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DSynthesis of shell—crosslinked Diblock copolymer
micelles via RAFT polymerization and

DTPA adsorption/desorption evaluation of zeolite
Seo Seong Deok

Department of Image System Science & Engineering, The

Graduate School, Pukyong National University

Abstract

We are/ able ' to overcome the limited stability through
crosslinking “of the micelle shell (shell) of the area of shared
atoms. Amphiphilic block copolymer, that has the hydrophobic
properties poly (styrene) and hydrophilic properties poly(acrylic
acid) was synthesized by Reversible addition A{ragmentation
chain—transfer polymerization(RAFT) polymerization. Based on the
length of hydrophobic “PS 'segment, —star—like micelles of
PAAss—bH—PSyesand crew—cut aggregates of PAAs;,—bH—PSgs were
prepared by direct dissolution of the copolymers in toluene.
Subsequently, the cross—linking reaction at the shell of the
micelles was accomplished by i situ RAFT polymerization of
divinylbenzene (DVB). The formation of PAA—-A—PS copolymers
and the corresponding core shell—crosslinked micellar
PAA—-bp—PDVE—-b—PS nanoparticles were confirmed by FT-IR,
TEM, FE—SEM, and DLS techniques.
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Atk ol ATE Fa, 44 vE dole] PS ¥iES AIANT F UM FR &
J tho]l 55 ¥l PAA-macro initiatorg AFE3le] RAFTE S 534
FAAH T PAAsi—b—PSgs (Block 1) 3 PAAs5i—b—PSuss (Block 2). toluene
<, PAAS 918 A94 8oz FQE%1a, PAA-HL—PS &5 F5FA = PAA
E59 308 PS 559 IRYE o]FoXl Y] ZHH wloldls g/l
Block 19] mjo]ale z2 IRl 71 IR o] FAX crew—cut®d wfo]Alo]al
Hbd o] Block 2% #2 7oj9 71 Z2UR o] Fo|X stard wlolAlo|th, EF ¥
TEAY #7] ]I} vpo] A shell?) 7Fw W2 divinylbenzene (DVB)E o]&
stol RAFT T8-5 &3l §AAIZtH(Scheme 2.1).

P
B
S

{1

O

Shell-cross-
self~assemble Linking

NNV, ——t

hydreplilic

Scheme 2.1 Schematic illustration of the synthesis of

inter—block crosslinked PAA—H—PDVB-5)—PS nanoparticles.

2.2. A% Wy

2.2.1. A<k

3—Mercaptopropionic acid (>99%), carbon disulfide (&99%)2} benzyl
bromide (98%)+= Sigma—AldricholA FHiati . FAIgle] AH&3t3ict. DVB
(technical mixture of isomers ~80 wt%) & AFE el 7|4  alluminum
oxide7b A2 columnel FHAIA FAAZHT. monomerE ARE-st7] 9%t
Acrylic acid (>99%) 9} Styrene (>99%)2 Sigma—AldricholA FlstR 1 =
o el ek stell FAlste] ARE-sFi T

2, 2° —Azobisisobutyronitrile (AIBN, Sigma—Aldrich) & methanolo]A A47
AlA BAERAT. BE BE AloFE2 Sigma—Aldrich2 58 ujste] ARt

_11_



2.2.2. 3—(benzylthiocarbonothioylthio) propanoic acid® ¥4

RAFT agent, 3— (benzylthiocarbonothioylthio) propanoic acid®= F&o] 7)<
H g2 webq A5t [22].  3— (benzylthiocarbonothioylthio) propanoic
acids @771 S8l AHE = dF A< A= o Z2o] A3 skgltt.
3—mercapto propionic acid (1.00 g, 9.43 mmol)E acetone (20 ml) %] £wj
oA wREE I & KzP0,(2.00 ¢,9.43 mmoD ol £33 5 =S oF 1023
o wREAIZITH CS, (2.15 g,28.30 mmol) & WAl g5 FYAI7IH EFE2
| @& xdAEs wr] AZFsin, o] E£3EE oAl 10933 WHHAIZITE benzyl
bromide (1.26 g, 7.35 mmol) & &s-&Eo F7} FUAZ &
o] dojukrl. evaporatorS o] €3l solventES A AA A 1L
¥ brine solution (100 ml) 413, CHyCl, (2x 100 ml) 2
producty E3¥ ‘brine solution (3 x 100-mbD ol A & A]

71 % magnesium
sulfate® E3 AFxAth 21 %o evaporatorE o]g&d WS AAA7|H

vellow crystalline 33 (> 99 %)& d=t}. 'H— NMR(CDCls, ppm, TMS):
7.31 (5H, m, Ph), 4.59 (2H, s, CH,—Ph), 3.59-3.62 (2H, t, S—CH;—CH,),
2.81-2.84 (2H,t, S—CH»s—CHos)

2.2.3. poly (acrylic acid) "(PAA) trithiocarbonate macro—RAFT agentq 34

0.272g (107% mmol) ¢ RAFT agent, 4.32g (60 x 10* mmol) ¢ Acrylic
acid, 16.42 mg(10” *mmol) & AIBN¥ 1.4—Dioxane 7g< %37} 50 ml ¢l &
< Egpaae] A wntz)eh 9 etk A7) 7] Al |MA N, gasE 10E
1 FHANAA EFEE Fol FHokAdw AtaE AA AT RAFTSES A4
stellAl 80°C, 12417t wHIAIZITE HEE o= AAE2 A2o4 23 o
1.4-Dioxanes = TYANA == HA W= =

£ &3 Hexanes ARGl HA|7]L

(@))
(@]
(@]
<
o
o
[
e
8
(@]
<
(@)
=)
=2
o
\]
i~
>
L
offl
r o
Y
BN

AATE olgA dofrl wakd ApEe] FE 90%3 'H— NMRE §3l ¥4
&S FQlsktt. PAA—macro RAFT agent®] weight—average molecular

weight (Mw) 4150g/mole]t}.
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o

2.2.4. PAA-D-PS Bl EF IFFTEA A

PAA=D=PSe Al FAdHl wet F3E skeloh. [23]5 PAA-macro
RAFT agent (0.5g, 0.1mol), Styrene(10g, 96mmol), AIBN(0.2g, 1.22mmol)
5g9 1.4-Dioxanes AP wHb7| ¢} o] T+ ZetATo Y= 5oz Hh
A Azl 30%E N, gasE THAIA U EeAdE 2N 7] Yol =
A A1 7130 A A SFel A 80T Aol 244%HE
oA A% th 1.4-Dioxanes X&
A B A3ES Hexaneol dropAl7]al Hd&E

