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Figure 1. Surface pore formation mechanism through vapor induced

phase separation method[51].
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Figure 2. Illustration of the particle capture mechanism. (a) The main
filter mechanism of particles by a fiber material. (b) Filtration

efficiency for individual single—fiber mechanisms and total
efficiency [15].
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Figure 3. (a) Penetration of NaCl particles and (b) pressure drop of
filter web with and without charges[52].
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10 mg challenged load

pr Moy Yl T
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i

Figure 4. Particle loading after 10 mg NaCl challenged mass. (a)
nanofibers before loading and (b) after 10 mg loading. (c) microfibers
before loading and (d) after 10 mg loading[55].
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g 7] gl ot 546 wEl kA AEA|, A A, vEE £7], AlA,

Zr) 59 oo fx AME - dATEH, YoEE MOFse 7
wokol A B 1 F8 57 VdEE E4oltH[13, 53, 62].

Zeolite imidazole frameworks(ZIFs)+ 4l 712 914 x5 Zk+=
@delel TEE Aol ES fARE Fx2E R thaAd stolHEEl=
AgolH, Zn®" Ei Co’ g} & 5 ]%%O] o] vt} (imidazole)
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P el d7-¥ ZIFs Asolvk[65]. ZIF-82 o2l 34 A=E 53
T2 Az £ drh. LA (solvothermal synthesis), F+
(sonication), A ZAZ(dry—gel) T°] 7 o] 2ol= 34
ole, &&= |ulEZ& YuE X Folr| = (dimethylformamide,
DMF), " &2 (methanol), °&-% (ethanol), &< (distilled water) 7}
o3z 2] o] t}H[66, 67].

=

. M

]
el

Table 1. Adsorption properties of various porous materials [67].

BET surface  Total pore N3 adsorption

Adsorbent area volume amount

(m*/g) (cm%/g) (mmol/g)
Activated carbon 633 0.23 0.25
Silica gel 584 0.21 0.04
5A zeolite 652 0.2 0.26
Cuz(BTCO) 2 1409 0.7 0.81
Mg—MOF—-74 1631 0.62 1.05
Ui0—66 (Zr) 1333 0.56 0.31
ZIF=8(Zn) 1812 1.38 0.51

Note. N2 adsorption amount was measured at 1 bar, 298 K.
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A

Zn(NO;),-6H,0 == U

Zimc nitrate

2-methylimidazole
hexahydrate

—  In—" SN2 ON-Zn -

—/ =/

@ 7n
e C
N

ZIF-8 (Zn(mIm),)

Figure 5. Representative synthesis and crystal structure of ZIF —8.
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2.5 434 4% ol 712 ¥

v 71% EA(nanoporous material) & =2 U 71#%<¢ A7}
100 nm "9l &4 & 94 ow [UPAC(International Union of Pure
and Applied Chemistry)©] 423t ¢+ microporous(2 nm "%,
mesoporous(2 ~ 50 nm)9 HgdL BT xdstal QItH[68-70].
Hoes vt TFY Ui 7E =40l oy HofelA &&H

9lt}H(Table 1).

@/d & (activated carbon)> tha/d 2] vjAdA w4 7|HF 2HEH,
F o] ok 500 ~ 700 m*/g FEolw, Fd5 ol A upe}
529 wsbrp theketbAl vEebdo (71, 72]. Az el wEl 54
7Nes e 4w AFo] ThsskANE, AR Thssk 7l 9Tt
% 0]

[e)
AdAelw, FH whgol Eeld FAel dEd A FAE 7}
] (e} (e}

m

e o348 AREZe Alseke] E(zeolite) 7F l=Hl, o]+ AlOy,
SiOs  tetrahedra® 4%  ZAAFAY  ¢FvlE 14 (alumina
silicates) &%, % Weol microporous ¥+i= mesoporousdt 7] 0]
FAdEo e oed Edolve7]. 3ALEY TE TERE A

Zb/g]ol - adAolAnt, Ast Ador JAH APYY Tx=E

5

=l

Qs fAqel Mmy WolA shx FF T UTY At A F
(e}

52 A TS 9% tgaAd =49 ste] #3k AT FF3)
Ay g, At $£d7F MOFs7F 3] %28 vy 9Jt}(66, 73]
MOFs+= AMgEH= &=

microporous, mesoporous 2% TFsHAl 4T AN

= A (guest molecule) & A A= MOFs® =70l FUHAA
7] wel Zhs 1A FFel #elety] wEelth(Figure 6)[4, 10].
Tk, JheA #8719 Jfdo] nlmwE folstr] dwitel 574 7hXel
st FRHAEN FEete= o w2 = Ak (Figure 7) [8, 9, 74].

o
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1000

UiO-66(Zr)NH,

Activated Carbon

Ui0-66(Zr)(COOH),
dmpn-Mg,(dabdc) ")
opt-Ui0-66(Zr)-(OH),
UiO-66-NH,F,-0.53 @ °
Zeolite 13X

Mg,(dobdc)

ZIF-300 5 g
SIFSIX-2-Cu-i °
USTA-18

HKUST-1

o oo o

100+

Binary CO,/N, Selectivity
0000 00

10
0.1 1

CO, Working Capacity / mmol g'1

=
o

Ternary CO, Capacity/ mmol g'1

o

I Mg, (dobdc)(N,H,),
1 mmen-Mg,(dobpdc)
L1 dmpn-Mg,(dobdc)
E A SIFsIX-3-Zn

I Mg,(dobdc)

B Zeolite 13X

B ZIF-300

[0 UiO-66-NH,-F -0.53
I opt-UiO-66(Zr)-(OH),
1 vio-66(zr)-NH,
Il HKUST-1

Figure 6. Comparison of CO:2 gas adsorption property of MOFs

materials and zeolite 13X [75].

