphonate) dense
and asynmetric membranes.”

Ellinghorst G.; Niemoller A.; Scholz H.; Scholz M.; Steinhauser H., "Proceedings of second
international conference on pervaporation processes in the chemical industry”,

pp. 79-99 (1987).

"Membranes for pervaporation by radiation grafting and curing and by plasma processing.”

Fuehrer J.; Ellinghorst G., Die. Ang. Makro. Chem., 93, 175-187 (1981).
"Radiation initiated grafting on fluoro polymers. 1. Grafting of n-vinylpyrrolidone on
poly(vinyl fluoride) by accelerated electrons.”

Feng X.; Sourirajan S.; Tezel H.; Matsuura T., J. Appl. Polym. Sci., 43, 1071-1079 (1991).
"Separation of organic vapor from air by aromatic polyimide membranes.

Hennepe H.J.C.; Bargeman D.; Mulder M.H.V.; Smolders C.A., J. Membrane Sci., 35, 39-55
1987).
"Zeolite-filled silicone rubber membranes. Partl. Membrane preparation and pervaporation

results.”

Hoshi M.; Saito T.; Higuchi A.; Nakagawa T, Sen-I Gakkaishi,
"Separation of aqueous organic solvents through crosslinked poly
membranes by pervaporation.”

644-649 (1991).
(acrylate-co-acrylic acid)

Huang R.Y.M.; Lin V.J.C., J. Appl. Polym. Sci., 12, 2615-2631 (1968).
Separation of liquid mixtures by using polymer membranes. 1 Permeation of binary organic
liquid mixtures through polyethylene.”

Ishihara K. ; Kogure R.; Matsui K., ®4>F#&3C#. 43, 779-785 (1986).
"Separation of ethanol through styrene-dimethylsiloxane graft copolymer membranes by
pervaporation.

Ishihara K. ; Kogure R.; Matsui K., #4}Fi#3C3E, 45, 653-659 (1988).
Polymerization ability of perfluoroalkyloxy group sustituted styrene derivatives and
their surface characteristics.”

[to A.; Iizuka T.; Fujii M.; Tozawa 0., {L%T 16, 1269-1273 (1990).
Removal of dissolved chlorinated hydrocarbon solvents in water by pervaporation.”




. ; Nomura T.,

Kitao S.; Asaeda M., J. Chem. Eng. Ja
ix

pan, 23, 367-370 (1990).
"Separation of organic acid/water mixture:

s by thin porous silica membrane.”

K ski M.; Stelmaszek J., Int. Chem. Eng.., 7, 618-622 (1967).
"Separation of liquid mixtures by permeation.

het C.; Brun J.P.; Guillou M., J. Membrane Sci., 15, 81-96 (1983).

aration of benzene-n-heptane mixtures by pervaporation with elastomeric membranes. 1.
performance of membranes.”

Larchet C.; Bulvestre G.; Guillou M., J. Membrane Sci., 17, 263-274 (1984).
"Separation of benzene-n-heptane mixtures by pervaporation with elastomeric membranes.
Contribution of sorption to the separation mechanism.”

]

Lee Y.M.; Bourgeois D.D.; Belfort G., ibid., 44, 161-181 (1989a).
"Sorption, diffusion, and pervaporation of organics in polymer membranes.”

Lee G.-T.; Krovvidi K.R.; Greenberg D.B., J. Membrane Sci., 47, 183-202 (1989b).
"Pervaporation of trace chlorinated organics from water through irradiated polyethylene
menbrane. "

aki T.; Ohno T.; Taya M.; Tone S., J. Chem. Eng. Japan, 25, 257-262 (1992).
eparation of butanol from bmmol oleyl dlwhol mixture by pervaporation with
dimethylsiloxane) hollow-fiber membrane.

Vasuda T.; Tang B.-Z.; Higashimura T., Polymer J., 18, 565-567 (1986).
"Ethanol-water separation by pervaporation through substituted-polyacetyrene membranes.”

KI“Cdndle F.P. Ind. Eng. Chem. Process Des. Dev., 12, 354-359 (1973).
i[‘d( on of aromatics and naphtenes by permeation through modified vinylidene fluoride

¥cCandless F.P.: Alzheimer D.P.; Hartman R.B., Ind. Eng. Chem. Process Des. Dev., 13,
310-312 (1974).
"Solvent membrane separation of benzene and cyclohexane.”

Wichaels A.S.; Baddour R.F.; Bixler H.J.; Choo C.Y., Ind. Eng. Chem., Pro. Des. Dev., I,
14-25 (1962).
"Conditioned polyethylene as a permselective membrane.”

Mulder W.H.V.; Kruitz F.; Smolders C.A.. J. Membrane Sci., 11, 349-363 (1982).
Separation of isomeric xylenes by pervaporation through cellulose ester membranes.”

