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Characteristics and mechanism of polyamine chelating nanofiber for

high-efficiency removal of Pb( 1)
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Abstract: In order to explore the adsorption characteristics of Pb (I ) and mechanism, polyacrylonitrile
was selected as the matrix to be chemically modified with diethylenetriamine (DETA), preferred as an
amination reagent,and a kind of polyamine chelating nanofiber (D-PAN) has been successfully prepared.
The physical and chemical structure analysis by SEM, BET,FTIR and XPS was performed, and the effects
of initial pH value, contact time, temperature, inorganic salt and other factors on the adsorption process of

D-PAN were studied. The results show that: amine groups was successfully introduced into three-
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dimensional network of D-PAN, and multi channel structure is conducive to improve the adsorption

properties of D-PAN for Pb ([ ). It had the best static adsorption property at pH 5. 0. The maximum

adsorption capacity was 1. 73 mmol/g obtained by fitting with Langmuir model, and the quasi-first-order

kinetic rate constant is up to 0. 06 min~'. Moreover, D-PAN had a significant “salt-promoting” effect, and

the adsorption amount of Pb (Il ) in the salt-containing system could be nearly doubled. Combining the

results of XPS and DFT, it was found that Pb (][ ) could be removed by chelating with N atoms in

polyamine groups to form bidentate and tridentate complexes. Furthermore, D-PAN exhibited excellent

structural stability after multiple regeneration. In summary, D-PAN has the advantages of fast adsorption,

large capacity and easy regeneration, and has broad application prospects.

Keywords: lead ions; polyamine; chelation; nanofiber; “salt promoting” effect

WA VETIR & L L S T A R K TR 4
JRER FEORIED . AR, B KU B T8 R A
RES JRE S BN E MR R AT e Y E
SRR A A5 % A L S N AR v DR 5 7
B A0 R — 285 Ge ), (b R K A B8 i AR o ) (GB
3838—2002) 1 1 27K A BRAE R 0. 05 mg/ L. 1 HAH
SRAT VAT 1 HE B PR AEL A 23 T A TS, SRR K
FHIA BREAALIE A2 DTTE 1 | LA 125 L IR 03 1
BRI A, R B A1 458 06T 8 352 0% P e O T 7 B
il R K R TS Y TR A B R R
Zz

ZFP B R B L et A R g2 FHF P
CID R R B . il , Niu 2500 ks e aghiel e
Ji S 3 R G HE Wk  BOPE TR 5T R R3S
R P L B e W B P CTT ) {EL 5 I B 43
54 0. 58,0. 39,0. 64 mmol/g, Ma &M Fi| FHJZ AR
4B S AL K ORI B PhCIDD W W] #E 1 h Y
TR W BV, HL A R B i 38 1. 40 mmol/g . 8&
17 o PRI LA T A PR P B ) 7 LS Bz A . Rt » i
TR 75 R R L ) DS i) v 248 P CITD
{ipile

YKL A BA % R K AR L 2 fLIE — 2 W 2%
SERYAERE R, pl R A I B RN UL A g
KA AR 118 P S8 2 B A2 34, i L & i o
RN (PAN) QUK 49 2 T L8R E 4
JE B, BN Deng 217 Kk LR 0 Wi (PED &
WA BRAS IR PAN G0k 2T 4ExS PhC I 4 5 R g o
34 1. 12 mmol/g. Wang 2508 i) 45 T $h R Eo ik
S PAN 2L 2R B 590 6k PhCIDD 79 5 K
[ A 35 1. 17 mmol/g, HH:AF NaCl m] 4 FHoP- i

B ELER T2 4590, FBLH “ER AR AN . Bk, A
FZ B b A6 PAN 2F 4380 B0 L il 2545 K 4
AR TEALEE ST UL B2 PAN 90K 21 4 544 5 [l i iy
SEFRRH SEEE P A 185 A% 2 Bk S Rz ot 7)) P A=
FIFHE, EFE = 2 4% = M (DETA) X PAN 44
K EFAESEAT A2 R 28 i RO B 7] D-PAN
PbC I A2 BR WA W IR pH {E 42 fil BT ] L 3
J3E 45 DR 2 0 Wi o oo AR (S e, O R 45 B X BT O R T
AETE (XPS) F1%% B 17 R BRIS T 3 (DF DY, R G241
Br D-PAN Xf 7K H PhC I i iR S5 AL
1 R
1.1 {488

