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Aqueous Boron Adsorption on Carbonized Nanofibers Prepared from
Electrospun Polyacrylonitrile(PAN) Mats
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B2 (Boron) 3|4t Y 0 2 {2, Bt A A&, 81of & et S22 ARGE I Qled], U] A9 54 A 4
o ojEstar lom A AlA B4 Wi @A 419 BAkgE 1EfshH 50 o] F A9 g4 14E gEo] &t
A A B4 a2 9l Sl WY BAE I ¢ e oA E 3 Y Ado] 8 o] A= &
A = BAEZ 3|4517] Yot A2 A7|HAL T ekaskE E2]ol3 2 Y E H(polyacrylonitrile, PAN) Ui 482 E Q1519
o WA AR B0 B4 FA 7|4 o] 24 & 5] 98l WY g0 E(density functional method) 7]HFS]
AR 242 YA, AL olv A T (energetics)ol]l mhEH F-47} TR A F2HE = SpohEgo] 7t
(viable) 2 0.2 ThAE] e} 3t A 718rALZ A|ZHE PAN U 65 o 7] Zof| A 4512 A8t 3 o2 Z(Ar) £ 7]
A B AsleE 31 BAE =80 FR A F T SEM} Raman 548 58] 712 A7 |9AReE ©hAS & A= QlER] gl
UL, XPS #A& Fofl @aidf HHo| A7 B A=A of ieb 540 F2 o RE Zelstyieh. A o0& A7
AHE PANC 2 5H A1 2HE &AM G- o5 W 84 350l AHEE 4= s A2 wdET

FHO : SaFA, MU0 E(DFT), A7 A, E2jot 2 2 EL(PAN), B4}

Abstract : Boron(B) is a rare resource used for various purposes such as glass, semiconductor materials, gunpowder, rocket fuel,
etc. However, Korea depends entirely on imports for boron. Considering the global boron reserves and its current production rate,
boron will be depleted on earth in 50 years. Thus, a process including proper adsorbent materials recovering boron from seawater
is demanded. This research proposed carbonized nanofibers prepared from electrospun PAN(polyacrylonitrile) mats as promising
materials to adsorb boron in aqueous solution. First, the mechanism of boron adsorption on carbonized nanofibers was
investigated by DFT(density functional method)-based molecular modeling and the calculated energetics demonstrated that the
boron chemisorption on the nitrogen-doped graphene surface by a two-step dehydration is possible with viable activation
energies. Then, the electrospun PAN mats were stabilized in air and then carbonized in an argon atmosphere before being
immersed in the boric acid aqueous solution. Analytically, SEM(scanning electron microscopy) and Raman measurements were
employed to confirm whether the electrospinning and carbonization of PAN mats proceeded successfully. Then, XPS(X-ray
photoelectron spectroscopy) peak analysis showed whether the intended nitrogen-doped carbon nanofiber surface was formed
and boron was properly adsorbed on nanofibers. Those results demonstrated that the carbonized nanofibers prepared from
electrospun PAN mats could be feasible adsorbents for boron recovery in seawater.
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BAx(boron, YA S By Ul 227) 565 5|4 F<550] Z3EE
Adow 79, EvtaE, 398 S, AR, ¥HEA A=,
3lof 5 Rt S ® AREEHIL AH1]. YR B4aE
A ol &Sk A=dl, 849 FAFE 20108 A
713t ol & FA = A o7t & FEoIA HEA FAEHL
Qlom (‘12 ~63,000 &, ‘17 ~62,000 E) $£AFHE 2010
olF % |zt ITIIAY Tl YA (‘124 $103,810,000,
‘179 $64,271,000)014 PE JolTHFEALSALE, T
A AL AFA(KIGAM), www.kigam.re.kr/mici/). SFA|TE A A A|
B4 AT 70% FE=E H7)7F AFASEAL Qlof(www.ioneer.
com) ARl FgFo] v HAE o] U FEAHL] FAH ELFY
g3t Ao Fr1glehs AR 13t S #o] 7Rs/dol =
E3E A AA BA9 v @A A9 Ak dEshd
oF 50 o]F SAHRUCEA 9] F40] 1 o]of] wE Tt
5] 871 leH1]. ¥4 sl 59 B4 HIS 9F 4.5 ppm2)
ujgo® EASHAE sl HA|] 8 a2fshd s F 54
BEF0] oF 5% 49] EOE SleRFE B4AE a0 R I5s
© 3782 ISR miFof S AR Aol 545 Ao s
38Y g Jon =7t Y PO & =50l 2 AolH1].