I
=5 60C vacuum ovenolA 24A7HE<t 1

=

olo

M

rlo

d

=
T} PAA—macro RAFT agent9
4000g/mote] o},

FAE H-NMRE 53 2A%E A3

F\IF
[SpY o

weight—average molectlar weight (Mw

A719F T A FAANA Styrened %RF #HMo}A PAA-macro RAFT
agent (0.5g, 0/1mol), Styrene(2g, 19mmol), AIBN(0.2g, 1.22mmol) ¥} 5g2]
1.4—Dioxane= AHA R &} Zo] T F#kAade] @& th5 ¥hg A A= 30

N, gasE SHAIA FAUALH. EHAdeE 25 7] F8del slEE AHAI7| L
Aa stellA 80CEZ 24X et WREAIZIS AaEL oA A8 o
1.4-Dioxanes o THAA o &/ w5°] Fu HA-¥ 2AIEL Hexane
of dropAl7]lal FAELS FHHYS AX I Tt 60T vacuum ovenol A 244]
HES AxAAT dold B2 FEFFAE TH- NMRS 3 EA4ES 21389
t}. PAA—macro RAFT agent® weight—average molecular weight (Mw)+&
15500g/mole] T},

2.2.5. & 7} (shell cross—linked) ¥ TEX} wjo]A
PAA—H—PS(0.05g), AIBN(25mg, 0.15mmol), DVB(1g, 7.7mmol) ¥ toluene (10g)

S s ZEkAade] ¥ vbS A AlRel 3083 N, gasE FHAIA Frh EEA
= A4 3ol 80T oil bathell BHA 4A17HE<E Whe-S A7t} wES-o] &yt

A

= ice waterd] ©AA FE3] A= AHE Y FEFEL hexaneol

|
AP A e AIY s et g A3ES vacuum ovenoll A 244 7HE<E

T
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AZA7] & white powder®s 9% 4 AT

2.2.6. B4 A B 4 By

ol

et gl A 9@ EF FedAe Fxek ¥ BAFOM) S 'H NMR
= &%t #dsqltt. JEOLjte JNM-ECP 4005 AR&sh3low
RAFT agent®} PAA 12|31 PAA-H—PS+= 27 CDCls, DO, DMF7} &wj=2 A}
25 3tt. Fourier Transform  Infrared (FT-IR)Z42  JASCOji2
FT/IR-4100& A}€391©m  Spectra range™  4000~400 cm 'o]1l,
transmittance®= 10%¥ scanesdste] 43I th JFE|E Alo] =9} Alo]= FEXTE
geolstr] $1s8ke] Field Emission Seanning - Electron Microscopy (FE—SEM,
JEOL JSM—-6700F) ¢} Transmission Electron Microscopy (TEM)- JEOLjil
9] JEM—-2010= AR&ste] 80keVelr =43t TEM #za S8l A€ A
£ toluene®l A Uiz YRS RFARAIA. 30:E%E ultrasonic bathel] EARAIZ]
oFtel S /9 AT FFHES 2 AR Eok WA Y. vgor @A
Hol e & T Sl 3 e "oy A2 Fe ==
] AlA A2 E THESIY. PAASPSSN TEM E4=.93, &
=3

|= 80TC9 tolueneol A EMAFH L, 1AIZF FAAI AT 2o &
] hyA

AHEH
=1 —=1

2 o, :10{'

[‘2&

s 7

R
r

;

2%, 34" o]l £324 (1g/L)= TEM gridsl ol =¥ A2t

5 ¥ A vhol A A7)= Dynamic¢ Laser light Scattering (DLS) & 574
3t o™, system controller?t ELS controller 12|31 632.8nmel4 He—Ne
laser’}  #EE+E  7lsS  ZbE relectrophoretic  light  scattering 7171
(ELS—-8000, otsuka Electronics Coporation) @ A &3t =202 HAFH
o] A 9] Abghd2 90° Z LAl 4] autocorrelatore] AAHATH BE S

2 25CoAM 3%, sample solution (1g/L)<2  tolueneolr 30&7F

ultrasonic vibratione A%l #4td Yy 3EFS FH|SFA T
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23. 2% 4 13

2.3.1. PAA-p-PS9] &4
w0l TEE PAA SLdFEAY] @S A8l 7P ARbARl YEoldn. ZEn
o] W acrylic acidell A4 c® F3d + i Ho¥ = SFA7E st
[24]. H MEFIRAFT =32 A 2)3tal controlled radical polymerization<
H37|5 AHEskA o A RemE S e Aol EAnA kst
o] 3t o|fZE, chain transfer agent@# 3— (benzylthiocarbonothioylthio)
propanoic acidE ©]&€3% RAFT T2 43402 PAA @Y FTIAE A5+
gel ol&d 4 ot &5 FadA = fl@ll, PAAE Styrened o=
g ], macro molecular chain transfer® ©|€ % ¢t} -macroinitiatorel] styrene
ALl FA HlEe gl st T ERe 55 HE g FdAZH
Figure 2.1.& RAFTZ%S o]&3 PAASl 'H NMR AFEHS eyt
PAAS] methylenes4 peak?t 8 =1.66 ~ 2.09 ppmolA] vERi, PAAS]
methane G4 peaks 2.44 ppmeolA ettt [25]. RAFT agent® phenyl
ring®] 571 A& peak: & = 7.27 ~7.837 ppmelA. YERRI, PAA
macro—RAFT agent’} "= floS &elskSlrt. signal 6 = 7.27 ~7.37 ppm
7 2.44 ppme A W5 7|WFo R, PAA FARFE thg Ao wE AES Ao
ZH AASF RAFT agento) ZAb 242} 729% 2740] 8 [46].

o ol

M, paa (NMR)=5X X 72+ 274
5(a+ b)
COOH S P (@]
[ e

- S S

| d g
a a
b e
d
D,O
|

a,b

Figure 2.1 'H NMR spectrum of poly (acrylic acid) trithiocarbonate
macro—RAFT agent in D3O.
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macro rafty acrylic acid’} 54709 repeating unit® % ©]F4|Z PAA chain®
2 oAty