CH -rich product,
e.g. natural gas
or biogas

Figure 7. Mixed gas adsorption of isoreticular MOFs [76].
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A2ZdA i

A 1A AR 9 Ao

A71vAL - &N AFXE §s poly(actic  acid) (PLA)
182 (Natureworks LLC, U.S.A)E Atg3tgct nEAE 833817

23 /7] €vl= chloroform (CHL, Daejung, Korea)< AFg3%ich.

ZIF—8 A4 & 2+ 8t7] $5ked zinc nitrate
hexahydrate (Zn(NO3)» - 6H-0, Daejung, Korea), 2—
methylimidazole (2—mIm, Sigma—Aldrich, U.S.A), N,N—

dimethylformamide (DMF, Fisher Scientific, U.S.A),
triethylamine (TEA, Daejung, Korea) & AF£-3}3it}. Ethanol (Daejung,
Korea)> ZIF-8 w4k &9 9 A7 ZIF-8 S4& Sz A4

S 2 ARR-sAT
ZIF-8° AR =4
FALEEN G840 =2
[e)

gstelon, A
1

o

JHo| wE Ax 82 Felsr] Yl
¢] 22 2 Al (polypropylene, PP) carded
W 7]Fo] Yk dojEE o3 Aol

r
Rl il

>
=

=
@
o

= AH8
H A= FEFE Glsty] 98 AVHArE AAE PLA 3 fARSH
EAS zte= Zyz 2349 (A] Co., Ltd.,, Korea) A~H¥E = (spunbond)
He AR

7t~ F2 A H7ME Y5k AA 7F~(99.99% No, Union gas,
Korea) &} ©}&4k7k2 (1.00% SO2, Union gas, Korea) & AF-3FA Th.
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A 2 A ZIF-8 = A7 A%

2.1 A4 Et=n AR

oheksk el wWE ZIF-8 =9 ASg AF el PP AfYe
ZIF—=8 F-Ze| dst ¥4 43 fste] Ata Ee=rtz2 dAEE
SR WA, PP AFHEES deE=Z AFsta Axs $ Covance

plasma system(Femto Science, Korea)< A}g£3}e] O, plasmas
20%-7F 160 W, 100 sccm®] Z7AolA =gl o

2.2 23 A2 (sonication)

ZIF-8% ogt&e] uvokdt sz BAAA  ZIF-8/oe-&
AR S wEESQlTE o] T (w/v)e= ZIF-89 HFA¢ oekge
Fyjof fjgt vl& =2, 1/100, 2/100, 3/100°] HA st AHHS 50
mLe] ZIF-8/c&t& Ao HAg & ZIF-8 JA7F A+l

pEA FFE S QEE 247 Tk 233 Hsta, 60 T LEoA

12417 Fot A XA
2.3 A7) 2= d o] (electro—spray)
0.5 g9 ZIF-8% 5 mL9 &

53 A3 10% (w/v) & ZIF-8 oﬂF/P% BArN S A xETh 1 &
]_

o] &5 23 AolA(F A 0.34 mm) =5 =& AlPAd FYT

DelE) g 475 £9 WESFS 247} 18 om, 5 mi/hE AH AW, 20
kvel Aste Qlzkslel 7] Axgol® Fadddnh. PP ASUS 30

cm X 20 cm® #ZEl 953 »moko AYUE A% ¥ 50 rpmlE
sAstt. olg 2 AAFE ARl =d¥ ZIF-8 AAZFS
Z438t7] f8te] 13]ellA 33 RHE3FSIT
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2.4 Layer—by—layer deposition

ZIF=82 A&7l S8t 5 7kx19 A4 &<

HAZ 0.5 g9 zinc nitrate hexahydrateE of &2}
g ol
&

Hlgo] 10 191 30 mL &l &alste] =5 &9 T
HAZ, 0.26 g9 2-mImS 30 mL & 5o &3] HHA
Sas FrlElh olF ARES a5 S HA Lde 1A
Al = AT A o] wid w, mRkE =S A A
et ARfes TFTE Ao FAT ZIF-8 AARS x4
Aate] 919k 2 AAFE 13)eA 33 wbEEsSla, AHErh 45w
A 60 T 2EollA 12413 F-F Axsk3it.

2.5 Sol—gel impregnation

0.1 g9 zinc nitrate hexahydrate (Zn(NO3) s - 6H20, ZNH) ¢} 0.05
g9 2-mIm<= 20 mLe| o&go] Eafstlnt. kst EAbs 98k,
SHE AT FF 229 Agsith AFHs 20 mLe] &l T
%, 60 T2 ¥ oA 2A%F F3F Axste] §ulE AT 1
T Ardes TRTE Ao + F AA Adxs] FAAY zine nitrate
hexahydrate (Zn) ¢} 2-mIm¢] FAl= v Zo] =4Asiglth. ZNH
0.1 g, 2—mIm 0.05 g; ZNH 0.25 g, 2—mIm 0.13 g; ZNH 0.97 g, 2—
mIim 0.5g; ZNH 1.45g, 2—mIm 0.75 g; ZNH 1.92 g, 2—mIm 1 g. ZIF—
8 A% A AR el e Wy 9 AUE FIE=% Table 290
Sofslditt. A& Z=v =Y WHI ZIF-8 AAFo =N et
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Table 2. Formulations for the varied treatment conditions