121-125 (1990).

Gas and liquid permeability of polysulphone

Y.: Naruse A.; Matsui K., Polymer,
"Chenical modification of polysulphone:
polydimethylsiloxane copolymer membran




185-190 (1991
Isilylation of po
at pervaporation.

Neel J.; Nguyen Q.T.; Clement R.; Blanc L.Le, J. Membrane Sci., 15, 43-62 (1983).

Fractionation of a binary liquid mixture by continuous pervaporation.”

Neel J.; Aptel P.: Clement R., Desalination, 53, 297-326 (1985).
Basic aspects of pervaporation.”

Niemoller A.; Ellinghorst G., Die. Ang. Makro. Chem., 148, 1-18 (1987a)
"Radiation initiated grafting on fluoro polymers. 3 Grafting of n-vinylpyrrolidone in
aqueous solution on poly(vinylidene fluoride) films by accelerated electrons.”

Niemoller A.; Ellinghorst G., Die. Ang. Makro. Chem., 151, 49-67 (1987b).

"Radiation initiated grafting on fluoro polymers. 4. Influence of morphology and structure
of homogeneous and porous PVF2 films on the preirradiation grafting with n-vinyl-
pyrrolidone in aqueous solution.”

Niemoller A.; Ellinghorst G., J. Membrane Sci., 36, 385-404 (1988).
"Radiation-grafted membranes for pervaporation of ethanol/water mixtures.”

Nomura H.; Seno M.; Takahashi H.; Yamabe T., J. Membrane Sci., 5, 189-198 (1979).
roselectivities of various polymer membranes toward some aromatic compounds in
nic media in the reverse osmosis process.”

BORRFRRC (1988).
& BIRFREBEHD 53

s
b

J.S.; Ruckenstein E., J. Appl. Polym. Sci., 38, 453-461 (1989).
Selective permeation through hydrophobic-hydrophilic membranes.

Ping Z.H.; Nguyen Q.T.; Clement R.: Neel J., J. Membrane Sci., 48, 297-308 (1990).
"Pervaporation of water-ethanol mixtures through a poly(acrylic acid) grafted polyethylene
membrane. Influence of temperature and nature of counter-ions.”

Rautenbach R.; Albrecht R., J. Membrane Sci., 7. 203-223 (1980).

"Separation of organic binary mixtures by pervaporation.”

Rautenbach R.; Albrecht R., J. Membrane Sci., 19, 1-22 (1984).
"On the behaviour of asymmetric membranes in pervaporation.”

Rautenbach R.; Albrecht R., J. Membrane Sci., 25, 1-23 (1985a).
The separation potential of pervaporation. Partl. Discussion of transport equations and
comparison with reverse osmosis. "

tenbach R.; Albrecht R., J. Membrane Sci., 25, 25-54 (1985b)
The separation potential of pervaporation. Part2. Process design and economics.”




. pp. 169-175 (1987).
~purification of anhydrous organic mixtures by pervaporation.”

Sikonia J.G.; McCandless F.P., J. Membrane Sci., 4, -241 (1978).

"Separation of isomeric xylenes by pervaporation through modified plastic films.”

Tanipura S.: Nakao S.; Kimura S., AIChE J., 36, 1118-1120 (1990).
is of ethanol/water mixture.”

hanol-selective membrane for reverse osm

Tsuji T.; Otake K.; Konno M.; Saito S., J. Appl. Polym. Sci., 41, 1351-1353 (1990)

"Permeation characteristics of porous glass and hydrogel composite membrane.”

Vierkotten D.; Ellinghorst G., Die. Ang. Makro. Chem., 113, 153-168 (1983).
"Radiation initiated grafting on fluoro polymers. 2. Grafting of n-vinylpyrrolidone on
copolymers of vinyl fluoride and vinylidene fluoride by accelerated electrons.”




Bo2E SSIXAITITT MEAE
74 ) VT EGEOERD XU E DEEF M

2 1 =
AFETHE. BHWACB-1T4 Y VI EABERDOIHIC, UTOSZERLTE
LEEBAR. DEHRIXTOBERPTLZ(BELEZCEMZRAL <. BEICBBL
ZEBAHEHOAZMORY v - TRDHIHEEZAVS, VARSIV TEME
GOMBEES LI OBROBEZEMI LR L. DEH LT ) VY ISEERRTTORN
BLUMBHEOERELANRENVLIIC, XN LEABRREFRHEGIEDI, DEHA
di74 )V SEAKETSICKHTE S,
INLEERADYE, TIXRS ST VEREERMA LI, 73 X7 LA TY
FOHOREAMABETH D, BREICIF7 MEARKBRKIVEHBHSONHOREZE
g, BH /S 7 VREAEEZAVAIIEICL D, MBMTILEDLL, %
7 PEAKBMEEZALTHY. LObEARER(MCS I LR DFHRY

o L LA BHEHKIH UL, 753X/ 77 PEEGEIRIDEK

5
EN3/57 PEAHRBSOIEHEARICEREZAS EHMEZINTH D (Hirotsu, 1987
a; 1987b; Hirotsu and Nakajima, 1988: Hirotsu and Isayama, 1989). X#HAHOAZE
B Hlizian,
UL, AL TR, RIEEFHZ LR EMEZLAZES
ERHRICED 74V YV EABRBEKTRETH A