7.0 6.0 5.0 4.0 30 2.0 1.0

Figure 2.2 'H NMR spectrum of (A) block 1 and (B) block 2 in DMF-d

Figure 2.2(A, B)el YEls%o] 'H NMRE %3}9] block 13} block 29 PS¢
A2 e BaEs gk 4 99t PSE 6.5—7.30004 peak’} UEFESS 3

=

OJO}Oﬂ‘:} block 29 PS peak? A4S &3] PSS &AF©] block 27} ¥ ©¥a&
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2.3.2. Toluene®| 4] shell—crosslink® v}o]Ae] IHAJH

R

Artd o7 wlo] A micrometer size®t nanometer sizes 7] {d Fsk
FEAQ o RN EE Fo s s AgwE fujoA self—assembly ¥
block copolymerE 9+=t}. 184 copolymer? insolubledt E&29] & HE uj
oll, crew—cutE> S EN AR &3 Be F EF5e A3 £ EuelAN TF

AL As Falr 5, §riE e

E= crew—cut "RlAS FAAIFIZ] - el %UH?-_"H toluenes /‘}%ai’i‘jﬂ
PAA—Hp—PSAES tolueneol A PS shell#} PAA core7} < viold ez %
AR, Fol F&I 7hast Hhgo] who]A

shell cross—link® wlo]Alo] 3=t *7_?7}3 E5 53 2 F
cross—link® <H8HE T BEHES Izl flEA, AL BF
(FT-IR) & AH§-3to] =74ttt

=< | (@D
D
S [ (c)
£
§=
n
|
=

(b)

(a)

' I ' I ' I ' I ' I ' I ' I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2.3 FT-IR spectra of uncrosslinked block copolymers (a) PAAs,—b—PSs2
(b) PAAs,—b—PSuss and crosslinked aggregates (c) PAAss—h—PDVB—-pH—PSg, (d)
PAAs5,—bh—PDVB—5H—PSyes
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FT-IR& &3 582 PAA-H-PSEE 3T LAE Figure 2.4(A)¢F 2.4(B)el
eI SiTh ~3025, ~1599, ~1491% ~1455 cm™' A PSel a5 13 5
23t} Block 2+ Block 19 H]&|A4 PS chain®] 7] W&l Block 1 & Block
2 Xt} band? ZE7F ¥ Soptr ~3434%F 1710 em !t oA 2 peaks PAA
FE9 peak® FF¥EY. DVB7F F7F £¢4%¥ PAA-H-PDVB-H-PS+=(Fig.
3.4(0), 3.4(D)) 1629cm™'olA AZF peaks Fil, ol BF FFFAdA =
AP peakolth. 1A double bond® stretching vibration® & o AFE o] %] 11
7FaA] DVBE] F)oll whE A e} o s o] xith

Figure 2.4 TEM images of aggregations self—assembled by 0.1wt % block
copolymers in ethanol and core—crosslinked nanoparticles prepared from
respective block copolymers (A) Block 1, (B) PAAss—h—PDVB—pH—PSqy,
(C) Block 2, (D) PAAss—b—PDVB—b—PSyss

297 block copolymer? dAE 9%t =AE Fig 2.4.7} Hojs= TEM &
S E3 Aot} toluenedlA] AR AAE= Jtw FE Aol wlolde] HEE
HolFEA} Fig 2.4.(A)+= Block 10 2HE W&o oA 2] morphologyE K

ozt #EH crew—cutd 7ol morphologys THAIEN A3}
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Fig 2.4.(A)°l &, dF29 structures-> 3+ 30nm A 52 73 HFA=Z
ootk v 2% Block 2+ core® A% block PAA7} corona—forming®
block PSEt} Atz o=z o] Z2, stard who] o] FF/do] & Zlojet skl
o A E Fig 2.4.(0) el Yelo] A7l % Block 1Rt =32 71 corona
chain Ato]elA] Whahi= A5 24 wjZdl, nlo]Adr|g] MZEIEe] A-l7t crew—cut
Frok Ik
N2 crew—cut®@ mro] A stard@ wlol Aol 3] AjHo® F2> FEe] 4
o|Z Qlal] AEZre] Wb AF g2 iAo B A&l ST
nfoldle] = Zhwnkg o Wgyl JERth Figure 3.5(B)& H Ako]=
7F 120nm A% Hof Hol= ©ojy] e 7tud PAA-L—PS vlo]do] RER
A g BHoFt, 32 star FHY BF-FF A7 7t ¥ necklace—type?]
Z2 A7} Figure 2.4 (D)ol YEFUSIEE. B 27]7F ¢k 300nm Abe]=2] v}
B2 B9F3, PAA-H—PS HAFAZL 7havkgel 28 e Zold.
Aolg v FHEE e AdA AkelelA tAZ shell—crosslinking 2. =
A E Flolth old mho) A YimtE| S5 7k A wlo|duTE I3, tnAE A
A mpo] A o] shell7bizt @ Aoz oAt

ara

4 Y ;
150KV X30,000 100nm WD 8.0mm

Figure 2.5 FE—SEM images of shell—crosslinked aggregates prepared from (A)
PAA54—b—P582 and (B) PAA54—b—PS458

Figure 2.5014 H.oJFE= SEMolu|X]+= TEM o]un|#|e] UEeld 2FEHo] =

zb= 2 ezt et 2 A tr Figure 2.5(A)+ shell—crosslink
H crew—cut & mlolAEA HF A7) ¢k 130nm 7|9 5 FHA Y RoFS
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2 FAskal Sl Figure 2.5(B)+= shell—crosslink¥® star & wlo] ] SEM
ojulrlolal FA At FHEFEC] AE BTAHA AU Ft A7]7F oF 350nme]
A Al mpold FER et T A EYe SdEHEES oty
b Y 9 E2 TEM o|v ARt} SEM o]ux|oA B} IA vebsksd o #

] TEM micro graph®+ A3 #2E X s Aoz st

10 - (A)

15 4

(B)

10

15 4
10 4 (@)

Signal intensity

10 - (D)

0 50 100 150 200 250 300 350 400
Diameter (nm)

