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Abstract

The objective of this study was to investigate the properties and the CO, adsorption
performance of porous carbon nanofibers prepared by electrospinning, stabilization,
carbonization, and activation processes using the mixture of polyacrylonitrile (PAN)
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and poly (methyl methacrylate) (PMMA), where PAN was used as the carbon precursor
and PMMA was the pore generator. Results showed that the average fiber diameters
ranged from 420 to 730 nm, and the pore features could be observed on the surface and
the cross-sections. The hysteresis loop existed in the N2 adsorption-desorption isotherm
and its loop pattern was related to the ratio of PMMA to PAN. It believed that the
introduction of PMMA into the PAN electrospun ink not only generated mesopores but
also promoted the development of ultrmicropores. The decomposition of PMMA would
make much more interior surface areas of carbon nanofibers to expose during the
carbonization and the activation processes, which could lead to the loss of nitrogen
atoms. The CO; adsorption capacity achieved 4.14 mmole/g at 0 oC and 101.3 kPa,
which was highly related to the value of SSA, Smi, Vt, Vmi and pyridonic N. But the
CO2 adsorption capacity at 0 oC and 15 kPa was associated with the median pore width
and the ratio of Smi/SSA. The Sips model fitted the CO; adsorption data well, and the
results showed that the parameters in the Sips equation were responsible for the CO>
adsorption performance.
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Polyacrylonitrile (PAN) E_f  iZ A% & * chdg fm T 5% 4% 50 5547 > $13° PAN &
Mo EREFE LG A0 B E o - e & hf2 A o Song etal. (2009)#- PAN
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7% f# & N,N-dimethylformamide (DMF)*® - & PAN 7z & 5 10wt. % - ] * § 3
e SRR TR BT e KOH 7% 1 a2 o/?ff?,j%j» I » KOH/fiber £
BV frKOH M ER A RSB a2 VLo L & £l - ka3 st
EEE R AEE T IR PR R R TR AR PR IR R T
BRGRANE EeTd S o @ PRI AR A A 82 F T A ehiE* fr3 o Song et al.
(2009)3 3. - KOH/fiber = 50 wt. %P3t [4. % & i & & jicdt 4= B 5 2 % 50-70 wt. %
P edl AR B I PETUIR R o

FEAF PAN BRI IS > 20 41 r T anpt it foiE i gl > 7w 41
T o5 %}%' (Sabetzadeh et al., 2019) : (1) #% 1273 f2 841 ~ (2):F # £ 245
& 4 ~ (3)4p ~ & ~ (4) breath figure - Sabetzadeh et al. (2019) & 7. 4+ chiit’ 7 droko
F* g B4 A2 4 3L M o - poly(methyl methacrylate) (PMMA)—h »~ PAN Jf:i—'
LA = 4 ir’v’”’f;i,?ﬂﬁ-'% — (Zhang et al., 2019) - 2 PAN i% 3 g% &% 54 » PMMA
PliTE 3beng 4 "lFf o % PAN 13 R A it 472 > ¥ 2 &4 “ff PMMA » & 4 %3t
AR, A TR B i AST o Fp 423 PMMA & PAN ¢ 5 Z8id %
bz AR A E Y B ean 2 (Jietal, 2011) - Lietal. (2018) #-7 3 ;
s7PAN v PMMA 12 9:1-7:3-55 chE £ v B|H R B 21 N,N-dlmethylformamlde
(DMF)® » & § & + 4 ;}é}i 5 8WL % i 12h 4~ g 5 ¢ 1 250°C f& =
it 2.5h (5°C/min) ~ ¥ ¢ 2 800°C it 2h(2°C/min) » & 4 5 3 plg e - &2
% %R 12 PAN: PMMA-?. etk AL B et & 5 4 (385 mA/Q)frih Tt A A
(0.153 cm®¥g) > ¢ ¥ % 8] 2 PAN: PMMA = 5: 5 &% 4 £ + (0.497 S/cm) ~ PAN:
PMMA =7: 3 ek % (0.491 S/cm) - He etal. (2018)~ % . > PAN: PMMA =7: 3 é»
HAEG REant 5 (1408F/g)o & wen? 2 o B b 3P 3 PAN
BB IVHF K 19 %PF o SR EceR B 0 13.9 4o 35.5 % (Chen et al.,
2018) -