9 At
XHEOHEMRB. 75 X</ 57 PEABRRK IV BAREHAROAXR /77 PEEAHET

ERED, ToX=T5T |

[

v

%

FRUI. 74 Y VI BABEERTAIERLSH S

2 2 5= R
221 F5X2s5 7 L REROMR
L) F#
EpE Lm0 AH
BRS &0 RARIEZNZN0.02, 0.05¢m, 10, 1Tunk k52, 44¥TH B, Tho D%
i

A Y =F L (HDPE) B (HDPEL. 2) Zf W 7o, FLEE.

BT, 1EEACOFBEKS TS WML (Tonen, 1986),
B)R-ELTAFNTZYL— b (W) £RALT, £/ % —REE3-5volse L. #ik

ELTHK, 24 ) -, Ry€vEzhThAOE, £HIERINE S VA LBRLF




9
!
ot
&
i
“~
4
|
S
b
&
¥
i
We
a
h
%
L5
o}
"
A
n

rhBERA L7,
2) IS5ARY 77 HBRE
75ZX<7 77 PEAKEER-UIRY., 7VT REK T CHPEEHIZ TS A<TEH
MU IANEERS SRt WE /) v - BRARMCERIE Y57 MEAREAT -
o BHBXUELEHEELICZ EHTRT,
RIE#T#%. EABME M VP TIBEES L.
fete, WS0°COF —-T v TRBELE, Y57 +E
EHEHUDICESG LSS 7 bRY <& [ng/cn?] & LTHEML:,
2.2.2 757 rEAEOHEFG
EEBBANROHELIRET ZDIC, EHBLUES
BEEIH (TR 1L BMEMERTo7co ¥V TNRENTNTA 20 b — LTSI
G L. HHALTS5T7 VEAHERIT B 72 DICRU0THRE Lok, TENBER A - 12,
EEBROLUMRE L CRTMARERRT 5 20i1c. BBEOFT-IR/TRE S F RS
OFT-IR/ATREIC L h ThEh A4 L1,

FERY T -—PRRIEE/ - 2B
BMBHOEREALI S, B

BRORZZHEABICONTE

28 3 =R
23.1 F5X=V57 rEABOER
HPEREMICAFNT I YU - bS5 T VEALEBDSS FEASHHNEEAREOH
WERZ2AITR T K. 25 - VBEE MU EEREL. T/ < — BE 3
Vol%, Svol¥B L Tf5volse Ui, BBICK W EARENAS S HBET T, BT kAR
ELRBIEROBERL ) bEARFEREFIASHEEFT Ui, COL ) HARBRE
By B/ -RKEE7/SA<2EHMRAH Lk, VEV /Mt Ead 575 X< hithE |
%50 5 A TH 5 (0sada, Takase, 1983; Osada et al., 1984; Osada et al.,
1983a; Osada et al., 1983b), HDPE2D BT EI B¢ 24 ) & (30. 950g/cn®72 D T, KA ALY
ELREXITRIAMTEH ERMOUSIEOUANES L1c,
EAREH B R BN TH S50 H LEABE TR S ER I - 7
SEURYNADEHBRENZNL 5B LU 48EFIZHELL. 57 b A A DI HE
RS hicneErohs
EHELUTHPEIZ i E LTREZNZNH O REZD, F57 FEA T BE A B 231
Ao ®) 3 — BEN3-5volMcHMNT 512 L7 Ao THAEFE MM U, T/ < - mfE

&

B

h

A Y TF L

A

b7

EvolNe Lot s, 3053 THOPELIEM B D HSEROR YNNI S 7 PEALTHD .