Figure 2.6 The distributions of the hydrodynamic diameters of the micelles in
toluene before and after shell crosslinking (A) PAAss—b—PSg,, (B)
PAA54—b—PS468, (C) PAA54—b—PDVB—b—P532, and (D) PAA54—b—PDVB—b—PS453.
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7ta A3 9] H3A S hydronamic diameter= DLSE F3d FHAEHSITh
Figure 2.6 (A, B) oA HolF59], tolueneX PAAs,—b—PSge? PAA5,—bh—PSuss
9] H# hydrodynamic diameter+= Z+Z} 30nm<et 110nm=E  YERST 21719
PAA—-pH—PS—H—PDVB w}o] A =2 hydrodynamic diameterE H|wajEH 7lwd
ol &2 & HEFE Alol=E VAL, O AR vtud EE A
£ et} 7Fa® crew—cut F &A= (Figure 2.6(C)) ¢ diameter+= 120nm
o1, 7}uw ¥ star—liked wlolAEL2 ok 230nmeo|tH(Figure 2.6(D)). star—like
& mlolAd (Figure 2.6(D)= ¥4 B% 717 YA vo=d o= (Figure
2.5@B)) A 7tmg wpolAl SE]EEC A7|7F AdAGHR ¢ oy A2 BAE
® Zlo] DLSE Sl % FdatA &elo] At
7t Ao £S5 FFRA wiolde] AV|E 7t $&] mpo]Ale] =7] #4135 A
2 Aoz Hol 7hu Feto] A A ORE o] R

o

11 Ao s A7 FAAE AdFgt vkl o] non polar solvent?! toluene
S AFE3}e] hydrophobicdk poly(styrene)% corona® $*A]7]1L, hydrophilic
3t poly(acrylic acid) 2 core® SHAAA ZtuwreS st 7lwe wpo] Al
poly (styrene) H3#& t}=AH poly (acrylic acid) &= #2 ZHol9 F 7Hx 7
PAA5,—b—PSyes, ' PAAss—bh—PSgy B85 33 HAE =AUt acrylic acid?
T2 RAFT T89S AFE3te]l macro RAFTE RE=3, 1 $Fof macro
RAFTE PAA-H—PS STRAE M7V Sk Ake A2A= ARSI 3l &
7] 29 ¥ PAAss—b—PSyss> 2EFE wpo]Ado]a1, PAAss—bH—PSgo= toluene®l A
crew—cut FEje|th vgo®, 55 Atol9] b REE2 7hwA]l DVBE ARE-sh
shell—crosslinking AT 7w A stard vlo] Al PAAs,—b—PSued A7 <F
100nmE 7HHal crew—cut & who] A PAAs—bh—PSg= Hit 7] ¢F 30nm
tol S gl = Ql]lvh g mlo]dE Abole] FhAO] crew—cutd A 7F
stard wholAdF9] ARG ¥ Ui Ho Sl A @1 AT ol star®
nfo] Aol wls] Ao or e Holf IEUE 7hxl mpo]do] Mz kel bt
&5 2§l OL*}OII apol Al Z7ke] kAol B Folxl Zow oiHt. vhw
crew—cut @ vlo]dE JAFHAo] FEE & A s vl 7w stard v}
o ZA FAE YreaEEEe] TAAA Z A HHol FHE =4S @
atoivk. et £3] whojAlolg} §He- amphiphilics A& 7kl nEA7F A

li}

ot
()

o
L,

]

L]
2
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ZHAIAA TEMolY SEM olnA| &2 HopS wl T3] BFg vepdth 7t
REg-ol ATk A who] Al Shitslibe] 7] AQl A

QeAg AWZAsIIh AW St E stard wpo d
B7F FEAE e Y-S 7HAI AT o] toluened PSSO &3E7F £7
Foto] vebd Al o)A benzene, THF

E_
[}
A=} 2o SO Aol AF Tk T WAL FAsAT

=
rl
2
>
o
(b
_’VLI
©
rr
k)
I
X
o
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0. Al&go)lE IPA &2 F71 9 Ay A+

olo] A 23 <eF & (iso—propyl alcohol, IPA)/CO, &% GAS oA A4
o7 TPAYF AASZA KOCATIiES] Zebent—M1 ZeoliteE
O

A w aq Sy ATAAh £ YAE Aol

L oy
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_E
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A B ABelA AlZ=olE FFe [oF 8% IPA HOl FHF ]g}ca Ao
FAEU A EE AMgstol FHARS AT F FAAS A A%
2AAP s s PASL AFTE o Ao, med da 7hAg o] 8%
SRAPN 25 G GF Aghe] wE Weks fgEStu AFHAYs AAw
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1.1 A&

1.1.1 A=l E] A9

A 2e}o] E (zeolite) 2H= ©] 52 #E+=(Zein) = (litos)olghE 18] 2~0foA e =
ATt o] =2 1756 AW FE3tA}F Cronstedt7b ofelEWHE2L] ket
ZAbsaL Q= W AR 5 (void) ol 7HERFOR obgue Es 3 vk
FE Ads sk 3 (1] 7HEE sluyY 357171 B8k Eeko] mhA &
T AAY Hol AR olgo®R ‘#- B S, v hMeolEe gnE Ze
‘Al 2ol E (zeolite)”  #Fal WA 1 w9t B2 sixEe] A AyE &
A 46F2] AAAEetolEt 20001F ] FAA el EVE dEA Qv olg2 4
doTx, 38 24 W =2-38t4] 54 "M ME gEXARE FH 2] wet
(a) 247=x el AFzol 22EH dojA= A HAF)E st e
H, (b) o] AAFe ZFdoly st o8 AA S sskx| 2 s, th7)

]
=
Fol WA A EHFE T FRAES dEI (o) gole maYe Ben
(e}

T = 57 =
= A 5 T&HU 5AH0]

dAAZee Ex B 2304 et Al2etolEL S0k o] =21 Ao gle
olEAE tEr. d AAHe = AP i ©
Aol oM Feo] FRe DA St o] o
gto] E 9] ko] wiek 60 % oSl A EE &elA 2

AAA Lol Ex BA Fogd 7Y B0 AmTF Seh 2AA
of AL ol B U] HEL IER R A 2o 3
A 371 sy BAstel SR OR HEH| Ut AYRE JAT, £,

o2,
ox,
i,
2

AT A dAA S| ET) tEF B QUtk[3—-4] 1940d e oM =
9] R. M. Barrerr 59 Union Carbide AF2] A5 A A|STfo]EE o
@@ﬂﬂﬂ Fzk 4 J o

g 2F Ay gEy Arde Jdps Ay
4

O

Hu

Y

2

o

L p
ot ok HE

weol BAH o ALatolEe] F40] 1948\ Miltonol sl HZ:R o] F0]4 7
dolch. QBN T2 2n FUF SE7 b ALl Es FAHEA A
gefolEo] et AL Wl FuE|gh AlLetolEe) AYTFEA WHAL AT
A7)0 Agow Q| BAAI 6] et Aoy FAAThs @] A AwA,
FHA S SulEokel ] B AT o] Fej A3 gtk o] H]a|A HAAA Lol

= 1950 d el ml=re) Al 371 E 714 S ATl tt e AlsTtolE HAL
Aglo] AAE77HA, A 200 F¢ FEALORA Y ZAE AR NHAE I
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A%

o

SATH5].

