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Sorption Mechanism of Ofloxacin by Carbon Nanotubes

ZHAO Xing-xing' , YU Shui-li', WANG Zhe'"

(1. College of Environmental Science and Engineering, Tongji University, Shanghai 200092, China; 2. Zhejiang Provincial Institute of
Communications Planning, Design & Research, Hangzhou 310000, China)

Abstract: Sorption of ofloxacin (OFL) by carbon nanotubes is an effective method to control its fate in aquatic environment. The
sorption process of OFL by mixed acid-treated and non-treated multi-walled carbon nanotubes was discussed. Sorption kinetics, sorption
isotherm, desorption, sorption thermodynamics and effect of pH were investigated. The results indicated that the sorption kinetics
followed the pseudo-second order kinetics model. The equilibrium sorption capacity of OFL on MWCNTs-O was higher. The sorption
isotherm could be fitted by both the Langmuir and Freundlich models. The equilibrium sorption capacity dropped when the pH of
aqueous solution was in the range of 6.0 to 10.0. Obvious desorption hysteresis was observed during the desorption experiments,
especially on MWCNTs-0. Sorption thermodynamics analysis showed that the interactions between the OFL and sorbents were mainly
between molecules. More oxygen-containing functional groups introduced on MWCNTs provided OFL molecules with more sorptive
sites, which facilitated the generation of hydrogen bonds, a relatively strong interaction. The hydrogen bonds dominated the sorption
process of OFL by MWCNTs/MWCNTs-0, explaining the experimental phenomena.
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1 #M#5F%
1.1 5k

ZEETRYIA S (MWCNTSs, 42 10 ~20 nm, N
25 ~10 nm, 46 >97% ) FH 3 E ZE/REH AR F
A7 E RV R (OFL) MFHr T30 ( Bifg) AR
NEHREE OFL MEFR L3 1. Hofth ik 70 4 4 4 Hr 4.
OFL & h 2l K Bt ( Millipore Milli-Q UV Plus
system,USA ).

%1 OFL R

Table 1  Characteristics of OFL
7 TR 15 5 8 pK /K N KA pH F #2016
CigHyFN; 0, 6.1/8.3

0 20 40 60 80 10.0 120 14.0
pH

1.2 Tk

WA K AE R TR R VL O, W B oK A A
#| 150 mL ¥ FRER A1 50 mL B4R A9 TE S W, 78
353K FArBiidk a5 h, B30 #ike, 022 pm
(3R 2R IR A U8, FHZE K e 208 W 2 b i, F
378K FHt T 24 h AFEE 5 & UYL R ok s B
MWCNTs FRic 2 MWCNTs-0. MWCNTs 1 & A E
AEM FH bohem Jif &2 WA A5 S da o5 (pH,,.) A

Zeta HLA 53 M4 ( Zetasizer Nano Z, ¥ [E T JR 3L
A W, bR AR AL 4548 ) H L 2R T BRLRFL PR
3BT (ASAP2020, 35 [ 242 38 4 W) ) 76 77K " X) N,
W% BFF-fire W 45 1l £ I 5 . bk 5% T AR R - Brunauer-
Emmett-Teller (BET) 315, FALIABLIR H Barrett-
Joyner-Halenda (BJH) #5318, £04Mr#r R 4L 4k
YEREAY ( Nicolet 6700 K, 5 [F J& @& J1 X #8 A Al ).
MWCNTs 1 MWCNTs-0 Ft: 5 UL 3% 2.

®2 SUAAEBRAKRENER
Table 2 Properties of MWCNTs/MWCNTs-O

B A LEETREA ol R BRI PP 5 i JENES s
8 /m?-g”! /em® g ! e /mmol+g ! /mmol -g ™! /mmol-g ! /mmol -g ™!

MWCNTs 234 0.619 6.17 0.092 0.031 0. 004 0.127

MWCNTs-0 248 0.814 3.62 1.436 0. 591 0. 022 2.049

OFL ¥ 768 S W b, 75 5 W H 0. 02
mol-L ™" Y NaCl ({451 W /B T 58 ) il 200
mol - L™ % NaN, (#P il S AE & ) Befl. 7€ 40 mL
PEIE BTN 10, Omg FIBRAKAE A 20 mL
%10 mg-L™" OFL ¥ (pH 7 6.0 £0. 1) , JL AR
R A HET (298K, 150 remin ") , [6] & — B I ] BURE.
FES BT S 8 3 0. 22 wm A4 28 Sk 5 18 5 i 2
OFL ¥R B2, 22 W ffF 2 07 2 i 2.