Methods Formulations Treatment
ZIF-8,0.5 ¢ SONp.041
Sonication ZIF-8,10¢ SONo.044
ZIF-8,15 ¢ SONo.068
ZIF—8, 0.5 g ESP0,073
Electro—
ZIF-8,10¢ ESPo.092
spray
ZIF-8,15 ¢ ESPo.156
7n (N03)2 : 6H20, 05 g
LBLo.ogs
2—mlm, 0.26 g
Layer—by—
ZH(N03)2 . 6H20, 1.0 g
layer LBLo.155
. 2—mlm, 0.52 g
deposition
ZH(N03)2 . 6H20, 1.5 g
LBLo.229
2—mlIm, 0.78 g
Zn(NO3)2 . 6H20, 0.1 g
SGo.065
2—mlIm, 0.05 g
ZH(NOS)Z : 6H20, 025 g
SGo.1s5
2—mlIm, 0.13 g
Zn(NO3) 2 - 6H20, 0.5 g
SGo.342
Sol—gel 2-mlm, 0.25 g
impregnation Zn(NOs)2 - 6H20, 0.97 g
SGo.g37
2—mlm, 0.5 ¢g
7Zn(NO3)2 - 6H20, 1.45 g
SGi 364
2—mlIm, 0.75 g
ZH(NO?,)Z : 6H20, 1.92 g
SGi.853
2—mlm, 1.0 g

Note. Formulations of the varied treatment for applying ZIF—8 to the
fibrous web as follows; sonication: SON, electro—spray: ESP; layer—

by—layer deposition: LBL; sol—gel impregnation: SG.
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2.6 In situ growing method

PLA Afrel ZIF-8& Adst7] fske] in situ 4F WHES
3ok 5.95 g9 zinc nitrate hexahydrate?} 2.97 g9 2—mIm<

483

2}z 100 mLe FHrol &8sttt A wAZ PLA Afod 2%
o] & seeding dt7] $18ted PLA A7]HAF 98 10 cm X 10 cm®
22 3 60 T2 zinc nitrate hexahydrate &9 %]&}o] 3.5 A7+
EQF RESAIZT o]F ARFHEs FRTE FTES] o wuNkE
FrodEZ& AASAY. T HAZR AFo] gdrd AR9S 60 Co 2-

8 :
A& ARG ofetAl e ZIF-8 9 vHkg JojEs 278
st Ardls TFTFE 2] AT F 40 T A 1243
& Axsth. PLA Aol  ZIF-85 AN A
ZIF@PLAZaL 3F3lar, olwl AME-® PLA Af¢lo] x¥ 7]Fo] 9l&

£ ZIF@PLA-NPe}aL

rir
)
o

A9 ZIF@PLA-P, %4 7]Zo] A9 ¢l
A=
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A 34 ¥4 71¥ 243 PLA A5 AF

PLA ZI¥Mw ~ 1.5 X 10° g/mol) 1.98 g2 12 mLY
chloroform(CHL) o] &38f3lo] 8= g4 F=v]359th. PLA £945
21 AelA =% x=F AlRA Fdste] A7]EAE 8] (ESR200D,
NanoNC, Korea) © Z#stglet. A7WAF 212 o537k 2t} 17 ~ 19

o

]_
kVel Agre kst &9 WEFS 6 mL/hE APskgich

WAA Azety] flstol WAL gRE e 24417
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A

e

A 4 32 A9 54
4.1 €3 54

Aol dd 2 4 d4E BAs] fste] AR (FE-
SEM, JSM-7800F, JEOL Ltd., Japan)< €83l SEM olu|Al&
¥ 53Fal energy dispersive spectroscopy (EDS) 245 G333ttt
SEM £ o 9w 38 7] (108auto, Cressington Scientific Inc.,
UK)E ol&3te] 20 mAelA 120% &<t ¢ 1WS Wi I3l

2 SEM olm Ao deje] A 100705 A¥stel df A=

A2k ch
Aty A9 FA= told AddgAolE (2046F, Mitutoyo,
Japan) 22 ZA3IA k. AH99 porositys 2 (1)& F8 AAted

Porosity (%) = (1——) x 100 % (1)

m (@) AzE AU P

A (em?): AHe WA

12 2918 54 2 B 24

ZIF—-8 Aol A A & & (loading efficiency, LE)+= ZIF-8 E¢

Aol A FA d¥] ZIF-8 =4 %o Af FA S7HEEHN 4 (2=

S8l ArtE A

Loading efficiency (%) = —4—2x 100 % (2)

I (2): 7419 ZIF-89] é’%‘t T By ZIF-8 A9 A
Wa (g): ZIF-8 A% £¢] Adxd A4 5
Wy (@) ZIF-8 A% d9] dzxd A# 7



ZIF-8 A%t PLA A+l AA%" ZIF-89 T w4<= S8t
dZF+4 Ml (Discovery TGA, TA Instruments, U.S.A)E
ggatt. S £EE 10 C/minz AAIAL, Hu b
800 CT=E A3kt

ZIF—-8 Agtel m& AFge A48 Hsts Elstr] ke X-
ray diffractometer (SmartLab, Rigaku Corp., Japan) & &850 A&
X-ray 34 s FA 3T

Aol AAAQ 7y A7) #EE A6 98] capillary
flow porometer (CFP—1500—AEL, PMI Inc, U.S.A) & &&3}% ).