1.1.2 A&olES #x

AAA el Ex= 3438 A4 QoA Na, K, Ca, Mg, Sr = Bas Yoo =
A% ShG8le ALY (hydrous aluminosilicates) F&o|th, Al 2ol EQ] <
HHAQl =2 -2+ Fig. 12 Yekd 5 Qo AlepolE =42 A8 (Sha &
Fulg (AD o] 72t 4719 74t (crosslinked oxygen) & 53] 4% Q= 3
A2 Q1 F-7] 3 A} (inorganic  polymer) o]w, oju] &=ujg (ADo] 4712 AkA
O) 2 A%<= A Bel et SdstE Zed oldst SdskE AHlstr] flske
TheFsh oFolo] & (M+) o] EAjsttt, 2& T2y 2te A9dd A F=2=52 W5
AYE Fx2E olF= H BlEiA, AlZEelEx & el 2.3 A ~ 75 A A7]9
£ ¥ % (open channel)o] dAE Axz2 JASE A= % (B]F: 2.0 ~ 2.3)=
o] FT}H6].

,-ll"""'rn:-\ + !I_r'-i\‘
el g, M | gl |~
e Ak O—'aAl O

Figure 3.1. The general frame structure of zeolite

Azl BEx A &7 AYACIE'RA 3542 vt o] A

9yl AR y/xiE 13 274 o 36, ne Fole M dxrtelm, L=
9 E (unit cel) F9) B EA50]Th[20—6]. o] 84844
golEg] 72 2HE AsHSH e SHRuLF(AD

o
715 54 WEel] ol Lol glofok s, AFNE Bol Y-S molFh,

@2ogo I
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o
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2
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Fig. 3.2 [7]1& A&eolEQ] 7T %7 Fig. 2—(a)= ASgolES FAAx4l
A2 (S gFrjE (ADo] 4k (0) vl st wiflst 4% Fe = olelst delE
TO4 2t FEv Fig. 3.2— ) ol & F xo] AL AAE ME FshaA
AFeta EAYE It Agehs o] i ol thekst 27 Jheet
t}. Fig. 3.2—(c)+ Fig. 3.2—=) 2 A% FHE deste] vekd 2doln, o]
g7 TO4 97t Bl +%2E5 23 Ag 1% (secondary building unit : SBU) &}
I FEG ASHOEs o TR/ EE o /79 SBUY 34 A A S FF

A Atk vb= A4 =HoltH(s].

e e
LK LI

A

(a) (b ()

Figure 3.2. Foundation structure of zeolite

A&etolES G273 BEAL F=x= Ul o8 7149 A7el FFeE d gty
(cage) F° ¥ (cavity) ol 2855 A2 dst o7 71X 9 AlF+7H

B (tunnel) 298] ¥ = (cavity tunnel) B} &8+ & F37to] EAst= Zo|t)

e FYAt FFIG T2 Pt A ALl
AHow Firo] 2 AL EASE FAFE Arh
Yo FR F AT BN ool AP (H00 7t gols

A oled o vk dAsE 85 I AeTolEs g Aol dHw
E 7.

A4 (molecular sieve) 2kl F-Etrh T8k A LgolES 54 F st

(hydrophilic)©]™ =4 (polarity) #A7to] oYz} =4 (Polarizability) A}

ki ox
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Figure 3.3. X & Y type's zeolite structure
1.1.3 ASTHo|EY FF

Agetol EQ FHE Ure ARl FAE =4 (framework) 8] |73 gtk A
AAgetelES FRE 19859 #7HE G, Gottardis} E. Gallig] el 4641% <
AAA G| ETE 7] FH o vt o] dH HAAZEolEL FfH+ s @At
Ao 2 A A ZEpol B EIAZA £ Sl FFE I0A EA dt =, ol F
T HAAA S| EF =S SJE" (clinoptilolite), L E|LolE
(mordenite),  ©F&AFd  (analcime),  XFH}A}O] E(chabazite), & @UolE
(heulandite), °llg]2to]E (erionate), ZLEFO|E  (laumontite), ZHAIOJE
(phillipsite), 2] 22to]E (ferrierite), 2Fo]2|7o1E (wairakite) 5 ek 109
T olUle HFFEW &R Qe Ao EFHeith I FAME =

(clinoptilolite) 7} A AAA oz 7PE oA A=H1 AeSAE HED &
Aaty] wiEel 7H¢ wol AdE 1 SIvk[16,19-2,3]. Al&efolE

3 AEo = Foi5e Z2ko] E (clinoptilolite), EHYo] E (mordenite), o}EAMY]
(analcime) & 3%°] UAA R o}l (analcime) > @A §%7F 7] wjiEol <o)

27lere] F2 olg idow AFHL Uk
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e
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2 (Adsorption) > A& 71AL 71 A 2k HA] 52 741”505 1A 2 A =3
= 39 54 AEs v 245 olfste] FYdte 2R FfA FHeoll A6k
524 (Adsorbate) ¥ 524 (Adsorbent) 32 H 7} %ﬂ , 8187 Azt o3|
2 BYsEE sk A BT F2 el diE ol oY 7HA7F A,
F2A 7 ZhFojop & M Fadt A2 v A A (Surface to Volume ratlo)JJr
=2 24 digk Kk, HmHA I HstHo] FIFF FRaH}E AXTH

232 &z &2 (Separated from the Adsorbent)™ S2HA] A A ¥4
ox JEsit FRAALS A 9 FAA FA=o] FARAY F ZHOE olF
A J52doe] F2AY diMly, TS A Al AR GakE 952 o]

= [e)