# 10 mg MWCNTs 8{ MWCNTs-O Il A 5] — £
HIARIR ) OFL ¥ Wb, 18 R 4R 3 2 74, A i
Ao P I 7 e R 22 ) W R S TR 2 i e U
N7 BIAEAR R EE R AT ARG, B0 HEA T I 4
Bia , BOR — 2 RFLU 3 WO i A R AR G 1

VTR, TN PR e 4k S 5 7. i W st i) ) 1% e S
i T FH R TR AR ], 2900 24 h, XASS RS A 2 k.
FERAREF L 2 mL 1V WAL H S W OFL ¥R,
i 2 A4 B 08 BRI A A v

HZECUR I pH XF MWCNTs/MWCNTs-O 1% fhf
OFL 4520, A58 F5 Tk I AT 1, 55 Y5 6 ok 288
~308 K,pH JLHE 4 2.0 ~13.0, MWCNTs/MWCNTs-
O #hmi K 10 mg, OFL B %) 4k & BE 34 K 10
mg-L~".

OFL ¥ B i I 5 FH i 5800 A 8 1% 7% (HPLC,
Agilent Technologies 1200) #4744 H S A C8
@ﬁ%ﬁf(s pwm,4. 6 mm x 150 mm) , LRAMRGE I I K N
286 nm, Wi ZME: 7K (0. 1% HFER) =10: 90, Vi i



2 4 AR . IR D AR RN b i WAL BIF 52 665

1 mL-min™" ,{';E:'EEHTJ'IE_IJ 4.6 min.
2 ER5HMH

2.1 OFL fE MWCNTs/MWCNTs-O F& W% [ 5 11 2%
FEEAY
1 J2& OFL £ MWCNTs £1 MWCNTs-O I A%
Wah e, dmat WG & L, #E =9 sh )15
T FERE AR I HOADL & R 0 KA X OFL AR RS, o —
R 120 (1) .
1 1

S, TS +S% (D
ﬁ'flj,k RUE Gl F1 257 R R A [g* (mg-
min) ~' 1,0 AWBIEFE] (min) S, F1S, 23 HIERTE
FIF [ F1P- A o e 40 K 8 R IR B i ( mgeg ™) LG
SRR 3.

24
FAN AN
O ul
20
A Fay
16
I =
12+ A
O MWCNTs A go°
8 rm : Nls 8to
A MWCNTs-O 412
0 20 40 60 8O 100 120
4 1 1 1
0 400 800 1200 1 600
t/min

1 OFL £ MWCNTs #l MWCNTSs-O _E 0% B 3 71 5 i 2%
Fig. 1 Sorption kinetics curve of OFL on MWCNTs/MWCNTs-O

MWCNTs F1 MWCNTs-O 7£ Fij 60 min F W% Bl 47
AEH R, 7E 100 min B W B 2 38 2109 0% f
[95% L I, v LA A B 35 2 0% f P , MWCNTs-0
2 Bk 3 K T MWCNTSs |, - i 0% B & s K T

MWCNTs. AW R, LR TR 65 35 Ik & )
BRI BA R0 T MWCNTS i rpfL A
FRASE R, R o0 o R e . Py 0 o 4 ) 25 5 7 g
=T MWCNTs-O fefg 2t Z M i =2 5
OFL (1)1 ff.
#3 OFL 7£ MWCNTs/MWCNTs-O £
EZRHNERENESH
Table 3 Pseudo-second order rate equation parameters

of SMZ and OFL on MWCNTs/MWCNTs-0
S, kx10°

51 R
I /mg-g ! /g+(mg-min) 7!
MWCNTs 18. 06 3.58 0.994 8
MWCNTs-O 19.91 9.73 0.990 5

2.2 WERMARIRER
K H Langmuir FETRYFN Freundlich 55789 0 fff 55 4
PEATHIE 53 BT, Langmuir 77 #2153 (2), Freundlich
Jrn=L (3) .
S.c

S. = c, + K, (2)
S. =Kye; (3)

A, S, S VA U B o, 2 R B VR R, S, R
Langmuir J5 LG AR KR, K (mg-L™") SR B
HEL K W FSER RS, n A Freundlich Z&HHE4L.