T ES (AL404) . I AR(E SR AR AT FRA F 5
R (Scientz-12N) , |1 15 S2E6 35 45 4 R
ONFE] AR R CAL104) Fil pH 3 (FE20K) | A 4%
-FCR AR (R A BR A 5 TR B R R 5 2%
(HZP-250) , b IHE 7 SE90  45 A BR S W) 5 B 2l /K Bl
(SYNS OOOCN) , % #d A B2 w5 # v 25 22 B
(CS30K-H) » #B N BB B 2 A A BRA W) 5 55 85
TR EHEIEL (ICAP-6300) , FEBR G /R ; 44 a4
(S4800) , H A H 7.2 7] s H AL 4 BEW B ( TriStar
I1 3020) , 4 vg ER B2 7 (L3 A4 BN 7 5 (8 L
AR 3 2T ARG (Equinox 55) » 78 [ 4 £ 58 ) 2
A A R A w87 ek L (PHI 5000
VersaProbe) , HZA< UIVAC-PHI A #].,
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T AR A7 BR 2 5] 5 To K Rk IR 4 . S0 LA
B TR A R AH R A SR BT A R L R 4T Ak
B BRER BN AT N7 N-Z I H B (DMIF) %5 35 4 43
Bra, ok B RE s Ak R A R 2 | 5 SE 5 FH K i
afizK.
1.3 D-PAN WJ#I% 7%

FREX 1. 000 g PAN iR ¥%f# T 10 mL DMF H,
S R 2 5 AV, H15 97 22 BRI TR f L
R RN R G5 b, 97 22 HLIE S 43 00 45 i S
SEASCEE ARAR 2, ) 4 PAN 9K 274k, 25 24 B350
1E GARIEIRE 16 em HLE 18 kV. Ji# 1. 0 mL/h,

£ 50 mL = H R A 20 mL DETA #l
0.100 g PAN 2K £F 4, = M E 2 hy A
0.500 g JL/KBRIREN, T 393 K FHEFEN 3 h, 1F
VeI E R, IR D A 4, R Ak PR 2 K 2 b
PE, SR VR TS EDAT §175 D-PAN, & g2 A
1 iR,

/\/E\/\ + N T )}gih N

H,N NH n T N.

2 2 &N 120 € H g/\/ \/\NHZ
D-PAN

1 D-PANWIEREEE
Fig. 1 Synthetic route for D-PAN

1.4 FRASIRB I8

R PhCID W THER R i
HNO; #il NaOH 75 pH {8, B J5 Il A — & 1 D-
PAN, & FIEEIRZ 2, L 140 r/min BFEHIR
24 h, M P AFEHA R PhCID B B2, 94 (D
TP B b i

o — (G—CoxV

m

D

A . Q. AT W FftH , mmol/g; Co i PhC L) BIH)
WU ,mmol/L;C. 2N PbC 1) B854k B , mmol/
LV NEBRARFL, Lsm 8 D-PAN #n# . g.

2 XBWERSITR

2.1 A

Kl 2 i D-PAN By B E (SEMD . HLAR£F
AR B AR LR 360 nm, £5 ML LT 4k AH B 40 28 28 4, Y
WEA 2l IE N MR L5H . 5 PAN GOKEF4EM L,
D-PAN 19 e 38 TR 1 34 L 5 42 AL AR B 2 38

(R 1), H # i HRE  3x J2& e Al 2 B iy &5 R0
D-PANJE SN FL A% 25 44 1) 728 A6 1] T 5 22 0 B A0 A5
e 0T PhCID L.

(a) (b)
2 D-PAN WA RRIEE
Fig. 2 SEM images of D-PAN with different magnifications

F 1 D-PAN 1 PAN GRF LK FLIE ST
Table 1 The information of porous texture about D-PAN
and PAN nanofiber

tb A/ ) LR
b TR ,
(m? g 1) (em® g 1)
D-PAN 38.75 7.09 0. 069
PAN 22. 87 4. 98 0.032

2.2 4I5htiE

3 i D-PAN HLLAMGIEE (FTIR) . 2 923,
1450 em "4 51— CH, A9 5 X B A 45 4% o0 A1l 1T
PR AR B W T, X N T PAN A 14 ik 2R A
AR5 DETA H I 3, 2 239 em ' AbJREEHY
Wl —C=N B4R 3. 5 PAN 99K 27 4 AH
L, D-PAN 7E A 1) 0 5i BH i sk 557, S e ) /0 £ 95
SEPE PR B T K R O R A Ak R R, 3199
em AT TEBYIE A 1 582 em ' Rb I Y I A3 I X
TR OO e 1 N—H 25 41z 2h A0 P9 25 il 4R 3
MU, 1 075 em ™' AT R TR (D) B i) C—N
gERsn> . Al 0L, DETA 1 i U5 10 e Ak 52 07 9
IR E) PAN SE0K |,

