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Abstract: A new type of seawater uranium extraction material PAN-A-PAMAM-A with
effective antibacterial property was prepared by grafting hyperbranched poly(amido amine)
(h-PAMAM) onto polyacrylonitrile (PAN) fibers by a one-step hydrothermal method and
then alkali treatment. The surface functional groups and morphologies were characterized by
Fourier transform infrared spectroscopy (FTIR) and scanning electron microscope (SEM).
The adsorption properties of uranium under different conditions (pH, adsorption time and
salt ion concentration) were studied through a series of adsorption experiments. The compe-
titive ion experiment shows that the material has a good selective adsorption capacity for ura-

nyl ions. The equilibrium adsorption capacity of PAN-2-PAMAM-A in the uranium solution
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reaches (296.43+4.88) mg/g (n=3, pH=28.0, p, =20 mg/L). The kinetic simulation

shows that the adsorption conforms to the pseudo-second-order kinetic equation, and the

isothermal simulation shows that the adsorption conforms to the Freundlich equation, so the

adsorption is heterogeneous, multi-layer chemical adsorption process. In addition, after

repeated adsorption and desorption cycles, PAN-A-PAMAM-A can still maintain excellent

adsorption capacity and show very good antibacterial properties to marine bacteria, and the

introduction of -PAMAM is expected to comprehensively improve the marine applicability

of materials to extraction uranium from seawater.

Key words: hyperbranched poly (amido amine); adsorption; antibacterial; uranium extrac-

tion from seawater
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Zn Zn(NO3); « 6H;0
\% Na; VO, « 12H,0

FhE TR S 20 I AR 0~ 0. 44 mol/L
NaCl A 20 mg/ L Gl ¥ » BE ) 5 56 8 9 9
MBZ RS 41 00 1 R BB — R 5 750 R A [+ B
BRIV VR L 1/ V= 1/50) B AL FE4E T L B
JE Ho TR R A AL IR 3 v i v R T A
W R T =25 C, W MRS 1] ¢ =24 h, il
1 000 mg/ LAhas o % W 4 %I Bl 2.5.10 mg/L
R P R o v TSRS 46 8 1 AR AN DI AX (TCP-
OES) A7 8 1A 21 2 A A i il 2% - B XoF 8 B i
JE PR T IR . R 23 (2) (3D % R R

AT
Q. = (oo —pIV (2)

m



UM T AR O SO B K R R R

93

Q = eV (3)

m

AP Q. A Q. 3 il A 3R 1 Fiy Wiz B 7 o A0 — I
(i) £ W2 B 25 3t s mg/ g5 o0 Fl e A3 AR B U i
A8 U i vk B mg/Ls o, ot I 2078 W
g U BT e B mg/ LV S AR L, WY
R g A S HEAT 3 YOl E  BOE- 34 (E
DAL UEZE R s Bk
1.5 EEES RN

TR BRI AE U 3 9 Wi B 1 A i o HG B
Ffak vk Bk B A ICP-OES Ml . B f5 ) T vk
Wi (Ve Bt W 4 AR : 500 mL H,O. 1 mol/L
Na,CO; F1 0. 1 mol/L H,O,) ¥ W& [ 7 T W Fit 9
U BB 30 %% (1= 35 min, T=25 °C), Y& 58
JSCHF W2 B0 500 BB HE I o i 8 v Mk B2 1T ICP-OES i
JE o BEIE A8 1K ST DR N R B 2 e pH
Feif p Ve e e K RN R R O A —E W ) U
VSV TFIG T — A WS B JBE A0 B« 30 4o 3 252 1 70 B
TP B 70 0 7 A2 A TR . 23 3k T = () F1 ()
T R B0 50 ) R B 32 CED RV R (ED)