7288 | 298 , 308 K M B4 , AH Iz I B 45
TR B LA 0 45 2R UL 3R 4. Langmuir £ Y A1
Freundlich #& % & B8 9% 1R 4 b 481 & i 56 0 4,
Freundlich BRI ARHCERELE (R >0.99). Fl 2 &
298K K} OFL 7 MWCNTs/MWCNTs-O | [y
Freundlich W Bf} 45 1R 2k, Langmuir J5 #2481 e KK
fif 5 MWCNTs K T MWCNTs-0. 18 i [k #%
Freundlich 52 1 9 K, , MWCNTs-O > MWCNTs, iX
SLZE LU MWCNTs-0 51 A B & 0 e A0 T
it W S (AR

%4 OFL £ MWCNTs/MWCNTs-O EEIR &R L& S
Table 4  Isotherm parameters for OFL on MWCNTs/MWCNTs-O

W R TRE/K : _ Langmuir gf{ﬁﬂﬁé . Freundlich Z&R 2k
S,./mg-g K;/mg-L R Ky n R?
288 68. 08 4. 880 0.9297 19. 669 0. 320 0.99%4 6
MWCNTs 298 66. 78 8. 893 0.969 5 12.720 0. 403 0.987 8
308 62. 81 16. 883 0.9349 10. 091 0.414 0.9925
288 90. 73 3.512 0.900 8 25.201 0.322 0.996 0
MWCNTs-O 298 87.76 8. 122 0.9750 16. 246 0. 427 0.9958
308 81.55 13.071 0.984 6 11. 147 0.471 0.993 6

H 2% 2 W1, MWCNTs-0 | FB5| A THREY
REMI AR ILE e R B RE B —E AT

RE S AR BRER N At 7~ AR R IR RE AT B 2R
A B WG R AR B R %
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100

80

Se/mg-g”!

0 20 40 60
co/mg-L7!
El2 OFL £ MWCNTs/MWCNTs-O L &I fit &8 2%
Fig. 2 Sorption isotherms of OFL on MWCNTs/MWCNTs-O

PR TR S & Bt K TR, R
SAEREHIAY I AR B B = 1752 44 DL OFL
AR B LI T E R
ARG B S, (A5 -5 Z AR AR PR 5 L
S T m—r EDA A Bk | P15 05 B 6 S

T, X R m—m EDA AEH I A 20 99 K8
B OFL 19 = L.

MG 4 rh 480 A B, e 40 oK 48 I FfE OF L
A R T 12543 , T DA BT e O Bt 2
TELPSE () T v T ARG I, 33X U8 BH Al 48 K5 % OF L 1) %
BRI . FR A B A 34 ) 22 RS SR 1)
FZ5 i, B hfess b AG g fl, 8B B 2 i
B AR A AS R, RS
TRALEEFRAIC, 3 P BB W BT 43 76 e 7 P 5510
AT, DIt/ 1 1 9 5 1 g TR LR T O o ot A
T B O T BRI R R R | TR A WL o i 22
FEUAAVEFH Jbeni , PR3 3k 4o A W B 52 iz g s A8 T A
SREBER B 4 35 B /E 7722 MWCNTSs Fl MWCNTSs-
O WL M OFL (4572 43 51 Ry 22. 64 kJ-mol ~' il 41. 53
kJ-mol =", A #i LA FE W 5%, W B AR TE BBl 7E 2 ~ 40
kJ-mol ' Z IV A JE T8 ) | ik Ty | i
FUEBAER F7, 000 OFL 7685 40 K A8 1 i W B
N F B PLET 28], R R

%5 MWCNTs/MWCNTs-O BBt OFL K 1 E88
Table 5 Thermodynamic parameters of OFL sorbed by MWCNTs/MWCNTs-O

AG/k]J-mol 7! AH AS
% B3 = » »
288 K 298 K 308 K /kJ-mol /kJ +mol
MWCNTSs -11.25 —-11.01 —-10. 66 -22.64 -39.03
MWCNTs-0 - 18.77 -18.01 -17.31 —-41.53 -78.93