AAlE g el A e Al Aol AHAH. dRtdor F2 & W

&
TFA 255 YA dEHS B2AIHE F2Ede] FAAEZTH EEEHE Tt
A Fzel g ZZ(Physical  Adsorption) ¥ v]7FY FERel 3)ErE
(Chemical Adsorption) 0.2 FF531 zZ12+e] =342 Table 1.1.9] YeRUTH
E2 522 Aujsl= 32 vander Waals3dlolal 3shg S Alujsl= A2 o]
g EE FAEAYE T s o|nt (7S ol s J1E ARl =8 o] oiF
Loy, AFFAelE vl7HY A8l sherE- Ao BE Zlo] YRk o]r}[9,10,11]

Parameter Physorption Chemisorption
Adsorbent all solids some solids
Adsorbate all gases some specific gases
Temp. range low high
Heat of adsorption low high
Adsorption rate rapid slow
Converage monolayer or multilayer monolayer
Reversibility reversible irrversible
Other no electron transfer electron transfer

Table. 1.1. Characteristics of physorption and chemisorption
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Figure 3.4.The classification of adsorption isotherm.
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2.2.1. A% 9 AE

Al o] Alg3H A 2Elo] E (Zeolite) 2+ KOCATIiES] Zebent—M1 ZeoliteE A
SHAT AAE 1% 9(99.99%, ) S AFESSITE. iso—propanol (>99.8%,
Aldrich) & AF&SFaith. IPA 2% B7HE 98] 1ol Agow ARgd UARH
el A Aol 2.5cmelal ZHolzb oF 40cmelth. ¥ EAME HAo=® o
column Z°] 1200mm, W74 75mm, AA F37} 5.3L2 {2 AHE-H3lTh

2.2.2. Zeolite ¥ W3te] }E IPA F2F 37}

Zeolite®] W3l ool u}E IPAS S &% DatabaseHHE 95l A4S A
Atk AES U B ‘l‘[“ﬂ“’]'oﬂ Zeolite® 10g, 30g, 50g& W= ¥& o
IPAE Zeolite®] 10wt%, 20wt%E Wil EE°] & <]F, 164z o4 o

t}, 1 & airs 1L/min® & purge’c?}—‘f AejelA FIDE o] &3t Ut W
IPA TEF 30% @ ¥& WS 45t (Fig 3.5)

Air'Purge
Detector (FID)

.._I,h—%‘.a7]
| .
et

I ! 2!15cm

I . ! 6.5cm‘ i

‘lr Filter

Figure 3.5. IPA adsorption capacity of U—tube simulation.

2.2.3. & W3] w2 A F7E 2 A

oWl AL zeolite ol &7 ol AFHVL AW A F X TH H4 (5,
DT A Sl A d AHowA 1PA} F2E seolied 2%
2 AolE Fof A% wad s 4

200°C =% Wste] wet 23 e Eéﬂf'&ﬂr.



i "g!— Air filter
‘( Air heater (

Heating N 7
150°C, 200°C

< FID
«

<

<«

yyvy

Column size
2 L&A 29mm
2 0]: 200mm
Volume: 264cc

Figure 3.6: Experimental desorption process

A zEe FAAA [PA7F &2E Zebent—M1 zeolite=70g2 1 column<
150°ce} 200°C /&2 7FEet. column®] A 5o E=EdS w Hot air
gasE 1L/min frEFe® ZHFth. €07t FID S§740°] <tH= AR co, thalel
air gas@ tjAlstH, FIDE #AEE IPABEZF 10ppmolst7t & w7k« A8e 7
3y st}

2.2.4. 7% Wt o2 A4 B7F 23 49

A &% zeolite 70g= Ha (150°C, -200°0)% A &&=z 719 3,

FegFo® std A38S 2L/min7HAl 7S 53 W &3] o=
Qlsl7] 93t Aot} vent linelZ vjEHE HlE gasE FIDZE
=% IPAE=7} 10ppmo]st7t 2 w74 A& st

gt

2.2.5. B (G2 E Zeolite AFZ BF7HAZH

A (2 E zeoliteZ7b AE2F 8-S W] Ayl 271x ¢} dwute] HAE RO
A HHEA AFG-o] TheekA o sk o FRlS 9§ APS ettt

A AR AP G2 AlFto] HaHS At & 2 AIZF g2k Ay 71 A7 g
Zksk Aol g3 AF vlw Aol Ade] AFE-E zeolite®] 25g& ZH7; Shvb
45X 134170 &2kt 5 AlS& Al & FARALFS B des ddsi ¥
th 5 WA AL zeolite 70gS 150°colA 2L/ming FHo=E HIEH S TE
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2.2.6. Zeolite

o}7F7] A Aol A

7ol 200°C 2L/min flow®=

T BA}o

Al
=

&H

A5 A W%

1A
[e)

3o

air Al o] &

=
=

el AHE F<l N, gas

Fol z1aiat s},

S

70ge ¥

=
=

ol 4] ARE-%. zeolite
A7ty N, = E2ZRA|7]1H FIDAFE-©]

7t~ AA

B

o= 4 3483 8

200°C, N, % 2L/min

al

o] GC—MS&E |IP

S

=

Al B

A ABE zeolite 2]

tod

IPAS =

Al
A

;o,._

=
ojy

N
;OMH

HE=

Eikgil

Fo] zeolite ]

S

%

2.2.7. Zeolite ¥ w3} nju AH

I &% zeoliteE 250°CE

N,7F AEE flow H

o]
T

(o2 AR
)=

A A

Fich(Fig 3.7.).

OF =
H3s
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=
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(1) Tk 7HE 2} 712 = N. flow
Figure 3.7. simple heating of zeolite for long time and Changes in the

