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& >98% ) 1 B 32 [F Sigma-Aldrich 23], EATHYEEA Y B 2 BT W3R 1. AR SL I e R B G H e
20t RO 9 4l BE S M i D L

Pri-MWCNTs J& O-MWCNTs I [ Hr ER2E B AR I E0E 58 B , N ATl b B B 40T . i 2 B
IRAK A &R 22 SAH TR (CVD) A 8, 2B K F 95% , K EFE 10—30 wm Z[A], M2 7E 10—
20 nmZ [A], NARAE 5—10 nm [q].
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Table 1 Properties of three perfluorinated compounds

LAY (PFCs) i Syt B/ (grem ) WEMREE/ (g L") rK,
29035 (PFOA) CF; (CF,)4COOH 414 1.84 3.4 -0.2¢, 2.5¢
R E B R AR (PFOS) CF; (CF,),80;K 538 1.95 0.57 -3.27¢
LI LEREER T (PFHXS ) CF; (CF,)5S0,K 438 1.98 NA® 0.14°

S MESCHR10] 5735, 3@ 4 SPARC #f4: (hitp://ibmlc2. chem. uga. edu/sparc ) 35458 ;5| @ Scik[12] ;8] B ScHk[13 ]98] B Scik
[14] 5w TSk

1.2 ZRERRYIKAE I RAE

BRAN KB TE B2 T b TR 2 o i AR Ja T R T M BT 0 20 . B T AR S ALAR 0 A1 R T 55 [
Quantachrome {523 H () NOVA 4200e L3 81 S AL BRI (S0 T RUHE 77 K AR W RAFfige 1 45 i
2 St BET BJH BEBUTHEA iR AN (Y L R T AR B FLALA. SR S8 BRTE 273 KT A IR B 25 il 2% B
DFT S8+ AL AL 2. SRR TEA ] pH (2518 T 1Y Zeta Ha A AT 9 [ Malvern {X &% A4 BR 2% ) 1)
ZetaSizer nano S90 {XFE 0. 01 mol - L. ™" NaNO, i fift 15 5t 1 i , B H500 st 3 AP A TR . 1o
[ Elementar 23] 1) Vario EL I1ICE 43 BT AU X Bk 24 K48 #4750 R 3. D€ E VG Scientific 23 ]
ESCALab220i-XL B H - RE IS 7 ik 94 K 387 1 405 1
1.3 WPl S5

S 1) 0.01 mol - L' NaNO, }2 100 mg- L ™" NaN, 3y 3 #25 i fif it 8 25 mL & A [k i PFOA |
PFOS & PFHxS R INA RIS A 15 mg BRIKE 1Y 50 mL FREPVIE SR B 72 (293 £0.5) K, 5%
B110 remin ™ P FEIRAR G B FRAA TR 48 h (TISLIGZE B R, PRCs 1R BT 48 h ik B 2 M- ) .
PFCs (I UHHEE B 3 AN G, W B3R AE 20% —85% 22 [7). W Bt 5 (9 pH. #0388 3 3% 1 0. 01 mol - L™
[ HNO, B¢ NaOH fRHF7E 7.0 £0. 1. W45 55 4F i 75 5000 g %% 3T B0 20 min, 5.0 % &
24 hIYIEE 73 B T PR Je BB 5 I E PRCs /9 35 B A N0 s 0P A AT AN B I 4 R 48 /Y = B
SRR, PFCs [Rhy 008 BE I B3 AR 812 20 1 3%, T LA AN AN B I PRCs (-4 ] S 3 2 B
BRAKAE P A PRCs.

1 pH B2 S R 00 i pH (B2 3 4.5 £0.1.7.0 £0. 1 £ 9.0 0. 1, 5% 12 h il
% hn 0.01 mol - L™ HNO, 5% NaOH #75. PFCs ¥ 4GHEE 4 0. 01 mmol - L ™"} 0.30 mmol-L~".