2.3 pH M5

pH JHRAKAT I OFL #9520 VLK 3. 24 pH
2.0 ~6.0 Z[AIAEAGI | P-4 05 BiF s A8 A AN K5 >
pH £ 6.0 ~ 10. 0 W, P-4 W Bif & & R e b, R 4fg
OFL 43 F#EAE pH FHIEESMRE (£ 1) ,pH £
6.0 ~8.0 i}, OFL £ U TS TIHR T,
W B ANASC I8 A 3| A B 114 W R R P O e J
MR R, 7T LA 1 DA 52 4 th i i /K VR H IF AN g
F 5 OFL FERRYKAT B Wit 4 pH > 10 B, F
R o et AR AR
2.4 OFL £ MWCNTs/MWCNTs-0 | A4 fi i 56

£ 298 K 3T Freundlich 253 2% X i % i 46
PEATIHE, W 2 R 4 a1 4. OFL 7E MWCNTSs Al
MWCNTs-O #5307 AS [R) B 2 1% i W s i L2
it R i I A T Pl A AR S R A HIT G R, X
(4):

HI = 1 — e (4)
n

A, ng A ong, 53 51 2 fE AT A AR R W B O AR
Freundlich #RI g 2R PEFE 8. 26 6 51 T i W i

20
o0 o oo

S

AN
L A MWCONTs-0O
10
: - 400 o o
O MWCNTs A E A~ A
2.0 4.0 6.0 8.0 10.0 12.0 14.0
pH

&3 pH 3 MWCNTs/MWCNTs-O Bt OFL B0
Fig. 3 Effect of pH on OFL sorption by MWCNTs/MWCNTs-O

Ja #30 HL

W B HI, MWCNTs-0 #3# J5 P14 38 ok 3
XK OFL Sg KA RIE B T —Fhcim 1) /8
77, i 8% R B PR Z IF A RE S OFL 2 %) fit
ok, VR R By 38 i A X PP ER G BB . T
Bi# OFL WI4R e B By 38, iy J5 R BE A8 /N, ]
B FH TRl 48 K A8 3R THT 1 1 W B A5 A 25 2 A PR
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60
(a) MWCNTs
40 +
T?"
=1
E
=
20 +
— MRS
O F—ke
(Ot § 1)
U 1 1 1
] 10 20 30

cefmg-L™!

100
{e) MWCNTs-0
80
O
© O
- L @]
" 60
oy
£ @) O
“oa0 b
o)
20
0 1
0 10 20 30
ce/mg-L™!

El4 OFL M MWCNTs/MWCNTs-O _E FIfg IRk
Fig. 4  Desorption behavior of OFL from MWCNTs/MWCNTs-O

# 6 OFL 7£ MWCNTs/MWCNTs-O L RIfR I 5 &4 HI
Table 6  Desorption HI of OFL on MWCNTs/MWCNTs-O
MR /mg- 17!

1 B3

B3] 10 20 40 60 80
MWCNTSs 0.371 0.344 0.318 0.296 0.290
MWCNTs-0 0.875 0.794 0.734 0.642 0.558

Y BSRREE T B2 OFL 71 5 3 26 L M 1 i A5
S5G AR 31308 ack HE At 5 5 9 A1 T VB S ke 2
KA I XSS MR AR 2wl e e ™

3 g

K 5 ORISR OFL RIS A 214061 4.
OFL 4 §h 761 138 em ™' F11 099 cm ™" Fk) W Wiz 06 X5F Jiy
[R5 C—O HZEHRSN, 761 706 cm ' AW SCIE X6t 107 (1)
ERBA MG IR SN, 71 624 cm ™" Al W AT UG X5F 17 F4)
PRI AR S, RAUKEFEL 183 em ' ALK
VA IV 1 2 C—O fP4RTR 3, #E1 716 em ™' (ML
XoF o7 [ A R FE A i iR 3, 721 564 em ™! I WA 04
XiF I () S A SR A R R E UG . TR B OFL 5 AR 41
HIEIEBE T1 618, 1467, 1263H11 099 cm ' £ 4b
() OFL 4 E 0%  3X L HH T OFL WAk 49 K B Jr 1% Bf
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