surface under Ny flow
23 A UL EE

2.3.1. Zeolite 2] W3l W& IPA F3F H7t 43

Zeolite ke Wstel] wE PA 35 B7ket7] 91t A3 A3 UA AP el
271 Zeoliteo] IPAS Y1 EE50] Fw £ &£ olyo] [PA7} 4 HE S gl
g 4 St IPA7F F5E wels B 3 7hAavE #AElTh Zeolite 10ge]
A IPAE 10% 9 A _FID #Hat A% 557k 1oppmumgg sol gl oFL
S84 IPASE 20%7HA FUAI#HAF 10000ppm o4k = AZ50] Zeolite
10golA &2 = Qe IPA A F&FFS 1024052 g}odg o},
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Zeoditel0g Zeodite 30g Zediteblg
P& :1g(10 | PA : 2g(20 Pa 2zl | PA :3g( | PA : Bl Fa:3g  [PA 14g | [PA 1 B
%) ) 6.7%) 10%) 20%%:) (B%%) (8%) (10%)
Z A a7 300000 Z 3] 40 750 A 0 a0 213
0:30 15 280000 0:30 37 512 0:30 55 46 160
1:00 9 210000 1:00 33 410 1:00 51 43 138
1:30 g 90000 1:30 31 347 1:30 49 41 126
2:00 T 60000 2:00 31 300 2:00 46 41 119
2:30 [ 40000 2:30 30 270 2:30 45 40 115
3:00 5 40000 3:00 30 249 3:00 44 39 110
3:30 5 28000 3:30 39 230 3:30 44 38 106
4:00 5 20000 4:00 39 217 4:00 43 38 101
4:30 5 17000 4:30 39 200 4:30 42 38 38
5:00 5 13000 5:00 38 1587 S£3EE ] 41 38 95
5:30 5 10000 5:30 38 177 5:30 41 37 93
G:00 4 10000 5:00 38 170 G:00 40 37 a0
6:30 4 8500 6:30 38 164 6:30 39 36 86
7:00 4 7:00 38 152 7:00 39 36 a5
7:30 4 7:30 7 148 7:30 39 36 83
5:00 4 8:00 37 141 8:00 38 35 g1
8:30 3 . 8:30 37 138 8:30 38 35 T8
3:00 3 9:00 37 133 3:00 37 34 77
9:30 3 9:30 36 127 9:30 37 34 76
10:00 3 10:00 36 120 10:00 T 33 73

Table 1.2. zeolite 10g, 30g, 50g of IPA adsorption concentration by FID
measurement results (ppm)

Zeolite 30golAE TPA 10%°14100ppmel¥S U =2 HEH O] ojnth ¥
& 6.7%°l Pt IPA 2g5 FUAAS Wl <k 35ppmAI &

M Zeolite 30g9 HU SHHFS 6.7%HAFZ At} Zeolite 50g IPA
10%°14 Bt A= %7 100ppmel oz 3 E&5% 1 T
FAZ oA Hrp e oFl IPA 6%t 8% = 27 AFde sy Ht A=
57 27y 42.2ppm3¥ 37.8ppmCO] At Zeolite 50g2] Hu &= o2

oy}, A2 07 Zeolite 99 ®W3le] wE IPA F& H7b A3 o)A
Zeolite 10golAl IPA Hul Ez=S 10%, 30go)A IPA Hu F&=E 6.7%,

50go 4] IPA Ao} Fzreke 8% 2 vEFyT) (Table 1.2)

2.3.2. £E Wil e A4 Bt 2 A9 27

150°ce] gz2td oA zeolite 70gC 2 10ppm v 97| €-2bst=d dg&= A
He F 6A13F 3070 2 AT AT Yol (Figure 3.8.) ¢ 182X E a3



B Hot gas 9 AlZHH IPAHE 57} 100ppmo] 2 W7HA4= &
ol 438 oA 7t Hot gas FJAIZEO] 4A]3to] H= AR+
FebsksiAl G EM Fert & oA A k= Ao R Hol oxo] Mo
Feth FIDA vebus 218k 22 olv] IPA= Ut Holglar 719 &
o o A

_W‘_
T
PN
(Kl

[d

o i
o

N
2

o,
by

i
32

200°C o] gzdxE By IPA HE F%7F 10ppm vwR7kA] "oz =d A=
AR 150009 B3 ghmAzkel oF F owiel F 13%ke] AeE gtk skARE 200
"09) ©A T S EE vpEhd vhe) o] wolet ol dE L ok 100ppmE

3k glol A=

A
o
i WA A7A] Q= AI7HS

o2 F43] WolAd s=7} &

o} 2a|zko] At

rlu
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N

100000
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s} 2 4 & 8 1O 12 14

A ZH{ hr)

Figure 3.8. zeolite 70g(150°C, 200°C) Desorption formation inflection point Graphs

zeolite 70g9 HiZ7}AE FIDE A3 Ay, Ha3d 559 100ppm7bA Hof
1= £5+ 2000 7F oF 2A17F A% whEX9k, 10ppm7Z7HA] = 150°Cc7F °F 6413
q

30T w=A vepyio)

N
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2.3.3. % Wzt W& A HrF 23 49 2%

100000
—200=
—150%

10000

1000

&S Z(ppm)

100

o P lsocc Ay

1200 °C H{E X
4] 1 2 3 4 5 6 i 8 9 10 10 12 13 14

Al ZH(hr)

Figure 3.9. zeolite 70g(150°C, 200°C) Desorption formation inflection point Graphs

zeolite 70g& ¥1.150°C & 7F4 %, 1L/min®] FZFC2 2 8 A3 2L/min7t
A FRE E3e W EAHARCLIPARE =7k 6.5ppm/HA] Holx=d dEl=
AlZE2 & 122kl Mg Sair gas T AE S oF 2413 30+l @Al
vk AR 200009 23 Ay 13413 o) dE EHAIAL 10ppm vWe =
2 Fgo® W=Ant Ayivhd
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2.3.4. AR (2 H Zeolite AEF F7H(XzH AT

Adsorption amount (g) | Surface coverage(%)
Zeolite 259,‘ 4.5hr 15 6
Desoprtion
Zeolite 25g,. 13hr 15 6
Desoprtion

Table 1.3 Zeolite 4.5 hours, 13 hours, desorption performance comparison

HA A oA zeolite 70g= 150°Co A 2L/ming %02 HAHS AU F
2] = S st g5 o2 1% 22E zeolite®

Al AFFHAAA AP ES e Ad= 28] RiEste] A 5= i—.‘“%??l A
3, F2E zeolite 70gs 4A1ZE 408 9 12 & A7l 3 FAE SAHSYG S
W 63go® glHgitt. 22E 63gF 55g= 1A AFF AZlE W IPA 5S¢
ZAakqlct. ol 12 AF2E 33 Wl zeolite 552%¢].9:1%7F FHE Ao
e As AXA & new-zeolited] F&AES10%E 73S o 14 AFE
gk zeolitew 91%° AAES 1 v As AT 5 AAdd 14 F2EHS
H zeolite 60gS 4A17F 4085t 22 &A1 & 5
Zo]E Hhgo 2 FelFir}. aela 23 g3ty 55¢g
4g& FFSFT. 22 S3FH] zeoliteF Al 55g%%e] 7 g
zeolite®] SHHYTE 9192 R3S wl, oF 79%2 AYES HAF. AA
H Zeolite A2 BrtelAe= &2 Azt e FHES W3S
A Eds -

gag A5 7 A7 B AT 2o)7)

mlo

K

;