d 3§ ¢ CORR s 4er @ $askagit v F iz R85 fd hitrH o
R COoft2ce A 5 2 E LR BB IRIEZ — o — 305 LBkl

i —beiQ 14 5 CO2 il W AR 8 TRCTETTEE § 5 0 02
F COz2#t2z > mif ZEE’ 4t 1% (Carbon Capture and Storage, CCS)$tjtre i% X 7| £
AR AR S EArd]+ § COz #7%e¥ (73 ;2 - (Lee and Park, 2015; Rubin et al.,
2012) o p m gV (T COH B 202 > & Z 5T~ B~ AR B A e
FAE kst % (Rubinetal., 2012) - — #5@ 2 > REE-RKARE F * B ER CO22 1
ERF o g a B SIS BRI & TF S MOER COx 2 2 e § I HHY
AL > EFApE 5 entBBh o bldos ¥l ok F - M COER B F ¥ £ 8
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M ECO2E o352 penCOx e MR LhB g » ¢ 7 534 ai(Luet
al., 2008)~ £ 4 7 1= (Metal organic framework, MOF) i 44 #* (An et al., 2010) ~

Zeolite molecular sieves (Konduru et al., 2007) ~ Lithium zirconate (Li2ZrO3) (Fauth et
al., 2004) ~ # # ¥ 3¢ 434 (4o : SBA-15) (Changetal., 2003)4r# = & ¥ i # 44

Baietal. (2011)4]* § ‘4t s & PAN sk > 3 F & 1 AL T K 4 4 &
PR AR IR A G E Ao § & AIL2 A% COpeh
Boktrae v 16% 0 E 1] 162mglg@ 273K~ latm ;s Wit £ A% 2§ F oA A
22 COz &+ R end gp+ 2 3 i%* (semi-ionic interaction)#73z - Nan et al. (2015)4!
T A BN 0 2 resole-type s 75 (phenolic resin) B w BRde 0 & 2 3 K L
BRI T LX) 820 nm (B 18) ~ v A G £ % 650 mAg ; H 4 CO2 Hex
st i 25 °C 7 iE 2.92 mmole/g (at 1 bar){= 0.44 mmole/g (at 0.04 bar) - @ PAN
TRRAEEFEME T E195nm s v A G 7 E K 691 mAg e 2 E F
it ie2 PAN BRajpd > siit 22 fodiqfacn e & 2R e i id ~ £
BihE 7R R o RV 2 A BRI B O 4 8 a“%“'ﬁp 5790 % ¥ 5L
7 N SR NPANT 1 S - e FlE A ERAT R BE RN R ARE R
S RARR) @ ,Eﬁl»\lL‘ EER G ATV R TR o R PFA A kIt s R 0 CO2
Ak s REFIER R > VAR BAE A F > BRMBRT g E R -
Wickramaratne and Jaroniec (2013)z& % » = € gt A po g Bk L 5 B
COzixrg g gt » F]5 CO2 A F+ H I  BERF A 4 3 7] en 3 8% o