71 52% sl tiol] -84 840l gt At SR AlAC
Z4o] g5olA QI3IH. ol FAHF B (seawater reverse osmosis,
SWRO)0| slis==5lof| FHQfolA| A-8-EHA] WHO(world health
organization)ol| A X743 28 U)9] B4 L TEEA|AOk §
7] dhzolch. AAIR AT FRte 2= B40] Akl AlA7F
HA ot webA s W 547 S04 B4HB(OH);, boric
acid)?] P2 EASHAL pH7F S7FrS S4toll Bls 24 7]
7} AR SATABOH), borate)?] FEE WA Hrk= &< -85t
=, 2-pass FATF S FHdote] S8 YRS by-passotil
pHE S7HI719A 2461E @ JaFollA BAMES AA S
2H HF 385 Wl 849 s=F AlofRttH2). shARE 2011
WHO7} 28 H9] 54> 555 05 ppm ©[5[oflA{ 24 ppm o512
F 2SFAA 2-pass FHROE B4 A|A7E FE5] 7Hs
g%o] =it

B AZZ oA A (hydroxyl ligand)S Thr 7HA] 1L Q=
AL FE(xylitol)o]Lt ©lj L] E(mannitol)T} 72 ZE]-2(polyol)©]
B4k Hkgsto] 27171 2 SRtE(complex)E THEAL 050 4
FatolA 28408 AARH=: AS BoFolth34]. E3F &2
=9] Fol7} diiRutof| 371 fgo g Agd ozt o o
(foulingyZ FIET 4= lrh= HE 1Este] 7|& 4=t A%
Aol EE = U= = FEIS] PVA(polyvinyl alcohol) UHE(matyS
ARk, TR o] A71E 7HAAL Q= PVA HiE=
A7 A electrospinning) 2 A2 o] H|gk-Eo| A QHYSE AX
T 349 F8AolM F29] B glo] BAE sHH o AR
TH5). SHAIYE PVA Wi ET} B4 dlodhe 858 ARE
T A TAE g2t 98 At £3do] a3, PVA
E= 4 8 HoA B G0l W] wEbA thao)

2 A A 2R T2 S 7 S

4
)
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EE‘I

o

> = o

A7

—_

ol AALEo] FRset A2 42 Tl Bash.

Qb 2ol Aart =3 (doping)d AFe} 1 (graphene oxide)
2 olgslol a: & BAS TAE AR HuERCHT), B
Ho) e 1o Tefle] A4} =R o] T Bagol
SRfEIo] Tee] SAPIE BREHA ST, SAlo] 419t SR
9 9o mulo| Fape

olo] & Aol Harh £ TAAFE S e
FHESE WHloR WIHAE olgsio] EeloladnEY
(polyacrylonitrile, PAN) Wl ES A|2}5laL oF23H(Ar) 7k 7-917]
of| A etASK carbonization)E ZPTHO 244 PAN UjE-9] A4V}
ehaAfoll =R =S RIS Tl B0l =89 ol
A %z o] TRt S47]8 FHAIES: SISeHSIL Bl
A S5 T 22004 3l ) 24 FFAEE FrAlsH
250 AARge] 7R AR VHEnh B3 540 232
olgAlor HF57| 3l HE ol E(density-functional theory,
DFT) 7]4Fe] EALH & (molecular modeling)& ©]-8-510] H-47}
da= =349 T 1o S2HEs #HUNES 712 (mechanism)
o] 7Fs3%He QI8 B1A}; 519131, XPS(X-ray photoelectron
spectroscopy) H42 53 A42 TP w©AEG EHo| AAE
T B4} ol skl TR0l T2 4 8L HRIskA SIlck

mtb

2.4
21. Bxiz &z

Gaussian 09W A& Z & Tl (software) 02 AL 2L 4345}
31, GaussView A& T2 T3 0 7 ATE FASKvisualization)
SFATH10,11]. €IS oL A] FEH(potential energy surface, PES)O]|
A A (local minimum)o]] SFsle BAFLRE A6l 9
3l B3LYP Hetret 6-31g(d) 714 R gH(basis set)yS A3,
Zo]A | (transition state)2] A} F32+= Gaussian 09W L& 13H0]
WA E]o] = Bemy Pl E0 R XA S}FSHRITH12-14].