4.3 ¥4 318 54 4 A4

Fourier Transform Infrared Spectroscopy—Attenuated Total
Reflection Spectroscopy (FTIR—ATR) (Tensor27, Bruker,
Germany) & &&ste] ZIF-8 AF AF< ud 33 9 AF A4S
DY O]_oﬂOUJ], A 272 400 cm 'ellA 4000 cm o] HL A 0.4

51%*3% X357 95t g2 57 (static contact angle) &
A=zt E247] (SmartDrop Lab, Femtobiomed Inc., Korea)E %3
S48tk 3.0 £ 0.3 pLe FRHTE AFHS xHe] "ojrmd %
=02l s SIs 129 AzE Fol =Wed W] A4Sk
A4S SAsY. AgesE dstel H4 AE o8 ol i
Aol A FAste] Hats AT

Aol FAdstsE Folstr] $ske] Figure 8% o] A3
T5E et Fo] AAYS &8st JAdst Fo] AIARS 1
WA 7] (Chargemaster CM20—N, SIMCO—1Ion, U.S.A) 9} UEZ
248 (SIMCO—Ion, U.S.A), HAE s+ 3, 1811 AHo

HER FAHY Stk PLA Adads AA w8 Sld Ed¥Fa,

S oox o

&rﬁm&é

22 ] 2-1



2z} mpef] =20 kV o
1 1 cm/s8 £E=%

9]

bt

S

HolA 3 cm Yol 124

22!

ol

—
file)

0
o

T

o]
fi%e)

)

bol 414

5 2835

A7 =47 (FMX-004, SIMCO-Ion, U.S.A)

4

]

A e A 9

=
-

AAelA 25 AL o

"o} 7l

o4 25 mm
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(b) Charging bar

®

@ 7z
=TT
ample  "Tsem

Grounded copper plate

1cm/sec —

30cm

Figure 8. (a) Photograph and (b) schematic illustration of a charging system used in this study.
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A 52 A% s 2 FF 45 ¥t
5.1 47 o3} Ad5 B}

PLA A7]AE 19] o3 ds& B7ket7] flstel 48 B A (TSI
8130, TSI Inc., U.S.A)E ©]&3t9 NaCl 4#H(4A 274 count
median diameter (CMD) ~ 0.075 gm)el st 4= F3& (%) 7
28t (Pa) = SFA&d. @9 Fag A d® FX(mass
concentration) & 15 ~ 20 mg/m°2 A4 3}% 11, aerosol neutralizer=
AA FHAQl dstaks 02® o] A AT A7EAR 12 40
cm?e) THA o7 wAsFe] NaCl #+e] W4 % (face velocity) 7} 5.9
cm/s7t HEE  FIAFHY. o]i= US National Institute for
Occupational Safety and Health(NIOSH) 42 CFR Part 849 HIAE
(240 cm®9] WF o)A 85 L/min?] §3) & Fauste] Wag F3F&
T8t A& gholty. 7] FHE ﬂ‘?&% VARt A 2 2 )
2kE oiv] F3ES YEhlle 54 A (quality factor)+= 4 (3 E
&3l Arkskict.

Quality factor (Pail) _ —In(% penetration / 100%) (3)

pressure drop (Pa)

ofr

5.2 A 7% 7t~ FF A

92 S0, FH A% B S1skel Figure 99 2 4¥ 30
T3t 5 cm X 5 em® AFE AFS 10 Lo €S2 (Supelco,
US.A)l 21 Hes 5 ko] 37|15 o AlASHIH. ©]% mass flow
controller(VIC—DZlO MKP Co., Korea) & °©]&3}o] HEeg{wWe] 119
Nz 7F2(99.99%) £+ 50 mL2] SO 7FA(1.00%) & ol HE2® e
SOz &%E 434 ppmo® AASIT. 2 ®bgo]l FPo] =
7bA] 24413 FQF ARfe HEHW el FEs] 7L, oF
photoacoustic multi—gas system(INNOVA 1412i, LumaSense

Technologies, Denmark)s &3 HE&52 We SO0, FTEE

T )
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=33, A 4ne] FES SHstel FREGS A

4 SO 2 45 F7tE 98] “%%JJ—‘”— Wi A7 7.13 cm,
U 40 cm® FFH] ol AT F 25 T, Aﬂ%& 50%2]
AN EAEE SO, 7FAo =389t (Figure 10). thekst ZIF—
8

H

%)

A3 IS §3 AFY HrtA = SO 555 50 ppmlE, olF

5 = SO ¥%% 5 ppmo® AAsATE SO,

A+ 5 L/ming #F#Hoz A4S T35S, photoacoustic
H

multi—gas monitoring system

WEEE SO #57F 7] % v 20%°] =dts e 93

Al 7k (breakthrough time) &2 2391, WEHE SO, 5571 27

FLo =gt wWlE E3}F AlF(saturation time) &= A ol EFA T
J

323} AZ7AA S SO & F2 T4 S0z 52 Qo2 gzt 4
A=+

—~ o

Qa = 5 (GoT = [ cat) (4)

Qa4 (mmol): SO, F &2

r (mL/min): &%

V (=22.4 mL/mmol): F9—& $HAF Al
p (=106 ppm—1): &% &4t A5
Co (ppm): 7|0l FHH+ SO %
C (ppm): FAHE= SOz ¥%

=)
Y i

3l WEH= SO s55 S5l



L]

[e]e)
Multi-gas monitoring system

Mass flow
controller (MFC)

SO, N,
FLOW gas gas
[ Ge—

Tedlar bag

Figure 9. Experimental setup for evaluation of SO3 static adsorption

performance.