Pa fitgaoi &t G483 70 RN 3 RN IV IeIt i ah
S RS mé‘:ﬁ’*%’? - H P S FE DAL FE L S5 PAN
AL AR 3 L feidadpd BT P LI sk REG R
PSR T R 2 4o d & £ % B 2k(Sabetzadeh et al., 2019) - T} < /F*J%“‘ W A I
5313k PAN R S B f AR S enfie ® > Bt > AT T 71" PMMA r'é v
Ao B 5V PAN B o fIY ET SRR SR o RE S & B
i M > R S e Y B CO2ehh i -
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Mo 5 5 B 4o #4228 LTS R RO PR o P RATA S 2 RET i sT IR
B4 At o R e L e g B e TN AT T
MTRFEZT ’?’ B mHE T o A= RIE Y L F & 7.5cm~17.5¢cm-
275cm % 375 Cm 23 B T a0 HE R @EIEEHE 25em~5ecm -~ 7.5 cm %
10cm 2Rk iE > 4Bl 2 A& 5 E* PAN o PMMA % % % o Bk e 55
¥ > #+¢ PAN z 4~ 3+ £ % 150000 g/mole ~ PMMA z_ %4 3 & % 120000 g/mole -
af\vgfw FIRo-TAE ﬁw* (Dlmethylformamlde DMF) g _#i if ey #) > e 5] H
27 E & xL#ﬂ » F]p AT E Y - 7 L e fgii(Dimethylacetamide, DMAC) 7% 5 7%
& o 7 ¥ 53K % (Falco Tech » FES-COS) 1R ZILEAR év'ﬂ?fp* ShER 0 B R
EREESZFLY - Y U EHCRENTEBF(RF) 7 A ¥ £ 9 PAN
v PMMA 4 » DMAC ® > 8 %8 » F kR 5 15 wt. % o #-448 &% 12 60 °C 4¢
B 24N R FAFRIBE R M LA F o AET BNIRE B SR
Fim ehpEdE S 15em f IR E G 15KV~ iLsbiE 5 5 1.0mlh 2 iR g 5 300
rpm o

=R

gk e s 100°C - HIcE S 0 TR S g i (R FEE V) R e
ERERE T AL I EF VG ER I EFNLED G AR R
4 PAN 582 = Rk 02 42(Qin, 2010) » A Fp B 2 AR A BT HIFEY ok
EBERN T F o HRESE 1C/min~ 2R R 5 280°C fofE it
PR G 2he BUCF BAAp T P RIRB T § FET > B s fRenk iz o 2
B EGEME Ak F ﬁﬂﬂ%iETi@F%%ﬁ?ﬁ’—i“f% A T LA i e L U 2
B P LR S-S TS SR LU LR E RN R FiE T
2 5°C/min eug 2 3 900°C > £ Bz 1 h 1% Kﬁfﬁzb % &+ (PMMA) » > #& &
FAERB G T RBERATEEAGH O E- KRR R AT UFEL o E L
B ] iﬁ‘ﬂ%#?izfmwﬁﬁﬁ’f¥ R 2
HAfF NEFICFHA(D L fF )2 AL 3 qEam e AP 7E* CO
FL @it A o Bptl it S e A B3 g kB BN » &% F ¢ 12 10 °C/min chig
HAIFCERE BRFMPFF ~H » COf 1> 850°C T @ 1he 287 % 2
LTHEHZABA R F AT LR LR L A R R A 0 A N5 PAN:
PMMA=2:1-15:14c1:1> #7& 2 k&~ » W& & 5 PNF-A ~ PNF-B 4= PNF-
Co
22 HAEFELS T

AT E R R AP AR LR R IR AT
(Accelerated surface area and porosimetry system, & £ ASAP) ~ 3% st 45 34 7 +
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kg i $ i (Field emission scanning electron microscopy, FESEM){e X &40k § + it
#¥# (X-ray photoelectron spectroscopy, XPS) % i& {7 & 47 o ;ﬁd ¥ # ©-196°C T ~ 7
PR 4 R Ry TR R A Loa ff VR T e
FUfL A RS R AL G SR AT RAE SR B
R %3 vt £ 5 & 2 3L A 47 &k (Micromeritics, ASAP 2020) = = - FESEM £_4

TFAREIREHESLR EEFL T %ﬁ‘lﬁ’?—%ﬁ(%«&m% S REIR LA SR
SR BR RY o B R 5T 5 8 Hcgi(Hitachi, S-4800):e {7k & gLip
XPS #4717 TMEfEthdA LG chrF o2 Hitfi» AF K455~ g4 £
KRB o JIF X B LT F i % (PHI5000 VersaProbe 11, ULVAC-PHI) ~ 47 >
He @ %2 kimi AIKAIlpha ~ #55¢ 5 1401 eV -