o] AitoA 71 583 AL dAR =P Iy 2HS
TFASH= doloh. U 23 Aofl BAR o] R0l S717
9] o] 73t5] HhE = FxolB g ALk fIolA Figure 19}
Zo] F9| STLE (cluster)S AL Hel fl=dl HAA
(symmetry)& SA51e §219 Th] AL S x 71 Tefelick
SHH S AE 9 7R ©AEe] JIfH R A ATAA
SlshA 0 2 I Sl(saturation)d AEIZ SYAEHE AASIGIOZH
SYAH Y] FYFIA Dofuh= ¥Egl dFFo] fles A5
ok F23] 2 2719 5 ¢ 5 FHAEE A A E2 oliolth
AA| = AikE 23 $4-50] 23 (coordinate)”F 117 (frozen) =]
I YR AAEL 25 BRSO RS Holsks AH(relaxed) 2
APt oZ Z2|AE SAHF A4 =23 FEsH] s
EAE A4 wABIL 1T gt S35k o] £4E 7R E
£ 27| F-Z(initial geometryys 7-d5k=H], Figure 12} o] 75
ot HS 7HAIHA o] 54k} 23} B(dehydration) ¥H-3-7HA]
ANYE =T Aot A |E st sS4k 845
FTHOE A 719 AP 17t BHE AR AEE olFH F P19
Ak Ato]9] A7} 2377 ACE Figure 194 ST AF o] F2H

\t

0l



Figure 1. Optimized geometries(top and side views) of a hydrolyzed
N-doped graphene cluster. Red, white, gray, and blue
balls indicate oxygen, hydrogen, carbon, and nitrogen,
respectively.

2241719] Ak& Afolo] A7} 2.818 Aol1 479t A
g4 Abol9] A7t 2,561 ACE H|siths FE Aot
Ako] Fahkgo] A 4= Yl 718 91 2 Zlo= wuE
. Figure 12 A&7} =¥ I S2AE ®H| $47]71
F3tEo] HHsEP B2 YA E 7H)) F2E BoFD
Tt 42423 (hydrogen bonding) O &2 §F =417]9] =47} QIS
2 $4719] Akag etal 9o $417|9F At gaEol
Jefs ERolA fohgEhe Ag & 4 e, ole ©AE B
O g AJAPHA|(tetrahedron) F+2F | FHA MHSlE = B
o]t

4 4
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2.2. M7|HAIZ HZH=l PAN IHE Q| EtA

A7 AR AP es Fad 4= Qe A7IHAPGA|(ESP-
100D, NanoNC, thgtl=t)oll A eP=|Qlom] A7 Table
17} 2t PANZ} 8119l DMF(dimethylformamide), £-AF 5%
Aldlich Co. 258 Ftufigt & HTk 0] 2|2 glo] ARSI o, PAN
o] DMF©]| 25| 83l 8 w% 52| -GHS THE7| flof AH44]
WHE7|(magnetic stirrer)S ©]-8-5}0] A}L20)| A4 3417k 800 rpm O 2
WHISHSITt. SHH H7IALE AZHE PAN HlEE 2 x 2 em’E
el 35 7] 2(SH-FU-1200STG-WG, SH Scientific, Ti3H71h)
oA Table 29} -2 A0 Gt} THASE AYPotATt.
FYET B F gAslo] oFA I H7|E Rl "ot e
A5 AASH] S8l ot2L o & 23] A (purging)S AAISH
ok A& gadR ES B4 2 58S gRlsh] st
2 x 2 et A|8E B4 0.1 M 58900f] 2447k gA]etglom A
Azl T AFLEOA 100 °C, 1247t ARAA GA|5HA] 2
A=}t HWEAE 21553t

_—

2.3.7|17|8AM
ehah 45 BE 2] 11X el Gel(morphology)E FAHHAHE

Table 1. Experimental conditions of PAN electrospinning

Concentra’;loolrtllt(i)(f fAN/DMF R Wi%
Voltage 18 kV
Feed rate 1.5 mLh"
Temperature 20 °C (Room temperature)
Distance between tip and collector 9 cm
Rotation speed of collector 130 rpm
Diameter of collector 16 cm

Table 2. Experimental conditions for the stabilization and
carbonization of electrospun PAN mats

Stabilization temperature 300 C
Type of stabilization atmosphere Air
Carbonization temperature 1000 C
Type of stabilization atmosphere Argon
Flow rate of argon 0.1 L min™
Stabilization & Carbonization heating rate 5 C min™
Stabilization & Carbonization time 60 min each

1] 7(scanning electron microscopy, SEM, JSM-7401F, JEOL, Y&
o2 Baslol M/ HA BAglo]l & IEAS Bekiel
31, 2heH(Raman) 47| (JASCO, NRS-5100, =) ol-&3to] &
37} 2 AAWEISR=AE ST T XPS(AXIS SUPRA,
KRATOS Analytical Ltd., 92)E 53] A47} =349 &44G
TEvlo] YAEIPEAE BATIL, TR0 B4 -89 T7)

AT XPS R BHG Fo| Bho| B oS selsigict.