E, =& L 100% (4)
©Oo

K00 F po 53 500 AR 32 W B 52 56 % 46 A0 P U
JiE i  mg/L,

— /CVL‘ O
E. pLoEaVX 100% (5)

o0, VEMESL 56 7 5 U i Wk mg/L; Vo,
VR AR TR LV W B AR AR L
1.6 HEMERENIK

W 5 750 XF 8 7K v YA 40 B 1) 40 T VR LA
T EAEAT IR B 3 mL KM A% 15 mL
BRRAGBIARE SRR (A:0.3 ¢ FRH,1 g &
H,0.5 g NaCl 1 100 mL 2= 8 F &) 14 4 &
S 7E 24 C IR HE 7 24 b il 2 16 0 20 R S TR
B 0. 15 mL 3ZIE W #5520 mg W B3] —
RAINE 15 mL B EFR ARSI S 37 CF
PR 9% 2 b, IR F AR ) O 25 A8 AS fin AW Bi 5]
WX BRRE . Z )5 R 10 A s BV B T TR R
FIE YR BC0. 1 mL B A IR 3K T K A 5 19 [
¥ IR AL |37 (CHEFR 24 h, f Jo 0 3 10 v i
AT R C6) X HA T A8 (RO HEAT T3
= “C;OL X 100% (6)
A Co A C 3 AR R AR T iz B 550 A0 1 W fh
5 240 B B AR EE L CFU/mL,

R,

2 HR5H

2.1 PAN-h-PAMAM-A §&{E

BT B AE PAN-A--PAMAM-A (1) ] % 5
BiF L A FTIR X ] & ik R A () B B L K Wi B U
B JG B R EAT T RAE 25 o TR 2. A 2
AT AR PAN 2R rh 2 237 em ' IEE0S BB T U
&R C=N MR RS  7E A8 i-PAMAM J5
BRI 28 vt BT X R — NH—CO—$L i % 3l
f91 636 cm 'F1 1 549 em UL XAERA T AR
(4 By o LA 22 3k B Ak B 1 R T 21 S0 S 3 o
AREY A SRR U ZJ51E 904 em ™!
WELT R R T O = U = O ¥ ¥ iF B # %}
PAN-A-PAMAM-A S Kt T U,

2237

2 C=N —NH—CO—

4000 3500 3000 2500 2000 1500 1000
W/ em!

1-—PAN,2—PAN-A-PAMAM,
3——PAN-A-PAMAM-A,4—PAN-A-PAMAM-A-U
K 2 FTIR J&i%
Fig. 2 FTIR spectra

g T ik — 20 R B R LA W R A 2R T T 55 L
FICE s, #I ] SEM-EDS %f Hi# 47 7 #1E .
SRR T 3, B 3 AT A PAN-A-PAMAM-A
FEH CON A O =Fhoo 244 5, W bt 3 5 1 44
REERW AN U TEWE Y. X £H PANA-
PAMAM-A B W Rt 5 U's fi 285 B W Bt 51
PAN-h-PAMAM-A { 8 T £F 4 1) 1E % JE 30 I
HAEW ik J5 B 30 A kAR BTR A8 k. B, iR
R Ik 7 AN 23 X BF R 3 BB IR X 3R B PAN-A-
PAMAM-A HA 3B R IR E .

2.2 PAN-h-PAMAM-A HJTC EE £ 1K

N T AT EAETC LW ARl R PAN il
h-PAMAM LG 3RAF 1 AN ] 45 A 3 (H5 5 N BUIED
B W B 5] < m(h-PAMAM) 2 im(PAN) =1:1(47. 4 %) |



94

Bfess Sictey H4dg

JLE W%
C 64.7
N 21.5
o 13.7
0O
e
D
0 2 4 6 8 10
E/keV
SEM.: (a) 2 R (b) —— & B J5 5 EDS: (o)

JCE w/%
34.5
33.8
21.5
10.2

Z0CnO

U U U UUU

0

5 10 15 20
E/keV

W% BT (D —— 1% B s

K3 PAN-h-PAMAM-A W[ i 5 f) SEM-EDS [ {%
Fig. 3 SEM and EDS images of PAN---PAMAM-A