23 CO2 T s 3 %

A FEFEIFE T L PMMA 3t 2 53UV PAN 2 F LR S CO2 20 v s sy
TS CO2 wrig@l2 7 71k o JI% v & G ff & 34 I A 45 &k (Micromeritics,
ASAP2020) > & %] &R % 0~5-25°C~ % ¢ CO2 & 4 (0~123.3kPa)™ » & » %
CO2 # R e s ' & o v MR B d IR #7241 % s(Micromeritics, ISO Controller)
R B3R CO2d dh¥gin » ¥R 5 5Ne @ * Sips (or Langmuir-Freundlich)
RS ANGY D Frgidiodms 2 EEA S c HY g i
't £ (mmole/g) ~ gs & 4 few it £ (mmole/g) ~ P 5 CO2 & 4 (kPa) ~ Ks % Sips &
B ¥ (P A S o A B et A ) em G (N A s 2 2L3B ).
FM=lpF o A asH e AT F m>1pF s Aaogdld e 5 2REE
e gtk g m=1pF > Sipsmodel ¢ f§ i* = Langmuir model ; % P<<1 p¥ > Sips

v

model #-# v % Freundlich model -

g=(q_s K_s PA(1/m))/(1+K_s PA(1/m) ) (1)

z ~BFRais

31 &2 4G A

LAy F B ESFRAEY A(-196 °C)4e Bl 1 om0 d F BT B IR
AE R ZRERADEH-RIG R EME B KRR ~ L B (Islam and
Lu,2019) - a2k A F7 7 & = 2 4k A enE o2 st UG BET &4 85 Type IV > &
23 ¢ 3L H(2~50 nm) e § 3t ek gk s o 22 Islamand Lu (2019)sh%% % 5502 o &
# &350 3P B e Hysteresisloop » H ¢ PNF-A 43t IUPAC & #f ¢ ehH3 » & 4
I M AFEA eIk 5 F 2 0 PNF-B 4v PNF-C i3t IUPAC & #g ¥ e H4 » % £ 3¢
PR Tt B R i Bk g TS & a3t o AF7 7 1% Non-local density
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functional theory (NLDFT) /2 A 45 A cat B % ] A (F > BFIL=Z & 1 & d3L 4
FFkp 06Mm =+t > 292 PNF-B ¥ - B8 & & 0.45 nm *FiT o

450
—e— PNFA
———A—— PNFB
4001 __a— pnNFC

350 +

300 A

250 A

200

Adsorbed amount of N, (cmalg. STP)

150

Solid symbol: Adsorption

Empty symbol: Desorption

100 . . . ;
0.0 0.2 0.4 06 0.8 1.0
Relative pressure, P/P
Bl 1~ &8 A ehf § %0 o -3 5o 52(-196 °C)

0.25

0.20 - (c) PNF-C
S 015
“ 0.10 4
S 0.05 4
o 026 = s
% 0.20 (b) PNF-B
> 0.15 |
© 0.10 A
S 0.05 4 "
g 000 A A
= 025
QEJ 0.20 (a) PNF-A
@ 0.15 -
S 0.10
S o
= 0.05

0.00 Mparns, al A

0.1 1 10

Pore width, D (nm)
B2y 2 A2ZICH A | A5 o

d-196°C § F £ B MO HIRT BB A A G SRR Rdck Lo
PNF-A ~ PNF-B 4 PNF-C 7 BET ** 4 & # (SSA)4 | & 825 ~ 674 4r 765 m/g ;
@IVREAE (V)R] % B % 0.6293 ~ 0.4354 4 0.4720cm3/g > 2 PAN:PMMA=2:1 2
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# A& (PNF-A) SSA o Vi 3 B o #cd 884 (Vmi) foicdt & # (Smi)sniE» 250 5 e
AT A (V<ornm) BT VIR T e e o fiedt & ff v4 &) (SmilSSA) 14 PNF-B #. % >

i B % PNF-C ~ PNF-A © ji3t (Vimi) ¥ AZHC L(V<07nm)m“‘ B ﬂan):» % PNF-C
(0.81) ~ PNF-B (0.73)4= PNF-A (0.67) - s 2 % %87 > & PMMA 13 £ % PAN 1
50%p% - 57 & s B AR B iDE B F eI A B o F PMMA gt 6 i“a by P