PANARKEF4E
S
o
s |
o3
k= 2239 D-PAN
| W
i)
2
= | 1075 I
/ 29233199
1450 \
1582
1000 2000 3000 4000

Wavenumbers(cm™)
3 PAN @K EF 450 D-PAN R4 5 SHitk B
Fig.3 FTIR spectra of PAN nanofiber and D-PAN
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2.3 pHEMM

PhCID B AR EE 1. 0 mmol /L, W 5V BE 0. 4
g/L B 298 K ARFEARWI I pH {EH (2. 0.3. 0,
4.0.5. )% D-PAN W} PhCTT) 4 52 i o 25 58 G /&
AR, Wtk pH B & BT, EL pH
{ERF, D-PAN AR () e 56 & A= 74k 5 AR
F LI T A F T PhCID B9z fff . Bli%s pH
EFFE BB 25 B4k, IR 2 5 Ph I Y BC A g
775 BRI W B S T

1.54

Q./(mmoL-g™)
o 5 =
> 2.2

o
w

4
=)

2 3 4 5
pHfE
E 4 pH{&EX} D-PAN IRZFt Pb( T ) B9800
Fig. 4 Effect of pH on the removal of Pb( I )

by D-PAN
2.4 WMizhhzE
PbCIDHJIAHEEE 1. 0 mmol/L, B35 B 0. 4
g/L.pH=5. 0, 298 K, #47 D-PAN W[ Pb
CID BB 728505 6 — 2 (R (2)) R — 4%
gh 12 R GR(3) R @O BTG

Q. — Q) — In Q. — K1 2)
1

Q- KQ T Q )

h=K,Q (4)

K. Q Hy ¢ B 20 (% 9 5f W B £ mmol/gs Ky A 1
— R AR min ' K, RHEZ R B e
FH L, g/mmol « mins h ) 4 W B E AR R
mmol/g * min,

W 5 iR, D-PAN 1E 30 min P HRE M, 35
SIS fH Y 86. 3%, 120 min AT 35 21 10 BAFSFE-£67
WE—G 2 J) 5 T B X SE I 25 G L. D-PAN
XS P CILD B DR sE W B A5 25 T P A B 28 4
14 D £ PO AR 1 FL B 45 4, 1) T 152 B J5 75 &7 4k 9 356
PR
2.5 WMERERBAZE

PhC 1) 7 [ %7 4 v BE (0. 25.0. 5.1, 0,2. 0,
3.0.4. 0 mmol/L) , W B FIMEFE 0. 4 g/L, pH=5.0

R?

i 125 0.06 0.982

2 | o) grnmeemin ol gmin|
B | 132 0.068 0.106  [0.946

= B

— W R I

==~ WA SRR
0 200 400 600 800 1000 1200 1400
t/min

Q/(mmoL-g™)

E 5 D-PAN HWR B 30 1 # 2
Fig. 5 Adsorption kinetic curves of D-PAN
TR (298,308,318 KO T HEAT45 1 I B 52 56
i Langmuir #£8Y (5X (5)) Al Freundlich %Y
GRENDFATIIATT 45 R ILZE 2 FIE 6,

Ce _ Ce 1
Q(‘ Qm + QmKL (5)
Q. = K:C1/n. (6)

A Q. N KW i, mmol/g; K\ o~ Langmuir
S5 8, L/ mmol; K 4 Freundlich 2545 58 % 4. n
& Freundlich #E5 22 %5 .