MOPELS £ X285 5 b 4 1 Us T b IEHH IR B2 b 0 T & B IE 12 12125 LU il o L7




£ B O 3 3 Al

SVTEHBLITESRI.6—4. 3ug/cr’DEL B TOTENE R 2 RI2-4IC R4
mmc;b\&H@ﬂz;v£UL+v70a&mw&mwm<&&gnrwa
y SOEHHHICIBCRBEINCANRONIN., BAMICE RS, L4
OANT 7 PRI VEDBSATVEI ENARD B,

B4 H0. 6ng/co’ DTS MK D> THM IS > L BLRBINANRS S

B, RICHMBEEN»S 757 M. EHABOATOIRELTVWEI 003, &
NEHELTE/ - DUBEENRIEEZEICHBELTHIEOIENEZ SN S

HEABERIDEABRPRE FRLoDBEVER R IFLUDEHTH S 05
Mhotco COMBEMICBAL, /77 VEAHIBBELTEMSPREOAEH LOXL
TTENREZAOND, /77 MEAHBEHEZAD SO OA M LD ES F THK

r
A
N

EEAGND, B, COHVHBEAROLI LB THEE I NA,
EAEA2g/cn’ U LIS B E, /57 PEAMNEHEABICOREEINS - E0HR

HPIHDPES & O A YNAD EEZ o olg/cn®], pilg/cn®], BT A BMES

EHB L7357 bR <= -—ofEZATON, Vilg/en?), Z LTTEMRE B LU~ A 2
0 =7 - KL PELABEZELcn]ET 5L, BABDOEAR  ($1ZLUTFORL 0 F

Mo/ p0o) + (i/p1)
L

} x100 2-1)

BRI -7 EEDS 57 VEAMOERIF. MBARYMOEEITE LU,
HPELCSNT, EAREBMES L EAROMEERL-5I0RT, E4820e/co’ k0
KT

BEOMMITHOCAIEE > T, B4R 20g/cn®E B2 3 LM PO

777 MUTHEECEDSNTOEI ERIN S,

ROLWTEAREMESICZAROMFEER2-6ICRT, EA M Sng/cn?% i
BERMPOARZIZMMAECEDSLATNSZ EHPD S,

2) FT-IRG 4

HDPELIZ DT & A K051, 1.49, 2. T5mg cn*DEABOTREEIC & B FI UL R RS b L
ERETRY, 1200 s Ky 25 Uy cBHE 7%, 830co i R YNAKBEH

020K - 7 ETEEB T DR Y VA/HDPED i i b & D R4




TEHMBEESBOND I EERBB Uic, HPELT DV TEAH0.51. 1.49. 2. T5ng/cn
5 B D AT CEBHRABRRARY bLER2-8IZFRT,
E830c'DE -7 BTN HEL. ZDOHCVRABBEXRSTNEDS

EEBREmMARETNBE L, 20K

L BBMMAEHOTATRARY bL &Y
EFRAMDOGSHRABEZZH240TH 5,

EARMEATREECE A -7 I D RO EAMERMK EOBEFEZRZICTR T, S8
REAHEKDOFHMBEEREL TS, BEAMONE W ECATRAREERN—KLT
Wh, BEHABEI T/ I 7 PEGHENERINA TV A HEZZONE, BERNAE
BACHVWEAHTOR YA EH I3 HARBELCHABOZTN LD A E {7
#2.508/co* 2 BR B EREHRRVIMALG THES SN TS, 2940 &4 & 4. 3og/co?d
BONBEHRIVBEINIBEREROOVME., EHEHN CRELAY ST L ELH
THHIEVHERTE I, EERPHAZ EXHMABOARS 57 rHTRBOATLE
Iy ST FHREHNEOATRRE LIS AD, XHEHH TELNICKE L

T3,

“EHAE

CP:

3) EREAE
BARGH®IC ST 3ERERE (B) EUTORCEL D EHT 3,
Av - Ao

Eot el ———— (2-2)
Ao

Ao EMEB. A EABEN

HPEIB L U2EM ENTAITOUT, BAMES T 7 FEAIKELE S BEABO MHRE
BEER2-LICTT, E550EHITH L THESRN ] Sog/co 2 BA 3L 57 +
EEHMOBEICL D EMIFISMIZEh, EEBENEDNSEZ EDBADS, 48 2ng/cn®LL
ETOHAMICU - TEAHMT B2 L&D, HBHOANSS 7 FELSMTEE Stk b
EMATTORIESETETTEZ E200 05,

2. 4 5
T3XR057 MEAEICE DB I
PEEAL. UToBERL.

RYVZFULUEHICRYAFALTIY L

D REERISRKEBMET S EITE D, BOEAMENM SN T & DD - 7o
2) 757 MRS MBER D S EHNBORLI b EREA. WK LET 4 ) vy

LeBi, 752257 b E A

FOERTE B ERBD 1

8) 757 PESBDIHMMT ISR, V57 P RAHOBARRMY Lic, £, Tid




BEs 7P

EAHO

Lic




U

Figure 2-1. Apparatus of plasma-graft polymerization: (A) vacuum pump, (B)
cuum gauge, (D) monomer reservoir, (E) RF power generator,

vacuum valve, (C) v

(F) substrate film, (G) constant-temperature bath.

Table 2-1. Conditions of plasma-graft polymrization.