T R A Mw(mgﬁ PIEBEFRE - BLRF 7 £ RS g SRR AL
Pl AT fed A LV FI o 2 R A IV 6] 430 058~0.74 0 H 3 Ag
Mt vt BIgRe 2 0.39 ~0.60 © F @ AL¢ It et B 22 ~39% o Flpt 0 #-PMMA
Faed PAN HpL e - 3 @7 A 4 2-50nm 23450 B g ptAg It et &

L1 Bk 4
SSA®  S.,iP \V/al Vmi"  Ve<oznm" Sm|/SSA VnilVi V<ozam/Vi V<07 om/Vmi

SAMPIe (1mefg) (mllg) (cmg) (cmlg) _(cmlg)

PNF-A 825 624 0.6293 0.3622 0.2429 0.76 0.58 0.39 0.67
PNF-B 674 555 0.4354 0.3037 0.2221 0.82 0.70 0.51 0.73
PNF-C 765 618 0.4720 0.3488 0.2830 0.81 0.74 0.60 0.81

@ Specific surface area (SSA) was determined by Brunauer-Emmett-Teller (BET) method. # Micropore
area (Smi) was obtained using t-plot method. ¥ Total pore volume (V) represents the single point total
pore volume at P/P, =~ 0.99. " Micropore volume (Vmi) and ultramicropore volume (V< o7 nm) were
determined by non-local density functional theory (NLDFT) method, where ultramicropore was defined

as the pore size less than 0.7 nm.

32 A2 @ HGAH

Bl 3(@)(c)e) s 23tz KRR aE 5 HFESEM # ik ¥ Gt AT 53 &
9 % 730 (PNF-A) - 510 (PNF-B)fr 420 (PNF-C)nm o o ** &% S| % A F 214,
ER L 15wt % F PMMA w53 35 > PAN 7 B85 °  ERT B AL &
PMMA Fl# BSR4 15 » A § o0 PAN B i im o 5 & %75 1 FESEM # fom
48] 3(b)(d)(f) » ¥ % 3 PNF-A (B8] 3(b)) =ik fdicde ~ %76 3V g % ~ 3L b 4] 2 21
RIS 24 e 7 REIM R 23 NRE R 2 F] PMMA £
fRATF R o A PMMA § B IPF > $a critF A n RE 2P R L F BOA
FPAN BB AT 5t  PMMA S > Ap i e x BB M3V H 2 &8
TR EA 4 ”liéi’ﬁéﬂﬁ? » M 32 PNF-B {r PNF-C s g fm~ ¢ FU R AR 5
DAV MR ER o) e

R

33 kr2 i a M HAIT

S Az XPS 2 AT RE A 0 TF A A 5395 3 Ciss O fr Nag
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peaks o & H AT L kA £ h 2 Cis~ O~ Nisep+ | 43 F F IR Crs a7t 3
395 at%; 2w 00 7 £+ &iT 13 32~41at%; e £ m N 72 ;{ﬁ":?,—?;?j%q‘—’
® PMMA b Gl g 4 @ 5 > 2= % 6.71 at.% (PNF-A) > 6.34 at.% (PNF-B) >
5.69 at.% (PNF-C) - 4&:#| % PMMA 7z € & ¥ > F] PMMA #2408 > & p %%
Bno A4 VA FRERN RS AF BRI B MRS o £ 2
% XPSOspeak 2. B f347 4 478 % V47525 TR AR -2 fhr1 &
73 FwABREE C=0; § PMMA 7z £ 3 “c P > ether oxygen atoms = carboxyl
groups 5§ F BEer 4 0 i 3 PMMA $f ¢ 2 -CO-O-f Benf ft  XPS Nis
peak 2 B f# 4T A 178 % ek 3T X SV BTN T AT F P AB o = A
03 & 7§ F i A ®IB L pyridine-type N> # =t 5 Quaternary N; &2 < 1;%6 7 PAN-
based B4k e 3758 5T o PMMA Z 884> 2§ F R ABAKKS
Rees e R S IR AL T A AR T A Tk PAN B B & PMMA #

315 ez & 40 COp 76 1+ #73% o

500 nm

(b) PNF-A(%7% ) (d) PNF-B(#7 5 ) (f) PNF-C(#7 5 )
B 3~ %3t 2 L @ FESEM F i

#. 2. XPS O1s peak 2_ % f&47 ~ +7 % % (at. %)