&2 D-PANX Pb( I ) WERRMISHR
Table 2 Adsorption isothermal parameters forthe

removal of Pb( Il ) on D-PAN

Langmuir £ %) Freundlich A%

T/K Qu/ K/ Ki/
R 1/n R
(mmol » g 1) (L » mmol 1) (mmol + g 1)
298 1.73 6. 369 0. 958 1. 339 0.242 0.953
308 1. 60 5. 866 0. 957 1. 228 0. 243 0.947
318 1.57 5. 090 0. 982 1. 168 0.258 0.948

Q,/(mmoL-g™)

Langmuir model
...... Freundlich model

0 4

1 2
Ce(mmol/L)
B 6 D-PAN Xt Pb( I ) B9 %5 A Bt
Fig. 6 Adsorption isotherm of D-PAN for Pb( I )

Langmuir #5145 Freundlich # A48 & B4k, &
I Bt 7252 D-PAN 2 1S A Y 52 ) o A6 ] 5
B 2 W BN W B A B IR BE e R AR
298 KN4 Langmuir 15 8405 1Y) Jic R WK B 62 15y 3k
1. 73 mmol/g. 5HAMLFAEIEMIFRIA L (R 3) 4k



186 I RE5xE e

FROF E O

% 43 %

THRIKF-

R3 STGRFHEEREHFIXS Po( 1 )HERMEE
Table 3  Adsorption capacities of lead by nanofiber type adsorbent

L W B 25/ -
W B 350 24 Bk FRER] EEBEN
(mmol * g7 1)

D-PAN NH—/—NH, 1.73 AL
WNF SO; 1. 60 [10]
NCM —OH/—NH, /Bt 1.12 [17]

H-PAN —COOH/ & A 4=3F 0. 99

- [18]
AN 1.17
PAN-oxime —NH,/—OH 1.27 [29]

ffif] Van't Hoff #l AG 5, 584848 (AHC,
kJ/moD) JH7AE (AS®, J/mol « K) #1 [ i BEZE (AG®,
k] /moD) 3 AT 2 S 40, I 2 (9) Se X H i ik
AL AL FR, 45 RN 4 s, k4 I,
AH <20, R WMy il #id 2 5 AS° <0, RUIK R
TCF BEREAG: AGY <0, R R W il LA A & 7.
I W B R R IR BN 1 & G

 AH' | AS
InKo = Fp + 7 7
AG* = RTIn K., (8

L] L] 0
K. — % 9)

AR iE AR S 8. 314 J/mol « K T R5E
IOV S K5 Ko 0 W BT A 55 8505 Co bR MEWR B 5 v
* 4 D-PAN M Po( I ) B9 ¥E S8

Table 4 Thermodynamic parameters for the removal

of Pb( I ) on D-PAN

ANGY/ AS°/ AHY/
T/K InKgq
(k] *mol™1) (Jemol t+K1) (kJ]*mol 1)
298 1. 85 —4.59
308 1.77 —4.53 —14. 05 —38. 80
318 1. 63 —4. 30

2.6 EMENBEFHZMW

PbC D) #IEG%e JE 1. 0 mmol/L, /30515 K.
Na™,Ca”", Mg’ (2. 5,10. 0 mmol/L) I f¢ F
PhCIDFIER K EE 3. 0 mg/L 4345 CI™ . NO; Al
SO, (1. 0 mmol/L) He A7, W B 55 ¥k B2 0. 4 /L,
pH=5. 0,78 K 298 K, 7% TCHL B BH & 7 A7 %t
D-PAN Wzt PhC LD (52 m, 25 R aniEl 7 i, &

KA BH S A2 ¥ AN A 2 B2 F T D-PAN X} Pb
CIUD) £ W BT, W B i A v AT 42 FF 95. 8706 (K 3k
7)o “ERARRON Y EZALEIZE T D AR (1) 4
JRER I V5 38 v 9 8 7k B B, mT LLSE Al D-
PAN I 1F H a7 , # B8 5# il /F AR 2 D-PAN X Pb
CLD) Ry 2 B350 5 2 AR 2 R B B 12, P C L)
TR KT Na®,Ca®" | Mg*" I If R, it 3 5 Pb
CIDBYER ST ESREY B () 48 BB T Ik se 4
W R a5 3 TS LA A A A2 AR Al
25 ARER I R CI 5 PhC I & A B AR . 5%
M 7K R PhCID FTEZS S 10 SO A HL g 4505 » e
J5 Wi FH S B s L AT REA7 A W R SRR/ T

309 By R
0

N
1%

Q/(mmoL-g")
&

0.5

AN

T
(a) AFEFHE I
—— LBRR 2 VHiwE

73 T

Na*

[}
&

0.05 mg/L

Control Cl- 0
BET
(b) ARIBIE 73447
7 AEBREEFEES D-PAN KH Ph( 1 )HI#0E
Fig. 7 Effect of common cations and anions on Pb( I )

removal by D-PAN

2.7 BEMBRTEMERE

FIFH 0. 1 mol/L MRHER X D-PAN #E47FAE , b
Je PEAT PR B S5, A5 AN 8 s, 4 IR FEAE
HJE -D-PAN [0 Bff 524 1. 10 mmol/g. UERH HH
AR AR AR e ERE .