PFOS 5 PFOA 7 Pri-MWCNTs - 5% 4+ W JF 52 56 1) 2ok 725 BRI B0 50 44 22 AH []. 72 PROS i 18 B 5 3
S 0. 08 mmol - L™ {1 PFOA VE 354+ W {5, 76 PFOA (1% B 5256 %8 m 0. 08 mmol - L ™' 1) PFOS fE
h T I BRI
1.4 PFCs gl &

FH LC-MS( Waters Alliance 2695, Waters Micromass ZQ4000 ) 11 B T35 =, RE T faf bt (m/z) g
369 (PFOA) 499 (PFOS) 399 (PFHxS) iy £ FL #7318 1, I FH /MR 12 I % 7 W TP 9 PRCs. (53541
Waters XTerra C18 SZAHAE (150 mm x2.1 mm, 5 wm, Waters, USA). g 51 i shAH 4 0.2 mL+min ™
[ 10 mmol - L™ BEFR /2 (V:V, 55:45) i, AR R 10 L AR I 313 K, B FURIERE N 423 K, B4
HJER 0.8 KV HEFLS3 50 Loh~", PFOS PFOA J& PFHxS [l 4L H FE 4351 60 V .27 V .55 V. X
PR HIBE A 1.0 wg+ L7 (PFOA) 0.1 pg-L ™' (PFOS)#10.1 pg-L~'(PFHxS) (S/N=3).
1.5 S5 I B s 7

Langmuir 52 . g, = b0,C./ (1+bC,)

Freundlich 52 . q.= K.C"
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BRI R B K, (Lokg ™) BRI K, = ¢./C, = K€,
SOt A g, 4 BRI 1 PRCs ZE360sh (ol L~ ) JRURBRER) - A0V FE (ol -ke ™) . 0, JAit ke
W fff 75 4 (mmol kg ™' ), b S W B 5 B0 (Lo mmol 7' ). N 2 W B IR LR HE B K SR W I A R R
[ (mmol-kg™") « (mmol -L™") ~"].

2 HiR5®

2.1 BRANKA Y FRAL

BRKAS A SE LR DL 2. O-MWCNTs f LR AR M AL KT Pri-MWCNTs, i U A AL R
T ERAKRAE P IS E T SR 2% 5T, O LA T REF T B AR A 1 M. O-MWCNTSs 547 3 22 19 &5 4 fE
, AR A AF LA A pH {EL(pH,,. ) -

R2RARA AR

Table 2 Properties of two multiwalled carbon nanotubes

LK C &t 0 F it oH HFHA LA/ (em®-g7")

MWCNTs /(wt%) /(W% ) e /(m*g ") AL AL
Pri-MWCNTs 97.7 1.52 4.0 149.3 0.305 0.024
O-MWCNTs 92.4 7.58 1.4 185.2 0.756 0.031

a. RCTT K T WM M2 BET ST B s b, IEUTTT KR UM B2 BIH ST BE/ 5 oo M S{Lik 273 K Tl
W26 T DFT 23155

2.2 pH{EXT TS PR 5

EFRACE PRI R A (K,) SR pH H X 2RAE PRI EA (B 1) . K a5 pH (A
Y TN 24 pH (B M 4.5 FFE 31 9. 0 1, {IR ik )& PFOS 7E Pri-MWCNTs | 9 W% ff K, M 78154 L-kg ™'
REARE] 2563 Lekg ™' ARMR MY K, R TRk B K (8, BB 2 910 & 0 W BHE 25 pH E 44 R340
FELE, iX 5 SCHRIGE Y pH (B 2900 A WITE TR Y B R s ma — 3. 56T pH (E I B 754
BLTS G i i 1B AL %, JEHIE X T pK A T5250 pH SN LTS 3. B 7 BUA HLTS e
] pH E 45 F T BRI AR, TR R PR 237 Lo e B A5 0 B 1 ELA S i W R 7' (AR 5236
JIrR I 3 R Ab &Y pK BT 05 pH W (£ 1) 7E0rA 25 pH 50 P 28G9 &
BELLTES TR ASAEAE. B BEnT LAHEWT , pH {EXF PFCs W [ 1% 52 i 3228 15 % Rl 44 K A5 2% 1T R A 1 0T 11
SR, Pri-MWCNTs F1 O-MWCNTs () pH, {E43510 4.0 .1.4(3 2) . 76 pH 4.5 BT, ZH R
e, 5 PRCs (B &1 A w i HE R E . BEE pH (R &, BRAVK E R I R g £, 5
PFCs [ 25 I i HE R VR P 98, 2 30 PFCs W B 4 O REAIG. AT UL, % FiL 1 & PFCs 7 MWCNTs |1l
RS 1 25 e R 2=
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B 1 pHEX2EMAAYIE Pri-MWCNTs (a) Hl O-MWCNTs (b) EIZH K, #9500
PFOS: (M) C, =0.01 mmol-L~", (J) €, =0.3 mmol-L""; PFOA: (@) Cy =0.01 mmol-L~",
(O) €y=0.3 mmol-L~"; PFHxS: (A) Cy =0.01 mmol-L™", (A) Cy= 0.3 mmol-L~'
Fig.1 K, as a function of pH for PFCs on Pri-MWCNTs (a), O-MWCNTs (b) at given initial concentrations (C,)
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2.3 EFEWAERAUORE LRSI 2k