Sample Binding energy (eV)
531.1 532.3 533.3 534.2 536.1
R-0-C=0, 0=C-NH;, PR
C=0  0=C-0-C=0,C-OH,RO- " oS 29"C  coon  mo
3 o-C=
PNF-A 557 0.5 7.7 7.4 28.8




PNF-B 52.9 1.9 11.2 9.3 24.7
PNF-C 58.6 11.7 115 11.6 6.6

4 3. XPS Nis peak 2 & 247 4 17 4 % (at. %)

Sample Binding energy (eV)
395.7 398.4 400.1 401.2 402.4 404 405
Aromatic  Pyridine  Pyrrolicor  Quarternary  Pyridine-N  Shake-up  NO:
N-imines -type N pyridonic N N oxides satellites
PNF-A 6.2 32.2 15.3 19.5 9.4 2.8 14.7
PNF-B 1.8 31.0 9.0 23.7 10.3 0.0 24.2
PNE-C 3.4 27.9 11.2 26.5 12.1 3.4 15.5

3.4 4% CO»2 5ot

Bl 4(Q)-(C)B 7 AT 5 7 8 $ 2 53 A KA M A 0-5-25°C T » $43F COy
gk faay 0 H P CO e/ 4 X 2% 0~123.3kPacd 5% 2% ¥ # IR 5 ¥F CO,
BRA A AHRAHCOGE T E2 B o 20°C~1013kPa T o & A
# COp e T s it £ A 8] 5 4.14 (PNF-A)~3.97 (PNF-B)~fr 4.04 (PNF-C) mmole/g:
2 SSA ~ Smi~ Vi~ Vini ~ §e pyridonic N § B = e £ 0°C ~ 15kPa ™ » = # * 4 CO,
e fFesc vt £ P dU34p & 483 0 PNF-B (1.71 mmole/g) > PNF-C (1.63 mmole/g) >
PNF-A (1.52 mmole/g) » # i £2 median pore width f= Smi/SSA 5 B - 4(d)-(f)+* #2
TARREBRHERT 0 Z /A B AP CO BRI R(F % E) = By
0o & BA AT gtk o 50 F % X Langmuir-type fr Freundlich-type ¢+
w0 M 4R Sips 4258 (7 Langmuir-Freundlich = 4258 ) 42 4 w5 s ey 4 11 R
Lo L % T AoBl 4)-C)fr 40 R2 5V 26 099 ¥ T HF R ¥ Kefom

B pE o MBRTHCO R HERF -

5
— °
= | () PNF-A o |(dPNFOC
K 9 4 g
= 4 [} 2o
. £
£ £
£ = 3
E 2] = P
2 0] £
o =, i
5 2 2 &
7] o &
© © o
© s i PNF-A
o) 1 o) . PNes
S O PNF.
5 0
= : ) ! : X ] 20 40 60 80 100 120

a 20 40 60 80 100 120

Absolute pressure (kPa) Absolute pressure (kPa)
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40 60 80 100
Absolute pressure (kPa)

= | (b)PNF-B
©
(o]
£
E
©
[«F]
£
[=]
w
=l
©
&
Q

o] 20

5
= | (c)PNF-C
9 4
(o]
£
E 5
©
[«F]
£
5 2
w
=l
©
o~ 1A
O
Q

o] 20

40 60 80 100
Absolute pressure (kPa)

Bl 4~ & &% CO 2 5 8 a4 fc Sips model # & & #(a-c)1 % = % &
B R R R Bk dpo i (d-f) o

= (e) PNF, 5°C
5 i
L e 3
[=} -
£ o
£,
ks
2 e
g° £
o &
cuN 1 yz —— PNF-A
O — — PNF-B
O veavesrs PNF-G
0 ; : ; : .
o 20 40 60 80 100 120
Absolute pressure (kPa)
5
O,
= (f) PNF, 25°C
K
L
[a]
£
£ 4 el
3 g
<
[=] 1 w2
I e
o o
o1 —— PNF-A
— — PNF-B
8 ........ PNF-C
0 ; : ; : .
o 20 40 60 80 100 120
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