. . Humidity
(a) Air flow inlet controller (b)
| E—

amount

A Flow meter

Fm@ el | JI___]
[e]¢)
Air/gas flow chamber Multi-gas monitoring system

S0, gas
_
g
o I
S0, =]
; - 2 g Dynamic
‘ (J O § § adsorption
S =5
e m ;
<]
o

Time (min) 7 Saturation time

Figure 10. (a) Experimental setup for SO2 dynamic adsorption test.
(b) Effluent SO» concentration versus time in dynamic adsorption test
with performance indicators, including saturation time (T), dynamic

adsorption amount (Qg), Qg is calculated by integrating the shaded
area using eq 3.
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A 6 4 3D 2dF

ZIF-8 A% Aw99 3D mA+x2E Xp-CT(X-Radia 510
Versa, Zeiss, Germany) & &3] 542 =7] Ui F+3E5 1|93
3D A)Z}3}st X—ray computed tomographyE o] #4315 tE X—
ray+ 50 kV9 Aol 1500 pme Mol ZALE UL 2D o]u]A]
100071 7Fg& A4 ste] H4 Ato]=7k 1.5 pm X 1.5 pgm X 1.5
em7F ¥+ 3D oA E & 53} Dragonfly Pro software (Object
Research Systems, Canada) & &§3to] o|w|x]& Fx3stltt. 3D
olm| A F+x3} WHE Figure 11 YER

Dragonfly Pro ------- e

3D Reconstruction 3D Visualization

* MOF

Combining and Separating MOF and Fiber
Modeling

Figure 11. Workflow to analytical characterizations from 2D images

to 3D constructions

97 W A—f —ﬂ 1_'.” ﬂ .



A3F AR E uF

2 A7E A F HFEE JYHAT (Figure 12). 3 4 GA=
PP carded webol tiekst F Wi ow ZIF-8S A &3ty ayxel
AFAR RS 2ARSEL SO 7h2el tish 2355 vlaskglth. o
AE vigor 7hA FFe] S FE ZIF-89 AR AA
545 gotste], 7+ WA AR Aol = PLA ARYs
A Zste] 1 EWo| ZIF-82 A AAY
gte] sAlel oA Fol e olF 7sA

thgorA Lt L RO EHEE O F 71 58 2E MI%t

2%
* L OF fonmaion | NSC P >
- (: - K G
Fiber In-solution synthesis MOF_Fiber . P
HUO|IZES In situ 4%
praiozel s R asd sostpla ) wasse )| Ny 82 EH
F-g ol i PPHE2| SO, £ S0, T [HrAR ZIF-8 25t Chot ofat | S0,
ZF8 =Ygy =X 45 B0 =5 o5 B lai 2d HE 2} pbire
izt PLAR! i} 45 2y

Figure 12. Schematic illustration of the study workflow including two

stages of results.
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Al 1 2 MOF-A+# 2% i wE F2 4%
1.1 =] ¥ B2 ZIF-8 AA 58

Aol AAS 93 MOFs = AHA
HAHE AZstr] gste] M2 o2l 7K AF Fo] Aok

(1) ZIF—=8 At &9 A %53+ A7 (sonication, SON), (2) ZIF-8
BAF g8 7] A o] (electro—spray, ESP), (3) ZIF—8 AFA=

283t layer—by—layer ¥ (layer—by—layer deposition, LBL), (4)
sol—gel WS %3 =9] "W (sol—gel impregnation, SG). =& A ¥
WRlelA ez A ZIF-88 Adstr] del 0, Eeh=vt
A s WA FIe=d, o= AH ¥ ether group®|it
carbonyl group¥ #& REgAo]l E& 8IS Fojdto] o<l
s S7HA7I7T AAEelv (8], Aol ARER EEZ=dd
A 814 5A4& Table 39 Hebsth

ZIF-8 ZA%<= 93 v 349 ma&48s vusty] 918k,
ZIF=8¢ AAl &S AArst] Figure 139 YER]
7 =3 el AbgE ZIF-8 Ty AgAle A
HEA o =99 ZIF-89] Aol i ul&olth(2 1.

Sonication®} electro—spray¥} o] ZIF—8 =7} A7 3o
=A oz FEaEEs WRE 59 FACA B2 4o AUt

gehstnE AA fgo]l 10% mIRte R s A dEksth ol

Figure 13 AHHEY, SG "W A< A A =
vl gsle] FrbekAdY). ol st AxE FI dAFAE F ZIF-8 A4
A

/9ol MOFs dds Aol ddzoz sty flal a&4
HO]— o

Sk, layer—by—layer ¥ (LBL) = A4 &2 &85t ZIF-
8 xpol Aglo] o]Fojx=d], SG WWel HlE *Fe HAQ a8
et LBL W2 Al @Al A5421 A o] FaH =1, A
A ATA &R HAAt, FRTFE - Fol 7 oAA ATA

golo] AAsHE o] saETh o, ATAT Bol Y AFAL
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A+ HAolA Aol A &2 dAFA9 o] ARERH
getsir], AAAoZ ZIF-8 #A whgo] AstEHdo. SG WHE
Aolst e =9 WA d#AoRE 20% mIREE] AA &E&0
e o, add—on ratios = ZIF-89] Fell 2 AAQl Aol
Ne= Zelstdt.

ZIF—8 A3 A-4<° morphologys A2 FAF @w 7 (scanning
electron microscopy, SEM)S &3l &<21s% o™, Figure 14¢]
eb itk SEMe Sall AR 724 SA4E ddsis o,
=9 URls gy ke Aol AR el S vAE A=V

T
A kon, BE ARgeld Hxd 7x2E D 5 v =S

ol U o HA Ee AV AZo] BARR A E el
A

w9 Fo ol ®= el Wabsl WA gkl

rir
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Table 3. Characteristics of polypropylene carded web.