2)
2 o]g3te] 150°C ZUOE AATHOR g3 5 12 Fa
90%°14 ABES HAF 22 ASFHS

o

AR F2Fe] 1.9% &



2.3.5. Zeolite &/22 53] W& Hrt A7

Weight change of | Weight change of | IPA Adsoption
. . Refresh rate (%)
desorption adsorption amount (g)
Ist time 70g 2> 62g 62g > 69.3g 7.59(12.1%) 78.90%
2nd time 69.3g > 60.6g 60.6g > 69.2g 8.59(14%) 89.50%
3th time 69.2g > 60.6g 60.6g > 69.2g 9g(14.8%) 94.70%
4th time 69.2g > 60.5g 60.5g > 69.3g 99(14.8%) 94.70%
5th time 69.3g > 60.5¢g 60.5g > 68.7g 99(14.8%) 94.70%

Table 1.4 5 cycles of adsorption / desorption refresh rate

A2 et Jrx] 439 HrbeM A

o
=
UE Fagel Al giatd des wal

rr ut o o

5 A9 4
IPASFE 2793192 W =% Sppmolste] Fol'SHxIieh, zebentdl FHFS 3
# 14.1%17 = Aol % e AL B FYrh(Table 1.4).

Zeolite
Frosh it Zeolite(N2 flow) Zeolite(Ny flow) e
resn zeolite
(200°C/4day) (250°C/4day) (Se7h)
(2007 /4day)
605.8 m*/g 611.7 m?*/g 602.8 m?/g 224.6 m?/g

Table 1.5 BET analysis results of the comparison

T A AY Ay, N, flows sk AdH A zeolite2=E 200°0t 250°CE 4
T A& Fresh zeolite®] BET# ¥ #AMGS & = SASlth AaE &
o3
=)

2 A3 oA F2Fo| /b E4W fresh zeolite?} 605.8m*/g= 1)

_46_




A% 7P =A Uk N, flow 3k gkol #A Ut N,E flowAl 7

B

zeolite B3t o] ¢} v]zstglom, N, flow sk A ¥ zeolite’} BET# 224.62
2 7F% A gt (Table 1.5)

F7F Al A3 o7 columns °©]&3t FAIZF 2Ll e zeolite ¥ W3}
A2S ARt 5 Aol AHgE T ZEkAIAE N, flowZl zeoliteol thdt A

Aoz Azt ol 919 (Fig 3.12.)5 R+ vle} #Zo] ¥7]F column

Z4o] e
% ol gatel zeolite A il AA N9 ol A WA stol AAY 3
itk

]

A3 5;% HE ABE! column

= uEol AlgdH S2 A’
{N.7} zeolite MEHE E1D

i g

Figure 3.12. before change the flask, and the device used
in the experiment after column

249 zeoliteE column®l~150g ¥ il B2 HEes FAS b5 M5 7

96A|Zt (42) 168A]Z (72)
' ® X, e

Figure 3.13. 250°C Compare the color of adsorbed zeolite 4 days, 7 days
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497 79 Bt 7FAAT zeolitew E o S§ACE Rl F Aol AT AF
G0 2 ol EM ATL gbx] ool -5 Apxlo] & 1 v Yoy, 4SSt
A ¥ zeoliteW] 1 P A] Ao 7 W3k 2@ W Ad7Pol 5 Aol MRkl A
2ol 7k A TH(Fig 3.13). 250°C 443 7FAAIZ A2 13.8%, 743 7FA A
12 14.9% % 250°ColA = ZAIZE 7Hdstol e & 5ole A Hsrt gl

P r]o

250°C (4Y) 250°C (7¢¥)

o 2 AR 52 A
FA(9) FA(9) FA(9) FA(9)
60.91 69.32 66.89 76.88
28 13.8% T2 14.9%

Table 1.6. Adsorption rate evaluation of 4-days, 7 days.a zeolite at 250°C

449 7F 7FE % zeolite o2 testoA IPA 8.5g— 9.0golA ¢ % 100ppm =3
stk 7Lz 7}?%% zeolite' £ Ztesto]l A TPA 10g — 10.5g°4 9 F
100ppm Z¥}&Rar, 443 79 A28t zeolite® SQFC Z = AMAzo] 7 A2 ¢l
Atk FHE Jﬂ7}°ﬂ’\1“ 250°C 447 7hEAIR A2 13.8%, 747 7HEAIZ A
= 14.9%% 2500collA s ZARE 7FEst e F250= & HMEt flas &st
% TH(Table 1.6).

FAIZE L0 wE zeolite %W Hla Ao E 200°c9 250°CcE 7TE
= zeolited] F2ELS BT & AYS-F3l vxWd FX& &l TX7t
E=T5 EC] Fi FAV FETE SFAELE oo, Seto g AN
AAl zeoliter= F2HEC] A4 oS AT F AUtk F WA Ao A
M7 & FAIZE e ste] mE zeolite ¥ W3t AdoA = 250°0 443 7HE
A7) AL 13.8%, 7A7F AN 7] AL 14.9%7 250°Co A= A7 7hdsto] v
FaE= & HIF oS gtk

2.4. A&

[sopropanol(IPA) & Aelx oz SaAAsH] ¢a] KOCATIiES Zebent—M1
Zeolitesr F2AIZ AREstlon F2 9 G2AAYS 3l ASgolES 48 W
He glsta ey 22 48 45 7 A
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1) Zeolite F9 W3gle] wE IPA F&% H7F AdA columnFel AUd
Zeolite =2 °F 8% F = 7kA|7F IPA Hd Saako|ddd Aoz gl wiv}

2) IPA7} 29 Zebent—M1 ZeoliteE &2A17]7] Yslo] 2% W3lo] w2 A
A g7 gz A8 Ay, A3 559 100ppm7bA] "olA = S5
150°¢e B8] oF 2A17F A= wEA e

22k 53] JbE HrE Ay 12 @2 & GC-MS®E [PAYS 574
1 58. 83DDm3i gzro] A3 A SS 4 F Ao A gF
A 2] 3t L}DM MA g 71| A zH*@%O] 93.4%01H, &/E23F7F Eojvn
ZFe
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