IR PITEBR I ARAE L 14 25 L W B it 2 AN &) 2 vz, iy i 23l U] Langmuir 2 Freundlich
BARVREF AU G (3£ 3) . Freundlich #1524 N {H7E 0. 459 £ 0. 717 Z[8], WM B2 AR L . W
LR S W ST A S B R R 43 2 T A T A A DG
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Fig.2 Single-solute sorption isotherms of PFOS( ), PFOA( @) and PFHxS ( A )on
Pri-MWCNTs (a) and O-MWCNTs (b)

%3  Freundlich Fil Langmuir #8114
Table 3 Freundlich and Langmuir isotherm parameters for PFCs sorption in single-component system
Freundlich #8140 &

K,/(L-kg™")
M B34 W K 5T Ky N &
/[ (mmol -kg =" )+ (mmol -1, =) V] °C, = 0.01 °C, =0.30
PFOS 378 (1)° 0.459 (0.018) 0.991 4566 725
Pri-MWCNTs PFOA 338 (16) 0.628 (0.029) 0.988 1875 529
PFHxS 170 (9) 0.717 (0.032) 0.991 626 239
PFOS 280 (11) 0.617 (0.022) 0.994 1634 444
O-MWCNTs PFOA 213 (11) 0.680 (0.035) 0.987 930 313
PFHxS 106 (5) 0.634 (0.032) 0.993 572 165
Langmuir BERIP5
% [0 W [ b Q..
I 55 % 5T p mmg_kg—l : S Lemmal 1) R? p mmoﬁ)iig—l : 0./Qa
PFOS 237 (11) 15.8 (2.2) 0.985 361 0.656
Pri-MWCNTs PFOA 292 (12) 3.95 (0.30) 0.996 393 0.743
PFHxS 151 (9) 2.87(0.28) 0.997 419 0.360
PFOS 201 (7) 5.44 (0.39) 0.997 448 0. 449
0-MWCNTs PFOA 202 (11) 3.00 (0.29) 0.996 487 0.415
PFHxS 103 (4) 4.92(0.35) 0.997 519 0.198

B (o) 5 Q. F HESCHRL 10 ) (7 2 B I B 2 ek (mmol kg ™) 5 © € B4 mmol - L™ 1.

FH Langmuir £ SH05 KR & Q18 2L} Freundlich 711 73 Pt R4 K (H HLEE 3 Fh ek &9
IR RE ). 453 W, 3 i PFCs 1Y K fH PFHxS < PFOA < PFOS, X 51 & CF, BN E—20, BRI 5
CE, M0 2, K (EBRK , SIX UL B K P 7E PRCs W B 3 A% 9 85 224 . PFOA (% Q, fH 5 PFOS Hy4H
2, 3X 5 K BRI I3, i K AT BE -5 e i BE R R o sl e o )T B DG 2 T M R AE T
(R S AR B2 (CMC) S B4 B2 S O 0T B 8 RS A G, AN S 102 209 Te X FH &5 1, PFOS J¢
PFOA (115 L 5 R B2 4550 A 8.7 mmol L ™' & 36. 1 mmol-L """ [ i, PFOS %% PFOA T 25 5 FE Rk 4 oK
2R 1T 3 1T 2R A L v 1) XS IS SR s S oR, JT DA bE PROA B8 25 5 B FE R 4 K A8 (1) L., 41 il
PFOS 1L AW R %58 /55 vk BE 1) PFOS Jz PFOA Y T M e S B B ¥ 3 4 i g b i) WG A7 ot 3R B i
PFOA ) Wl Fff %5 1t K F PFOS i MLAES) . BL 4R O-MWCNTs #5 Pri-MWCNTs 45 5 K i H 35 i B, {H
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O-MWCNTsH) Q, {6 W] & /N T Pri-MWCNTs (£ 3) , — & # Lo 50 2 W B A9 3+ 5308 ( Q. ) 1R, B =35 1Y)
Q,./ Q. HAR/NT 1, BEHIRRAOKAT 1 (1 — B8 5 N RE#E 4 AL &9 i i 95, O-MWCNTs (1 Q,./ Q. fH /]
F Pri-MWCNTSs (), BBk O-MWCNTs b8 2 B 47 55 AR 5 4, LR BR T O-MWCNTSs L Pri-MWCNTSs
Fifi A 2 R AT TGN T 5 25 A9 8] i HEF 28, O-MWCNTs |- 5 22 (1) & 420 RE 138 i 1 %k
YORAE BRI KA AT RE S & A B BB 45 & NI/ T PFCs MBI 80, BEAIS T B AT T I B
2.4 PFOS 5 PFOA [y35 200 [ff