1:2(23.9%).1+4(11.2%)F11 = 6(8.2%), W%
Ab 38 S AN Ta] 42 A A0 W B ) W R RE O R T
Bl 4, E 4 075 B8 h-PAMAM () PAN £
Xt U B0 B BE 71 B A-PAMAM $ kG 3 T 5 1
BT WA B G m (h-PAMAM) @ m(PAN) =
1s 411 206 W Bk A ) 26 B0 % U 11 dge % f
fit )1 Q. =(286.22+1.34) mg/g(n=23),i% 1] fig
S T R Ah B 0o R Xk T A i W R BE T i B TR
[ 2 B2 R 42 Tt o J5 22 S8 3k FEm (h-PAMAM) +

[ O w2 i
5soL EBRAL B2 i

1:6 1:4 1:2 1:1
m(h-PAMAM) : m (PAN)

o0 =20 mg/L.T=25 C,t=24 h,pH=8.0,m/V=1/50 g/L
P4 pfAk BHT S A [ He A %
PAN-A-PAMAM-A %f U f) 0 [ g 11
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Fig. 7 Adsorption kinetics(a), pseudo-first-order kinetic model(b) and
pseudo-second-order kinetic model(c) of PAN-A-PAMAM-A
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Table 2 Kinetic parameters of pseudo-first-order and pseudo-second-order kinetic models
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20 296. 43 0. 060 5 209. 35 0.957 2 0.001 0 308. 64 0.999 2
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Fig. 8 Adsorption isotherm(a), Langmuir adsorption isotherm(b) and

Freundlich adsorption isotherm(c¢) of PAN-A--PAMAM-A

23 Langmuir #1 Freundlich %5 Jig 5% 5 45 401 2 4

Table 3 Parameters for Langmuir and Freundlich adsorption isotherm parameters

Langmuir Freundlich
Quax/(mg + g™ 1) Ki/(L+mg ') . n Kp/(L +mg™") ”i-
1 301. 05 0.018 7 0.982 5 1. 269 32.970 3 0.999 1

2.3.5 FE5 T4 PAN-h-PAMAM-A 1 Fff 1
RERIRZIE  IPE P AP TE R B SE A 3 175 U [ 58
B AL R T 3 PAN-2-PAMAM-A X
U 3 P PE M B8 ) . 7 pH=8. 0,25 C F 3
K'.Ca®" \Ni*' [Cd*" ,Co*" \Cu*' . Zn*" V' &5
UCVDZEAT T 38 4 W B S 58 b oy 1 3 SR DL
Vg UGVD o dE A7 508 25 Rom TR 9. th
9 T 41 : PAN-h-PAMAM-A 7E K i 85 F 3L 77 14 5%
PF AR Ca® A1 Cu® " 2B H /) 14 82 I g

(Q.(Ca’" ) =1(2.17+0.11) mg/g. Q. (Cu*" ) =
(15. 8140. 23) mg/g) AR AT AR FEXT UCVD 4
LT AR B 328 6 1 (Q. = (240. 884-4. 88) mg/g);
F—J7 24 UCVDH VO JEZERE bR UCVD B
W 24 o (196. 22 4. 51) mg/ g, %F V* [ fi 75
i R (58. 4613, 22) mg/g. Al GEMY S PR 32 &K h
VIR RS LA LR UCVD o F A AR 2
SV SR UG, A B PAN-A-PAMAMEA R B T 4
UV A Ay ik 75 1 o 45 0 I i
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Fig. 9 Effect of coexisting ions on properties of PAN-A-PAMAM-A