Carded web for ZIF—8 treatment
Material Polypropylene (PP)
Basis weight (g/m?) 58.1 (£2.7)
Thickness (mm) 0.63 (£0.05)
Porosity (%) 90.3
Mean fiber diameter (zm) 19.7 (£1.9)
80
=X
— Untreated ~ 56
— 0> plasma treated 2 60 1 46 1
~~ E 42
- S 1
3 C,O\C % 40
?,,“ x° & 2 15 12 16 15
 heallaillin
z g ,Raallnf
v v v |l i w7 I s B V)
- SESHEEREESLS
3500

500 1000 1500 2000 2500 3000

Wavenumber (cm™1)
Figure 13. (a) FTIR spectroscopy of polypropylene web before

(black line) and after (red line) O» plasma treatment. (b) Loading

efficiency of ZIF—8 to the fibers.
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Figure 14. Scanning electron microscopy (SEM) image of ZIF—8 loaded webs for different fabrication methods; (a)

sonication (SON), (b) electro—spray (ESP), (¢) layer—by—layer deposition (LBL), (d) sol—gel impregnation (SG).
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1.2 ZIF—-8¢] AL3 PP 99 SO, &3 A%

theket Mo AFE ZIF-8 A4 PP 99 SO» &% A% ¥
& Figure 150 Yepdllth. HAEES s #ne SO, =7

a5

FEE 50 ppmolH, Algte] wWE SO vEE SAS g3
5% (breakthrough concentration)”} 10 ppmel Z=93tAY 33t
w| = 3}t A 7F(breakthrough time, ty)ol2} 3tg 1, W= %7 50

ppmel] =23 w5 ¥3} A7t (saturation point, to) 2 % }OﬂD} =3}
AA L T 7k FERFQIDE A S FEl 74]*&6}913}. Figure
154 & F %, I3 ARk iﬁ} ANZFe AR 299 ZIF-

89 &foll Az or ngstlty. & SO» 2 Qo T3 viR7bA =
ZIF—8 A A|#o] W5 o] 134] 0}01 Al vERsL T
ZIF—8 g% X3} N7 7kA 9 & SO, &2

& (adsorption capacity) & AAFSAT. 2 AP FHA 2]
A8 SG > LBL > ESP > SONY A2 =7 Jelstor, SG WS
&3k ZIF-8 ESjo] ZIF-89 &4 A 73S &3t
ol 7 avpdolgta E 4 Stk SGoass, SGosse, 183 SGossr 2
% SO, &% ZzF 0.085 mmol, 0.157 mmol, 183l 0.341
mmole| ™, t& W Hlslo] 52 #he YEY. F5E 1S ZIF-
o] Ao =¥ ZIF-89 HA o] F7pgo

wel FasHA fHadke AEs UEdus Aot olE FI dF

WA Afel F ZIF-89 AAFol FHE5S SO, 7hne] Av
FAGe ZABARE, ZIF-8 gF hn FAFES AT] U2 Row
2 % vk olel sl g el F o FANA 24
Fsreiet
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Figure 15. SO adsorption characteristics of ZIF—8 loaded webs. (a)
Effluent concentration of SOz with time. (b) Breakthrough time and
(c) saturation time as a function of ZIF—8 loading for different
fabrication methods. (d) Adsorption capacity as a function of ZIF—8

loading. All plots follow the same legend on the upper right side.
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1.3 Sol—gel HHOo Z AZ3 ZIF-8 =% PP A-folA
Qo] SO; A2 FA MAE B

SG WS A8l ZIF-8% PP Aol =datle ul, ZIF-
89 AAF W FH A Folg F/HHCE AT Figure
167 Table 42 vt ZIF-8 AA#HS 2t A+ SEM o]n|#] ¢}
energy dispersive spectroscopy (EDS)E E3F 4 FAo A3
Aoty Figure 172 ¥R, Ho SO, &2 A5 LJrE]r‘ﬂ*L—
#HA o] ZIF-8 AAFo] s & + Arh 33 AIZH() 3 £3
Al ZH(t) < BF Aol 0.837g(SGossn) Y Wl 16.3:+37 98.8%° =
HAgS veEdllen, 74 AAZe] o FMEsE 5% e
AstE At H&o], ZIF-8 gd JF& a8 ZIF-8 Ei
ZNGFE AR AeE AEgS e

A ATl Znok ME OE 7 K HAE 7N
MOF?] SO, &2 %52 2F 5 mmol/g(12 mL/g) 0]9,1
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ZIF—8 A3 g9 Tz AHss fg= 6.7 mL/gO]‘?i‘ﬂ- o|g} HZL&
=217 g Al slE o] G ) HE 9 {xjti(lj S0 Zz B4 )l #HA) 9

T2 ATS AvEdA, A AAL wet Aol A S wo
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ZIF-8 A% A2 7~ ezl A8 ndsta Q7] wel,
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p—CTE ol #2e A3, ZIF-8 A4S A4 &4
B (Figure  18). SGigssd o] ZIF-8
ZIF—8 o]z} #do] A Eo] 9= RS 73t
lom, ol ZIF-89 HEW 7]ge T3 A4S A
. ZIF=8 4z 3k Aok A717F dAkel A 3he] Aol Blsho]
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Figure 16. SEM—EDS with quantitative analysis results of ZIF—8 web
manufactured by the sol—gel impregnation method. The EDS spectra
are shown on the left, the SEM images in the middle, and the EDS
mappings on the right. (a) SGo.oss, (b) SGo.iss, (¢) SGosaz, (d) SGo.ssr,
(e) SGizesa, () SGi.gss.
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Table 4. EDS analysis for sol—gel treated ZIF—8 web.

Weight % Atomic %
C O Zn C O Zn
SGo.065 88.33 10.12 1.54 | 91.81 7.90 0.29
SGo.1s5 87.62 10.33 2.05 | 91.51 8.10 0.39
SGo.s42 85.37 12.20 2.43 |89.88 9.65 0.47
SGo.g3r 82.45 13.83 3.73 |88.17 11.10 0.73
SGi.364 79.89 14.48 5.63 |86.22 12.87 0.91
SGisss 75.51 17.45 7.04 | 83.99 14.58 1.44
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Figure 17. SOs adsorption capabilities with varied ZIF—8 loadings. (a)

Loading efficiency for varied treatments. (b) breakthrough time and
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Air flow

Figure 18. Xu—CT images of ZIF—8 loaded webs, showing the aggregation of ZIF—8 at the higher mass loadings.
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(a) 7/
Sulfite Sulfate SO, sorption H-bond
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Figure 19. Chemical reactions between ZIF—8 and SO gases. FTIR spectra in 600—1550 cm™! and 2400—4000 cm ™!