Plasma treatment

power time atmosphere pressure
[w] [sec] [mbar]
10 60 Ar 0.1
Graft polymerization
time temp. solvent monomer
5 ratio
[min] [) [wt%]
5-70 30 water 3-5
methanol

benzene
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Figure 2-2. Relationship between the grafting time and the amount of grafting using a
HDPE?2 substrate.

6 T T T T T T T T
o« 5 A/ —
£ Monomer conc. 3.0vol%
2 O
o 4 L -
.E 4.0vol% o/
o
g - P A =
4 /
o 2.0vol%
4
c
3
g 1 -
<
0 L 1 I

0O 10 20 30 40 50 60 70 80 90

Grafting time (min)

Figure 2-3. Relationship between the grafting time and the amount of grafting using a
HDPE] substrate
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Figure 2-4. Transmission electron microphotographs of membrane cross sections using a HDPE]
substrate: (a) substrate film, (b) grafting amount of 0.6 mg/ecm”, (¢) 1.4 mg/em?, (d) 2.3 mg/cm”,
(e) 4.3 mg/cm?.
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Figure 2-5. Relationships between the amount of grafting and the membrane thickness
or porosity using a HDPE1 substrate.
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Figure 2-7. FT-IR/TR spectra of Umned membranes using a HDPEI substrate:

(A) grafting amount of 0.51 mV/un ) 1.49 mg/em™, (C) 2.75 mu/gm‘
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Figure 2-8. FT-IR/ATR spectra of grafted membranes using a HDPE1 substrate:
(A) grafting amount of 0.51 mg/cm?, (B) 1.49 mg/cm?, (C) 2.75 mg/cm?
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Figure 2-9. Relationship between the amount of grafting and the weight fraction of
poly(MA) on the surface of the membrane using a HDPE1 substrate. The dotted line
shows the weight fraction of poly(MA) in the whole membrane.
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Figure 2-10. Relationship between the amount of grafting and the extension ratio, E.
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Plasma

Polyethylene

Figure 3-1. Schematic representation of ESR probe used for the investigation of
the location of free radicals formed by plasma. Adapted from Yasuda (1976).

Table 3-1. ESR signals observed with polyethylene-coated glass tubes exposed
to N2 glow discharge (120 x m Hg). Adapted from Yasuda (1976)

Time of plasma

End of graded seal treatment (hr)
Quartz 3
Glass 3

3

3

1

plasma




Plasma

Table 3-2. Generation of spins on a glass tube enclosed in a graded seal closed at both

<

j
)
]

Figure 3-2. Schematic representation of ESR probe used to investigate
ultraviolet emission on the formation of free radicals. Adapted from Yasuda (1976).

Glass or quartz
envelope

Gas orvacuum

ends, and subjected to N2 plasma. Adapted from Morosoff et all. (1976)

Glass

the effect of

Time of Time of
PE coating Plasma exposure subsequent
thickness Plasma power 1o plasma exposure to
(um) gas W) (h) air (hr)
46 26 N, 75 1 025
20
Wipe off polyethylene coating - - - 20
2 3s 1 017
Wipe off polyethylene coating ~ 033
&) 68 017 017
173 93 1 033
14 78 1 017
2 82 033 025
No PE - 033 017

ESR signal
intensity
(au)®
52
49
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Figure 3-3. Reaction scheme of DPPH and polymmer radical

ROOH =——> RO*- + -OH

Figure 3-4. Reaction scheme of peroxy group
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Figure 3-5. Relationship between plasma treatment time and contact angle of
HDPE films.




Table 3-3. Contact angles of porous substrates.

No. of sheet I

N}

4 5
Inside wicking 111 118 119 119
Qutside L2 113 115 119 111
Non-treated 119
2 T = T
O HDPE3
® Non-treated (HDPE3)
\ HDPE4
H
S
S
=
0 20 40 60 80 100

Time [hr]

Figure 3.6 Relationship between reaction time and radical concentration in the
substrate.
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Figure 3-7. Relationship between reaction time and peroxide concent

substrate.
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Figure 3-8. Relationship between reaction time and peroxide concentration

formed in HDPE3 substrate.
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Figure 3-9. Relationship between substrate thickness and peroxide
concentration in the substrate.
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Figure 3-10. Relationship between substrate thickness and grafting ratio.
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Figure 3-11. Relationship between methanol concentration in monomer solvent
and amount of grafting.
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pervaporation Conditions through the MA Grafted Membranes Using HDPE1 Substrate.