2.4 PAN-h-PAMAM-A HEEFHEEE

1 Qe R o s i = P @ i R G 2
BRAE, I %k A 1 mol/L Na,CO, #i1 0.1 mol/L
H,O, %} PAN---PAMAM-A W jft 7] ) 1 & ¥ fig
HEAT TIPS 5286, 45 8 T & 10, anf&l 10 mI %0 .
PAN-h-PAMAM-A XF U # 05 Bf$- G Fifd 25 W% R At 5
YR 1S I 32 W A (HJRAE S IR R Z S5 138K 7T
DU B 1 7K - (Q. = (271, 054-4. 33) mg/g) . Ik
AP W% s BT DA HE 91.09% £0.21% (n=3),
XEH PAN-2-PAMAM-A HAAEHRF N ESR
il B L X TR K B AR AR R B,

350
1100
3000 [¥] Ex - v v
B —E
T
250} 80
'ep
< 200f {60 B
50 =
£ 150} #
~ {40 =
S X
100}
20
50f
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1 2 3 4 5
e I fige VA T K
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Fig. 10 Recycling properties of PAN-A-PAMAM-A

2.5 PAN-h-PAMAM-A W& &M

FFFYEE 2 55 9 40 08 SRR P B 0
PAN-h-PAMAM-A I 151 20 4 HE 32 17 1 F
G S5 R T 1L, B 1T I R
WA 10° CFU/mL &1 F ,PAN---PAMAM-A
X9 20 0 38 5005 44 7 B3 ) 94. 0096 &

0.25% (n=3) . X UiH] h-PAMAM 5] A A] DL
b JH 3% T RS A e 5 55 4 AT 20 IR sl 0 L B b Y
WA TR 1 A A A T DA 410 ¥ 408 7 1 A 4 L B A il 75
PAN-2-PAMAM-A H % 3k % L 5 19 Bt 3 06 7
T X6T T W2 B R0 AE T ST K g N O E B

PAN-A-PAMAM-A

S| PAN

A W BRHeE  108 CFU/mL
B 11 PAN-A-PAMAM-A 1) % %5 2 40 15 1%
Fig. 11
activity of PAN-A--PAMAM-A

Marine bacterial antibacterial

3 & @

(1) 38 1 8 TN M G 4 e 3 1w U0 5 s 1 v
T 2 B K 4 A R B h-PAMAM 2 K 3|
PAN £F 2 3¢ T - 20 Ab #1385 3R 45 88 3 Ak bt v Al
T 7K 2 & A1 B PAN-2-PAMAM-A; -PAMAM
1951 A B 254 B2 T il 7K 52 Bl 4 kL i VS A PR
e,

(2) 32 Ak Bt v Y i K B2 Gl A B PAN-A-
PAMAM-A ¥£ pH=38. 0.20 mg/L 4l & & Xt
U 1)~ W JfF 25 15 T AR 3] (296. 43 4. 88) mg/g
(n=3) . 1& F T /K 32l s e A b1 ek 36 B0 4 i 1)
Tiif 2 58 F7 76 A% 55 Wk B2 NaCl(0. 44 mol/L) 1) 4l %5
Wb PR U e 119 W B 7K S Qo= (106. 88 &
5.60) mg/g(n=3),

(3) #f 3Ak B o Y i 7K 32 Bl A BE PAN-A-
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PAMAM-A 1t pH=38. 0,20 mg/L & ik 21
B 2272 WAc Ay . 8l ) 2R A e W W B A & 1 — 4%
TR, IR U] 5 & Freundlich
T W I S AR 5Y L 2 SR A2 T M AN AR 2 B
TE G BT LA A W P MR U B R E L
75 B BEREVE W B 8 7 . OF B 285k 5 R W B R B A
A2 I Rl D R AT A8 AT DA R 7 2 e KT (Q. =
(271.05+4.33) mg/g), M ¢4 91.09% +
0.21% (n=3),

(4) 8 At i 2 i K 2 50 b BE PAN-A-
PAMAM-A S i 7K K5 3% 1 1 40 76 22 30 AR 3 00
75 [ 10 B AR 7. B % AT LGk B 94,0024 £
0.25% (n=3),
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