XU B A & v PFOA 55 PFOS ZERRAIKAE T 1 WL B A5 IR 28 S Freundlich #4515 2 50043 1) UL &
3 fige 4. 5L R RAH L, A 55 A B BT AE AT, Freundlich AR SH0 N 351 I, BERH 4> 94k
BB R SRS BT R B B A R K R B, U B B A R T K A D 1
PFOS 5 PFOA [ BIHAFAE A S 1 5 4. e 4 5 5 2 Ik & W Wk B2 A 5%, (RM EE I, PFOA (1) K, [
PFOS MAFTEREAR T 79. 1% , im e BERE PFOA 1y K BEMIR T 57.8% . PFOA 1y K, fH I8/ NFE BE LE PFOS (1)
K, X5 PFOS i i W [ RE 1A %
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B3 pH7.0 U FfAZRH PFOA (a) F1 PFOS (b)7E Pri-MWCNTSs | /) 45 7 0% B i 2%
Fig.3 Bi-solute sorption isotherms of PFOA (a) and PFOS (b) on Pri-MWCNTs at pH 7.0

R4 WA Freundlich BRI S AU

Table 4 Freundlich isotherm parameters for PFCs sorption in bi-solute system

K K,/(L-kg™")
W 5 ) N N R C.= 0.0l C.=0.30
/[ (mmol-kg™") + (mmol-L~") =] /(mmol-L-1) /(mmol-L-")
PFOS 380 (33) 0.718 (0.037) 0.973 1392 534
PFOA 183 (11) 0.835 (0.029) 0.990 391 223

(1) RGN AAE X 23 AL 5 90 W B T LA Freundlich 1 Langmuir W &5 A RUAR GF M ABL 7553 4
AL PRI RE S S ENTR TS CF, MR IEA SR R, BWIR R R 2 2 AL & W E R AR b
MR £ AL o 9 B2 S A 1 0 ) TR O 52 T S )M R B J PR
(2) A5 P 10 W RS 2 T 2 R AE 38 TP Jo A9 2, S A TR T 0 R A 114 B R E T3 /0 T Dt i 44 0K
(3) AL a5z pH 2N, pH (BRI RR BN s 35 T o L VR 2 2 IR Al W R 1Y
HE M .

(4)PFOS 5 PFOA (1M FFF77 1558 4 < 2, W] 35 A7 S [ Aty g B3 .

3
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ADSORPTION OF PERFLUORINATED COMPOUNDS ON
MULTIWALLED CARBON NANOTUBES

ZHOU Yanping' WEN Bei' HU Xiaoyu>  ZHANG Shuzhen'

(1. Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, 100085, China;

2. Beijing Center for Disease Prevention and Control, Beijing, 100020, China)

ABSTRACT

In this study, sorption isotherms of three kinds of perfluorinated compounds ( PFCs) , perfluorooctanoic
acid (PFOA) , perfluorooctanesulfonic potassium (PFOS), and perfluorohexanesulfonic potassium ( PFHxS)
on multiwalled carbon nanotubes (MWCNTSs) were studied. The sorption isotherms were nonlinear and fitted
with Freundlich and Langmuir models well. Sorption of PFCs on pristine MWCNTs was higher than those on
oxidized MWCNTs. Sorption coefficients (K,) of three PFCs followed the order: PFHxS < PFOA < PFOS,
which was consistent with the increases of perfluorocarbon chain length, and suggested that the hydrophobic
interaction plays an important role in the sorption of PFCs. Sorption of PFCs decreased with increasing solution
pH, indicating the importance of electrostatic interaction between PFCs and MWCNTs. Results of competitive
sorption between PFOA and PFOS showed that K values of PFOA and PFOS in the bi-solute system were lower
than those in the single-solute system. PFOA had a higher reduction than PFOS.

Keywords: perfluorinated compounds, multiwalled carbon nanotubes, competitive adsorption.