A

Benzene
Chloroform
Chloroform

Pervaporation Conditions through tl

Systems Feed Downstream

temp. pressure
B [°C] [torr]
Cyclohexane 25-58 0.3-0.9 0 5
n-Hexane 25 0.9-1.5 0 S
Carbon— 25 0.6-2.1 2
tetrachloride

he MA Grafted Membranes Using HDPE2

Systems Feed Downstream
temp. pressure
A B %€l [torr]
Benzene Cyclohexane 50 0.7
Separation of Chloroform/n-Hexane Mixtures by Pervaporation.
Membrane Chloroform Perm
conc. in rate
feed [wt%] [kg/m? hr]
Aptel et al., PTFE-g-NVP 72 S 2.65
1976
Ellinghorst ~ PVF-g-MA 72 45 1
etal, 1987 PVdF-g-VAC 72 45 25
PVF-g-VIMA 72 45 0.1
PAN-c-7 72 45 12
PAN-c-8 72 45 5,
This study ~ HDPE-g-MA 723 25 527

PTFE: poly(tetrafluoroethylene), PVF: poly(vinylfluoride),
PVAF: poly(vinylidenefluoride), PAN: poly(acrylonitrile),
NVP: n-vinylpyrrolidone, VAC: vinylacetate,

VIMA: n-vinylmethylacetamide




Figure 4-1. Pervaporation apparatus: (A) motor, (B) feed mixture (constant
temperature), (C) membrane, (D) stop cock, (E) vacuum gauge, (F) cold trap,
(G) leak to atmosphere, (H) vacuum pump.
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ng rat

. L . L
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Amount of grafting [mg/cm?)

Figure 4-2. Relationship between the amount of grafing and the swelling
ratio, E j(benzene/cyclohexane 50/50 wt%; temp. 50 °C).
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Figure 4-3. Relationship between the amount of grafting and the permeation rate, Q,
or separation factor, «, in pervaporation of benzene/cyclohexane mixture through
grafted membranes (feed temp. 50 °C, benzene concentration in feed 50 wt%).
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Figure 4-4. Relationship between the amount of grafting and the permeation rate, Q,
or separation factor, « , in pervaporation of chloroform/n-hexane mixture through
grafted membranes (feed temp. 25 °C, chloroform concentration in feed 72 wt%).
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Figure 4-5. Relationship between benzene weight fraction in feed and in permeate in
pervaporation of benzene/cyclohexane mixtures through the membrane (2.3 mg/cm
grafted, feed temperature: 50°C, downstream pressure: 0.4-0.9 torr, dotted line:
vapor-liquid equilibrium).
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Figure 4-6. Dependence of benzene weight fraction in feed on permeation rate, Q, and
separation factor, « , in pervaporation of benzene/cyclohexane mixtures through the
membrane (2.3 mg/cn? grafted, feed temperature: 50 °C, downstream pressure:

0.4-0.9 torr).
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Figure 4-7. Relationship between chloroform weight fraction in feed and in
permeate in pervaporation of chloroform/carbontetrachloride mixtures through the
membrane (2.3 mg/cm? grafted, feed temperature: 25 °C, downstream pressure:
0.6-2.1 torr, dotted line: vapor-liquid equilibrium).
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Figure 4-8. Dependence of chloroform weight fraction in feed on permeation rate,
Q, and separation factor, «, in pervaporation of chloroform/carbontetrachloride
mixtures through the membrane (2.3 mg/cnt grafted, feed temperature: 25 °C,
downstram pressure: 0.6-2.1 torr).
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Figure 4-9. Relationship between feed temperature and permeation rate, Q, or
ssﬁnrauon factor, «, pervaporation of benzene/cyclohexane mixtures through the
membrane (2.3 mg/cnt grafted, benzene concentration in feed: 50 wt%, downstream
pressure: 0.3-0.6 torr).
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Figure 5-1. Schematic effect of load on intercrystaline tie segment length and
elongation.

<= Water
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Figure 5-2. Apparatus of Organic-vapor Sorption Measurement

A; Solvent, B: Polymer Sample, C: Quartz Herix, D: Differential Meter, E:
Water Jacket, F: Constant Temperature Bath (Temp:Tl), G: Constant
Temperature Bath (Temp: Tp), H: Gas Reserboir, I: Stop Cock
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Figure 5-3. Relationship between solvent segment farction and
Flory parameter estimated from solvent activity.
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Figure 5-4. Relationship between solvent volume fraction and Flory
parameter estimated from solvent activity.
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Figure 5-5. Relationship between solvent activity and solvent volume
fraction of poly(MA) or MA grafted membrane / Benzene system (the

line is calculated from y

= poly(MA)
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Figure 5-6. Relationship between sol
ted membrane / Benzene

volume fraction of poly(MA) or MA gr:
system (The lines show calculated from the theory in the text).
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Figure 5-7. Relationship between solvent activity
fraction of MA grafted membrane / Chloroform
calculated from the theory in the text),

and solvent volume
ystem (the lines are
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Figure 5-8. Relationship between solvent activity and solvent
volume fraction of poly(MA) or MA grafted membrane / Chloroform
system (the lines are calculated from the theory in the text)
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Figure 5-9. Relationship between solvent volume fraction at a ;=1 and
elastcity coefficient, f, or amount of crosslinking , for poly(MA)/
Benzene system.
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Figure 5-10. Relationship between solvent volume fraction at ag =1 and
elastcity coefficient, f, or amount of cmmlmking.vg for poly(MA)/
Chloroform system.
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Figure 6-1. Henry constants of octane in styrene-butadiene
copolymer (Iwai et al., 1989).