Wavenumber (cm!)

for SGo.s37 before SOz exposure (black) and after SOs adsorption (red).
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ARAY AA 71Exed JF&FS vt B = St PLA-NP$
PLA-P9 7]1% A7l W3t E¥E= Figure 21 YyeElg. &

Aol AR PLA A#99 Uw oolzze] g Ead oz

B85S vuwsty] fete] =88 5ol A AgstE Zojzzad
AFEC=(PP SB) g HHERoH, E¥ZFH EALS Table 59
gkt

Table 5. Characteristics of polypropylene spunbond web.

Spunbond web for evaluation
of filtration performance
Material Polypropylene (PP)
Basis weight (g/m?) 24.0 (£1.8)
Thickness (mm) 0.14 (£0.02)
Porosity (%) 89.7
Mean fiber diameter (xm) 20 (£1.6)
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—P fibers.

NP and (b) PLA

Figure 20. SEM images of electrospun fibers for (a) PLA
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Figure 21. (a) Basis weight and porosity of PP SB, PLA—NP, and PLA—P. (b) Overall pore size distribution of PLA
webs and ZIF@PLA webs.
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Figure 22. Fiber diameter distribution of PLA—NP and PLA—P with submicron (red and green) and microscale (blue

and purple) fibers.
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2.2 In situ A% WHE 3 ZIF@QPLA AH% AZ

Figure 23914 R in situ A% WHS Za] ZIF-8 AAZF0
PLA A& 4] W 3 d#dstA FAHASS FAT 5 St
PLA-NP9+= th27, PLA-P= ZIF-8 274 &4 Fox HH md
71Eo] FAE Atk PLA A9 ZIF-8 A4 A7 d5ol] wE
X—ray 3d ¥4 A#HZ Flgure 24 veith PLA A&2 34

e 18" 9F 28° oM F3t ¥AE YehEd, o= 47 PLA
A7de] (200/110) A= (213) AW &= gholth[82, 83].
ZIF-8& A#A7 PLA A9 (ZIF@PLA)2 5.2° ¢ 9.8° <A<
Z4ek A= ZIF-8 242 (011) A4 (002) Agddel w-g=+
#olm[63], o1& &3l PLA Afel ZIF-8 ZAAo] E=ATS & &
ATt ZIF-8 ARES A& 17 PLA A2 ¥ 73S s &
A3 ZIF-8°0] & A7]¢ %W 7]F ddE AP omn, o]z <l
ZIF@QPLA-PAIA S Af ®W 7|52 =77} ZIF-8& AZA17]7]
A0 PLA-Pe] Bvl3te] 7HAgich olelst A= PLA Aol SAs=
& A9l ¥WAS T7HAE W ooty JhAa &3

7 APd ZIF-89 AAFAE dFS v 2 5 Q)
o b 71Ee fFel wEk ZIF-89 A A
the] A= (%) H3E 4 % 4 (thermal gravimetric analysis,
Ak xZW 713 fFge #AGlel,

-~

ZIF@QPLACA = A F @AY FSZF &4do] dewsth 300 ~
400 €9 <+ &AL PLAS) diafo] 7]1Ig ZAolw, 500 ~
600 CY & &=

AN 7IA 2 PLA A#9e A-$+= 300 ~ 400 CeolArt 37k
Uelgor, o FHE 0.8% AEALE o= E& PLA E3i7F 300
~ 400CelA Qe 5 ZIF@QPLA-P$} ZIF@PLA-NPS ZIF—89]
that = v &S 247 11.5%, 9.9% AxYS &4 = vk =, TGA
B2A AnE %3] ZIF@QPLA-P7} ZIF@PLA—-NPeo| H|sto] ZIF-8
Aol o B AS g1d 5 Sk
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TEXTILE TEXTILE L TexTue | LR TEXTILE
MATERIALS LAB. MATERIALS 1€ YW MATERIALS 14h

Figure 22. Photographs of PLA webs and ZIF—8 grown PLA webs. (a) PLA—NP (left) and ZIF@PLA—-NP (right), (b)
PLA—-P (left) and ZIF@PLA—P (right), respectively. Inserted photos show the webs laid on a text—printed blue paper

to demonstrate the extent of transparency of the webs.
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Figure 23. SEM images of (a—c) ZIF@QPLA-P, (d—e) ZIF@PLA—-NP, and (f) submicron—sized fiber with ZIF—8.
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Figure 24. (a) X—ray diffraction (XRD) pattern, (b) thermogravimetric analysis (TGA) curve for PLA webs with and

without ZIF—8.
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2.3 NaCl ¢dA e dist 93 5

PP spunbond (PP SB) ¢} PLA A7]AY, ZIF@PLA 7] %A 9
IJYEHF YA (count median diameter, 75 nm)e°l gt %7] o3}

o
)

!
a8S vk AUPPAE A" AH9e A dubzom
A7 L g elA] Jds7E A Aoz Fojert, oink, ZIF-8 A
Adrlel B A7PEAR e Asprh ZIF-8 Ags S1eh g Ae
e A ot AT webA, Al d8EHe BEE A9l
74 AEHE wdsHAl A fstel Ee Aages 99.9%9

Mo
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Fol g0l F o3 g&oA MFES W gto =z Axbseitt
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AALD. kAR, st Fo ¥ T ZIF-89 =4 #87]S0

AsE o & zmolgrl: 4TS sl Aadel wdste FANNE

G4 5l k54, 881,
ZIF-89] Ak WA S IS S5kl A9 s ol

|
X el (surface potential) = A5t (Figure 26).