8 D-PAN ByE £ IR EAE
Fig. 8 Reusability of D-PAN
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2.8 WRERHIESHT

2.8.1 XPS idxf kb D-PAN Wi J5 A9 XPS
SRS AL, X E D-PAN B9 Nls i
TR IERIA, ELA 4 4~ XPS HRAiF g, Qg 9 fir
No Hi,398.3 eV N—NH,/—NH— 45 & ki
W, FHEE T W AT Y 398.5 eV KA T 0.2 eV Byt
6 8%, 3 A1 (O e & 906 B 75 PhC D)
BeAi 45 2R, 5 DFT iF 8R4 R -k 5. 5
PbCID B AL J5 . N1, N2 Fil N4 Ay 5 fif 25 JF 15 14
T . 405.3 eV R A A A B 45 A RE s i), JiE 52
NO; # A D-PAN 1, & PbC I WM B, i W b
B NO; 8% W [ 2] D-PAN - DL 76 B fif 5 3¢
HRL37 145 R —2L,

(a) W R A

Intensity(A-U-)

394 396 398 400 402 404 406 408
Binding energy/eV

(b)) WEH
9 D-PAN IRFHATJE XPS K N1s S i &
Fig. 9 N 1s Fitting of XPS spectra with D-PAN before
and after Pb( I ) adsorption

*5 DPANRKREPb(I)REHMEH NHEFTIH
Table 5 The charge distribution of N in D-PAN and
different configurations with Pb( I )

% N1 N2 N3 N4
D-PAN -0.704  -0.548  -0.596  -0.613
D-PAN-Pbl -0.735  -0.700  -0.535  -0.840
D-PAN-Pb2 -0.813  -0.673  -0.549  -0.807

2.8.2 DFT#3 ld DFT TR0 B 72
Hn] RE B A A A ALY I 10 PR, D-
PAN H Ay N R 1 i3 D-PAN-Pb1 (B & 1) F1 D-
PAN-Pb2(# 8 2)PiFh 7 X5 Ph 1) KAL), B
RITEEER IR 6. BLAWH PhCID R 4331
1. 298 il 1. 164, WY fif ik B AAFEFCAR ] PhC D)
F LTRSS R R 1 p L PCID 54 N T &

AT KA R 2. 238.2. 420 A, #g%L 2 T, Ph
(ID5 34 N JFREA7, 85308 2. 314.2. 433,
2.409 A, TR 5 i 45 4 BE 43 R —1 566. 49,
—1 690. 83 kJ/mol, H:H1, #4841 2 (45 & s Ik, ]
it D-PAN Al PbC [ ) B 45 A1,

(b)D-PAN-Pb2
10 D-PAN 5 Pb( 1 )EEHNEEYIE
Fig. 10 N Coordination configuration for

D-PAN chelated with Pb( T )

% 6 D-PAN-Pbl 5 D-PAN-Ph2 ¥/ DFT B4
Table 6 The calculated parameters of DFT for D-PAN-Pbl
and D-PAN-Pb2 Complexes

Liapis) 454 H8/ (k] » mol™1) gk /A
Pb-N2 2.238
D-PAN-Pb1 —1 566. 49
Pb-N4 2. 420
Pb-N1 2. 409
D-PAN-Pbh2 —1 690. 83 Pb-N2 2.433
Pb-N4 2.314
‘
A\
3 #Hig

3 T 2 T SR D A I AN K 4T A R T
G 2N AL 4EW ) D-PAN, pH=5. 0 i},
2 h AT IE B PhCILD A 8 BP0 S5 I
oA 1. 73 mmol/g, JoHLERILAE 8 15 # fup B A
PEHE D-PAN XF PhC I W, B 3 0 “ Eh e
BN . 4 4 ARG D-PAN AW 475 A 3k
1. 10 mmol/g., 454 XPS EEM DFT 5B 4587
Mg B ALEE T 241, PhC 11Dl 5 Z ek b N R 7
T BOBHT A =15 B & 4 AR B A 45 ) S5 B Ph
(D%, 2 TR, D-PAN EAG W, 256
Ko FEA R R4 A0 A, TR EoA ) R i e

e
R 5%,
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