Table 6-1. Solvent free-volume parameters (Zielinski and Duda, 1992).

- (1970).

Table 6-2. Polymer free-volume
Poly

oly(isoprene)
Neoprene
Poly(a.




Figure 6-2. Experimental data (Pickup, 1987) and theoretical predictions
for self-diffusion coefficients of toluene in poly(styrene) (Zielinski and
Duda, 1992).

Figure 6-3. Experimental data (Sun, 1974) and theoretical predictions for
mutual-diffusion coefficients of toluene in poly(styrene) (Zielinski and
Duda, 1992).
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Figure 6-4. Calculated by Unifac-FV theory and experimental
>olvent volume fraction as a function of benzene activity in
poly(MA). C1 is degree of freedom in theory
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Figure 6-5. Relationship between solvent volume fraction and Flory
interection parameter experimented or calculated by Unifac-FV
theory in poly(MA) solutions.
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Figure 6-6. Theoretical predictions for self-diffusion coefficients in
poly(MA) by Vrentas and Duda theory .
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Figure 6-7. Theoretical predictions for mutual-diffusion coefficients in
poly(MA) by Vrentas and Duda theory .
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Relative thickness of membrane during PV (-]

Figure 6-8. Relationship between relative thickness of membrane and
solvent volume fraction in grafted polymer during pervaporation.

Table 6-3. Prediction of pervaporation flux at 25°C

Vst Qcalc. Qexp,

8] [kg/m*hr]  [kg/m’hr]
Benzene 0.549 1.93 2.00
Toluene 0.513 1.06 1.09
Chloroform 0.747 48.8 483
Carbontetrachloride 0.512 0.83 0.19
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Table 7-1
Pervaporation Conditions through the 2.3 mg/cm’ Grafted Membrane Using HDPE1 Substrate.

Systems Feed A conc. Downstream
temp. in feed pressure
A B [°C) {wt%] [torr]
Benzene Cyclohexane 25 50.2 0.3
Chloroform n-Hexane 25 723 0.9
Methylacetate Cyclohexane 25 49.0 1.8
Chloroform Carbontetrachloride 25 49.0 12
Acetone Carbontetrachloride 25 49.0 19
Table 7-2

Sorption Results of the 3.1 mg/cm? Grafted Membrane Using HDPE1 Substrate at 25 °C.

No. Liquids A v, e SSRGS
[cal/cm®]> [-] [cal/em®]*?

1 pyridine 0.7 0.72 93 43 29
2 methylethylketone 1.0 0.66 78 44 25
3 1,2-dichloroethane 1.0 0.82 93 36 20
4 acetophenone 1.0 0.79 96 42 1.8
5 dichylketone 13 0.75 w37 28
6 cyclohexanone 13 0.68 8.7 31

7 dichloromethane 1.4 0.86 8.9 3L

8 acetone 1.7 0.63 7.6 50k

9 methylisoamylketone 1.9 0.57 78 28

10 methylacetate 2.0 0.61 7.6 35

11 methylisobutylketone 2.0 0.67 75 3.0 2.0
12 ethylformate 2. 0.77 76 41 4.1
13 tetrahydrofuran 23 0.58 82 28 3.9
14 1,1-dichloroethane 23 0.85 8.1 4.0 02
15 ethylacetate 24 0.74 273 26 ¢ 35
16 1,1,1-trichloroethane 2.3 0.79 83 24 1.0
17 1-propylacetate 2.8 0.73 6 2 PR g
18 diisobutylketone 28 0.26 78 18 20
19 1-butylacetate 2.9 0.73 77 (1 T |
20 1,1,2,2-tetrachloroethane 2.9 0.76 92 25 4.6
21 chloroform 2.9 0.71 8.7 15 28
22 furfural 2.9 0.85 9.1 T3 825
23 bromoform 3.0 0.85 105 2.0 3.0
24 isobutylacetate 3.0 0.62 14 1.8 31
25 1-amylacetate 3.1 0.52 AT Le 3y
26 diethylether 34 0.30 71 14 25
27 furan 35 0.75 87 09 26
28 1,4-dioxane 3.7 0.83 93 0.9 3.6