3.Zm Y Y

3.1, EXIZY AAS 0125 HA | UG 7|2t} 0
L1 X| & (Energetics)

Figure 2= 8 59| 547 A4t =¥ 1w
AHL T ARl 247153t S 3 B B w0
71232 o JA = HojEth WA Figure 1074 Bl S| AF
3739 8oM o B4R FHiz AR SAto] 21
o] E8]24 07 ZZK(physisorption)SHcH(I1). 12} E5HHS-2 93]
35.9 keal mol"2] 243} ofjuf A (activation energy)”} Z R SHH(TI),
WGER =2 WSS 221 253} vHgS ER[ATHI). 2.189]
A AFFRo] & Aol AR FAEE F 9] 417t
QU] Tl S, At A1) £ gk FEAe
W 8f|(steric hindrance)”} 12} 2=} ¥E3-9] 8445} oA & tha
£71A171 2wlo] Qlck. thA] Lo, BARS BE0R EAfohs
FAi719t B 47 ¥hgo] dofd Zlo s o= 13} Eprkgat
omt Bat Eoio] sto F2d 4 otk olF AW
FA7E EAS A9 22 ERESTIA] A E =T, 843} o
A% 268 keal mol' (T2 1210 M5} tha HolAal wizlzix|2
AHAER S5 wiEt13). 2 A3 ojn] 83 F4to]
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Figure 2. Calculated energetics for boron adsorption on the hydrolyzed N-doped graphene surface by two-step dehydration reactions Red,
white, gray, blue, and incarnadine balls indicate oxygen, hydrogen, carbon, nitrogen, and boron, respectively. All the energy values

are in kcal mol™'.

gkgsto] 27171 2 SRMEE UeE v 73 BRI Y-S
o] g3l AAISHAL FFu AdS B3l SRIES] FAol B4
AAol B2 AS HofFArH34). o] o /g3t o= WPt
16.8 ~35.3 keal mol'o] 9122 11 2|3}H[3] Figure 204 AJAIgH
HS 712t -8 FolA S| 7hs(viable)$t 102 L.

3.2. W47 EHE B4 Y9 $8% 5 Ha B
45tE PAN WES FARAALAR]H 0 2 A H It Figure
39] ofm|z|of| A & 4= QI%o] H|E=(bead)7t A2 Ql=H, BlEE
AE(eno] F/do] BT o DR A7HARR} o] % gha
S} 271 ARl AWHATH: AL AT % ek, T
A7GAE AFHE Wi EVF T2fsheo] W #HUAS HRsha
o5 24 Hg Al el A(pressure drop)o] LS| ke
7 TEE 7P 9k 2 s ol PAN jE] Ak
ZF@u])7 o|u]X]& Figure 1S(supporting information)o]] A A|5}%
Lo, er4s} Fo] 729} 2 Tf2x) Ygton, Hs BHAsIE
ARHA F 60%2] FA] A (B4t 0.03833 ¢ — 0.01533 g/
FHsl7] wiizof 48} A< Figure 189] Wieid-7-2] 2]7o] ¢
Ack 3 ESANR-E FRto 2 B A (Figure 2S)3] HH, 1600 cm’!
H2oA] B4 sp” Aol 9Jgt G WHES} 1350 em™! FEo]A]
D W=} UeRich D MIES Selold Uehts 13z Sde

ol JejE 29| T2 Al o3t Zo Y =]
o8 AR o2 & 5 9ick. w3k Dot G M=o w3 2717k
Hlsg A0 Hop Aol e Fxoln 318eA Byl
BRI B olejgh A3 F90o] 2P 7E RajEo] o] uke
Z(reaction site)2. 2 FAlo] S}stA 07 GRETY,