He w2 &l

Age 54 xW Aok AEs 2 dAE dehdie R R
A8l witel, 25788 ME o2 ARE SAse] Fdgoe=
Alaskelek 39 xdAd ghe] & welee e, Ak A
Aol viste] dat Fof Afigelr & 29 x4 g SA4Y
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Figure 25. (a) Pressure drop and (b) filtration efficiency of PP SB, PLA webs, and ZIF—8 grown PLA webs. (c)
Calculated quality factor of PLA webs and ZIF—8 grown webs.
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Figure 26. Average surface potential of each charged PLA web.

Figure 27. SEM images of PLA—P after NaCl loading of 20 mg.
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2.4 SOy 7}~ && AF

PP SB¢ PLA-NP, PLA-P9 %/ SO s%% 717t 429
ppm (SO, E& 2 0.2 X 1072 mmol), 429 ppm (SO, &=k 0.2
107% mmol), 18] 430 ppm (SO, F&HZFS 0.2 X 1077 mmol) &
ZIF=8°] ¢l Ao SO7F A9l F2E A skt oo wis
ZIF=8 4% ¢ SO 44 2% Q> PLA Aol vlste] <k
349 =9kom, ZIF@PLA-NP9} ZIF@PLA-PS A7 Fake z+z}
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Figure 28. SO, static adsorption performance of PLA webs and ZIF—8 grown PLA webs. (a) SO static adsorption

amount of all samples. (b) SO static adsorption amount and SO» static adsorption capacity of ZIF@PLA webs.
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Abstract
Fiber—based bifunctional filter via

in situ synthesis of ZIF—8 for an
optimal filtration of PM and SOg

Jinwook Lee

Department of Textiles, Merchandising
and Fashion design

The Graduate School

Seoul National University

Metal organic frameworks (MOFs) are porous organic —inorganic
crystals with a large surface area, which are advantageous for the
separation/adsorption of gaseous matters. In order to introduce the
gas adsorption performance of MOFs to textile materials effectively,
minimizing aggregation between MOFs while maximizing the loading
amounts is demanded for an efficient adsorption property. Therefore,
it is necessary to investigate the useful fabrication strategies for
implementation MOFs to fibrous material. The technology currently
available for the simultaneous filtration of toxic gases and PMs
(particulate matters) commonly employs a combination—type filter,
composite of activated carbon particles embedded on or between the
meltblown filter layers. However, in this case, a high pressure drop
1s inevitable; thus, manufacturing a multifunctional filter to promote
human comfort in consideration of released pressure drop still
remains an important objective.

In this study, MOFs—loaded fibrous gas filters were
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manufactured, introducing MOFs to a polypropylene nonwoven web
by each different fabrication method. The morphological
characteristics and gas adsorption performance of MOFs—loaded
fibers were investigated, and finally methods for optimizing
adsorption properties/efficiency were examined. The MOF used in
this study is ZIF—8 (zeolite imidazole framework—_8), which is one
of the MOFs with adsorption performance for sulfur dioxide (SO.).
MOF loading strategy consists of four methods; the method of
directly attaching the ZIF—8 to the fiber (sonication, electro—spray),
and the method of loading ZIF—8 by growing crystals on the fiber
surface in the precursor state (layer—by—layer, sol—gel). Among the
tested methods, the sol—gel impregnation method showed the highest
ZIF—8 loading efficiency, and there existed an optimal loading of
ZIF—8 for the maximum adsorption efficiency. As the loaded amount
of ZIF—8 increased, the adsorbed amount of SO» also increased, but
the adsorption efficiency, which is the total adsorbed SOz up to the
saturation point per unit mass of ZIF—8, tended to slightly decreased.
As aresult of analyzing the structure of ZIF—8 loaded fibers through
Xu—CT, the treated amount of ZIF—8 increased, aggregation between
ZIF—8 occurred, leading to limitation of the surface area for
adsorption.

For formation a uniform layer of ZIF—8 crystals on fibers, poly
(lactic acid) (PLA) electrospun web with surface pores was treated
with ZIF—8 crystals, and applied as a bifunctional filter that
simultaneously captures gaseous and particulate matters. PLA fibers
with controlled surface pores were electrospun using water vapor
induced phase separation, and the fiber surface was uniformly coated
with ZIF—8 crystals via an in situ growing method. The performance

optimization method was investigated by considering the filtration
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properties according to the presence of surface pores, ZIF—8 growth,
and application of static charges. As a result, the presence of fiber
surface pores led to a slight enhancement of mechanical filtration
efficiency with a reduced pressure drop, and offered higher reactive
sites for ZIF—8 growth, allowing the increased ZIF—8 loaded amount
and SOz adsorption performance. When the fiber was charged through
the electrostatic charge post—treatment, the charged ZIF—8 web
showed a significantly improved electrostatic filtration efficiency.

In this study, MOFs were introduced into the fibrous web through
various methods, and the optimal fabrication method was derived in
consideration of human protection by implementing the functionality
for gas adsorption and particle filtration while reducing the pressure
drop. The approach of this study is novel in that both particulate and
gas capture capabilities were associated with the charge trapping
ability of ZIF—8. The results are also expected to have a significant
academic/industrial contribution that used as basic data for the

development of a multifunctional filter composite that have

simultaneous protection against both particulate and gaseous matters.

Keywords : Metal—organic frameworks, Gas adsorbent, Loading
efficiency, Particle filtration, Electrostatic charge, Multifunctional
filter
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