29 1,2-dibromoethane 38 0.82 94y 33 59




30 n,n—dimethylformamide
31 styrene

32 toluene

33 1-hexanol

34 acrylonitrile

35 1-octanol

36 ethylbenzene

37 dimethylsulfoxide
38 benzylalcohol

39 benzene

40 acetonitrile

41 carbontetrachloride
42 methylcyclohexane
43 1-pentanol

44 cyclohexane

45 2-butanol

46 n-heptane

47 n-hexane

48 2-methylbutane
49 1-butanol

50 2-propanol

1 ethanol

2 methanol

53 ethyleneglycol

4 formamide

5 water

a) Hansen; Beerbower, 1971.
b) Izumi; Miyake, 1971.
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Table 7-3 (a)
Total Solubility Parameter, §, [cal/cm’]’, of Poly(methylacrylate).

from swelling® from viscosity” from group® This study
measurements measurements contribution
10.15 10.1 9.70 10.1

a) Mangaraj et al., 1963a.
b) Mangaraj et al., 1963b.
c) Small, 1953.

Table 7-3 (b)
Hansen Solubility Parameters [cal/cm’]*, of Poly(methylacrylate).

from” from” from group” This study
refractive index dipole moment contribution

8y 8.34 = 827 8.8

5, = 0.72 2.85 44

&, - = 4.19 2.4

a) Ahmad, 1982.
b) Koenhem; Smolders, 1975.

Table 7-4
Pervaporation Results through 2.3 mg/cm® Grafted Membrane Using HDPE1 Substrate at 25
o

Systems A conc. A conc. Q o

In the sphere Out of the sphere in feed in perm.

A B [wt%] [wt%] [kg/m? hr] [-]
Benzene Cyclohexane 50.2 933, 0.02 14.8
Chloroform n-Hexane 72.3 96.5 527 10.6
Methylacetate Cyclohexane 49.0 94.3 4.93 172
Chloroform Carbontetra 49.0 732 14.9 2.8

—chloride
Acetone Carbontetra 49.0 74.6 8.02 31

—chloride
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Figure 7-1(a). Solubility parameter diagram of the membrane as plotted on a
two-dimensional grid; 84 - dp .
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Figure 7-1(b). Solubility parameter diagram of the membrane as plotted on a
two-dimensional grid; dy - O, -
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Figure 7-1(c). Solubility parameter diagram of the membrane as plotted
on a two-dimensional grid; 8p - 0'h .
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Figure 8-1. Prediction of Hansen solubility parameters of poly(MA/AAm)
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Figure 8-2

(monomer concentration: 5 wt%, grafting temperature: 30°C)
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Figure 8-3. Relationship between amount of grafting and extension ratio.
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Figure 8-4. Relationship between AAm ratio in monomer and poly(AAm)
ratio in grafted copolymer



Figure 8-5. Transimission electron microphotograph of the membrane cross section
(amount of grafting: 1.85 mg/ent , poly(AAm) ratio in grafted copolymer: 373

wt%)



Figure 8-6. FT-IR/ATR spectra of the membranes (poly(AAm) ratio in grafted
copolymer:(a): 15.4 wt%,

0.56-1.09 mg/cm”).
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Figure 8-7. Relationship between penetration depth and pol
grafted copolymer from ATR/FT-IR analysis (Amount of grafting:
”the dotted line shows peeak ratio of the membrane w hich poly(AAm) ratio is 37.3

wt% from TR).

4 copolymer

(8]

L5

Penetration depth [~ m]




poly(AAm)
|
: | |
PE +

Absorbance
\

L | L
1500 1400 1300

Wave number [em™]

Figure 8-8. FT-IR/TR and ATR spectra of AAm grafted membrane, (a):
TR, (b): ATR (amount of grafting: 1.09 mg/cm?).
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Figure 8-9. Relationship between monomer composition and grafted copolymer

composition of the whole and surface of the membrane (amount of grafting: 0.5-4.0

mg/cm®).
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Figure 8-11. Relationships between grafted copolymer com
permeation rates of single components by pervaporation (feed temperature:
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Figure 8-12. Pervaporation results of ethanol/cyclohexane mixture through the
membranes. :Relationship between polyAAm ratio in grafted copolymer and permeation
rate or separation factor. (Feed temperature: 25 °C, feed mixture: 50/50 wt%)
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Figure 8-13. Pervaporation results of methanol/IPA mixture through the membranes.
:Relationship between polyAAm ratio in grafted copolymer and permeation rate or
separation factor. (Feed temperature: 25°C, feed mixture: 50/50 wt%)
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Figure 8-14. Pervaporation results of methanol/acetone mixture through the
membranes. : Relationship between poly(AAm) ratio in grafted copolymer and
permeation rate or separation factor. (Feed temp: 25°C, feed mixture: 50/50 wt%)
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