ol AE THES B4 S8olo] YX|3lo] BAS T
T USA| XPS £A1Z B0l LolH It Figure 4= B4 84
GA] AT XPSE HEH dES HojF=t, alddixe] ©@astH
PAN UHE (Figure 4(a))i= B4y, 4bA, 1211 AA JE-S 23610
a7}t 20 7Ms o] Ae-S AR T B4k 580 g%
Tl Figure 401 BoIT 5+ QIo] Bav HEHAT Ak
o WAL Z74Ee WHE 4 Utk Table 30 XPSE 24
Y4 5 (atomic concentration)S T2 5o il H| wotH=H],
A0 FE7F2.5~28 at%E A Zo] UA| gh= 7heH 'A
% 849 557t 42 at%RAct 318004 EY5o] I EHo|
a7t == AR @A) $3tE 0] LAE 7HAA EHaL
olF ¥ o AVt SRIHEE A4 ¥4 Ut FoF
A 540 Y4 Tk Zo] F7IRIh ot 3k 549
X7 Ao FHET O B2 A2 F4 TR EER
A EH0 F7HE 3Pt 7ReRt Ad(defect)o] EAIL 4
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Figure 3. SEM micrographs of carbonized mats prepared from electrospun PAN nanofibers with x1,000(left) and x10,000(right)
magnifications.
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Figure 4. Comparison of XPS survey spectra for carbonized nanofibers from electrospun PAN mats between before(a) and after(b) the

immersion in boric acid aqueous solution.

Table 3. Comparison of atomic concentration in carbonized
nanofibers prepared from electrospun PAN mats
between before and after the immersion in boric acid
aqueous solution

Atomic concentration (%)

Before immersion into boric | After immersion into boric
acid aqueous solution acid aqueous solution
N s 2.5 2.8
Bls - 42
Cls 86.2 68.6
Ols 11.3 24.5

Figwre 29] SXMISEMT AR 72 & 5 A%
o] b U7t F2HsHE Akb 7} o] o] FHme B
ﬁHMA*£A@@MH%M%Mﬂ%F4*
15120] S7He B 31AOIA AN WS 7RO Bst
HI%NWEﬂ—ﬂﬂ7F$Fh:xaE®f%

PAN U498 S43515H A PANO] AA|H o2 1851
Qe LS o £ ANE SE] Aol 3189
BhS: Ziol & 4= Gle] sl Aol Qs Hhavt Sl
o0l $27} sk ol 5, Baty el =44
Ano] £ FHsHE 2ol TS S5tk Figre 5o 2 2
ot XbS AHEHS Hol3 el Ak 1s 37 PANl
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Figure 5. XPS spectrum of N 1s peak for the carbonized nanofibers prepared from electrospun PAN mats after the immersion in boric acid

aqueous solution.

Y 7T QE e} Wao] C=N AP et eBadG B
o] Az =3 Fli(graphitic N)Z £2](deconvoluted)=l= 2=
& = ATHS]. M A G (quartz) TS ARESHE TE A7 =04
Fd 75 A28 1000 °CollA] A/go] ool A gkast Fwrt
SESHELE graphitic N ZMIE]7F C=N A=} o ol g%
AoF e M7 HESE F 539 37 JAE=
Aol G#A UtHI. ot ATt SEALE wASH AR
W A 949 go] AoFAEE(600 °CoA ~10 at%2} H|il)
A4 a0 Arfjgdo] obyz} graphitic N ZFAENE 7= A4
9] ol 7t HEE AJ2EE HFslole o] "asitt
4.2 B

B AoME 8 F B54AE F SH5IL FA &
oA BAE 35T ff 1xAQ MYEES M £ U=
E2EZ (adsorbent)S A|AJSFA} SRk WA EXLE
ol-g3to] Aart =yE Iy HEHoA Aol AMS =
7F SeslE|al 241719 BAo] EeRhE-S AXHA BA7F
A #H| o R FAEE §H 7170 7heeE Hof
Foict. olof v ZitstAl H7|HAE A& PAN YR
HES 11-2(1000 °C)oflA TASIAZH O A PANO| H-Ro}l

o, O{]I OH

B o Broox

XPS BT Az Is W27k PANO] € 7HA3L Gl C=N
YN} ML graphitic N BTYEZ L2IBL Hste
T AL gusigd davt B NG BAL Jud
o). BPAstoR XPSE o 8dte] B4k £-89 A AT T
AR HRENS AWSch BA Fol 42 a%ed] Bh
o] AEHAT B4 170l cfstol 37j] U vlgE Zol B
S 4kao] U BEE WS MR o] F7KE 2 17
AN

a At

o] =2 FAtghn A& ofehaAtH]|(2021d)o] 95t
A 7] A5 Y THC-D-2021-0765).
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Figure 1S. SEM micrographs of as-prepared electrospun PAN nanofibers with x1,000(left) and x10,000(right) magnifications

260 A

250 A

240 A

230 A

220 A

intensity

210 A

200 A

190

180 =

1000

T T T T T T T T T "

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

wave number [cm']

Figure 2S. Raman spectrum of carbonized nanofibers prepared from electrospun PAN mats
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