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Abstract

The multi-walled carbon nanotube/graphene oxide/calcium alginate composite membranes
(MWCNT/GO/CA) were prepared by freeze drying and used as an effective adsorbent for the re-
moval of methylene blue (MB) from aqueous solution. A batch adsorption experiments were car-
ried out to investigate the effect of different parameters, such as the MWCNT and GO contents, ini-
tial dye concentration, solution pH, temperature, adsorbent dosage and contact time on adsorp-
tion performance of MWCNT/GO/CA. The physicochemical properties of MWCNT/GO/CA were
characterized by Fourier transform infrared spectroscopy (FTIR) and scanning electron (SEM).
The kinetics of MB onto MWCNT/GO/CA was well described by the pseudo-second order model.
The adsorption equilibrium data were analyzed by using the Langmuir and Freundlich isotherm
models and the results showed that adsorption data could be described reasonably well by the
Langmuir isotherm. The maximum adsorption capacity was up to 2748.76 mg/g, indicating that
MWCNT/GO/CA is a promising adsorbent for the removal of MB from aqueous solution.
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1. 5I8

eI LM LR, B Tk K R R B R K, AR A ek B 7K e HE RO 7K R
B, SEBUK BV, T B A R E I, TR KR B RE D, B A
P SR A ™ (A 1] [2]. RS (MB)E — ) Z B T BRI, 34k, S8
BLar ekl T Pyl At RasE ARG b, Bl — B (03 . MR RO R, B AURECE
T K A O R . R A I RH B K I AV A AN B L B TS L ST
LR R B 25 3] [4] [5] [6]. TEIXEE Tk, WRBHE: Ef AR, Bl o, AR k2

BE A T B GR AR AR R E s GR M B 15 K AL B AR 8L S5 7 A TS T B8 R . 15
FRAA(SA) HIL B AR R AEVIAHZSME . TR IE. SRk ME. BURME. FasE e, AR DL mT A= P I it 1)
etk HETCS8) ZRR ATk, B0k, folk. B2 Tk B H AT IS Ah ik [10] [11].

% BERRYNK A (MWCNT) R AL AT 8547 (GO) R A LA JIURR I g oK 45 44) « B A A0 25 M TR e 11 L R D
S, AT DA R R b W P 4 S8 5 R ALY S8, TR LG A E ¥ 7K A B A5 7 THD 7t K B FH g 7 [12] [13]
[14] [15].

AR LR AN AR T 1535 4 T MWCNT/GO/CA E & i X Fh A i 78 0454 7 MWCNT 1 GO
(00 S IR PR R DA B, SA IR BRI AU 55 1, ANIXRT DA 2 1) 25 Bk MB, T ELIE . 7 RSHA/INT MWCNT
F1 GO M 7K AR 3 I — VR T5 Hk o A5 UK ) SEM AT FTIR 25 AR X 5 4 B (A BRAL 24 M TR BEAT 1 R AE 04T
I T GO Al MWCNT (5 & MB IIUEIREE . TERE . ¥ PI4G pH IR PR TN\ SRz Ak s 1) 252 [
eI AR
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2. SCIE
2.1 FEFERFYZE

MWCNT: R4k #A PRA T s SA (1.05~1.15 Pars): _FHgR Ak %754 IR A & ; SALE5(CaCly):
REET ARG PR AT WH IR REWNT ARG R AR .

K E IR 25 (SHZ-82A): il RUESEIG R s A PR A F] s SAMAT W oy Je e H(TU-1810): b
HriE A A IR AR WL HE#8(85-2): FIBXEL I & AR AR B RT-(BSM224.4): LifgE 5T
IR A HRAT; AR TEIL(FD-1B-50): b K LI R A PR A R H ARG T4 (101-1):
AN R akilbe

2.2. MWCNT/GO/CA E & BEr%I&%

# GO il MWCNT(GO: MWCNT [ E &5y 3:1, 2:1, 1:1, 1:2, 1:3)5 SA UL 2:3 EEILES,
PitkE 8 h ZIREHIE], KR AWF B TR 2 h LB, BRI AU E T-UKFE (/8 BCD-215KAW,
FH ) FHAE 12 he FEEAHTIEYL(FD-1-50, Boyikang 2= S & AR AR, Jbat, FE)FEHETA
VTR . B A TR I E T 0.5 M 1) CaCly Bl HiRi 12 h X MWCNT/GO/CA i, 1
FBE TR L AN Ca¥ aHHT AR T

2.3. WRBFRIRYIRAE

B Nicolet 5700 f# HLH AR #: 2T 865X (FTIR) % MWCNT/GO/CA & & I HI R B e AT 247 .
K F TM-3000 F14 B, 7~ 2 3% (SEM) A 82 258 1) 2 T T 3 AT R 4E

2.4. R MISELE

W9 T GO A MWCNT K& & MB FIVIAAIRIE IR RE . WG pH WS BR 7 N R0 2 fid st i) et
MWCNT/GO/CA 4 EWL Fff MB 521
FREL— € f 1) MB, BV E N 1000 mg/L () MB #ii.  FE06 AN [F1R BE 1 G B e AT W B W Bf
ST IS, FIART MB IR BER L3 G BETH AT M & o IR B P4 25 5 qe(mg/g), FERST] t(min) B )%
B2 B 22 2R ro I R A S5
(Co—C.)xV

Q== Q)
C, —C, )xV
Q :% @
% = [CO —Ce JxlOO% 3)
CO

o, oo AR FEE L IVIIRIR L, co RETHIIREE, c AURANIKIE, HPAIEN mo/l. V(L)FRER
FIPRRR,  W(Q) R MR PR 771 ) B

3. B/R5WL
3.1. BRPBHFFIBTFRAE

1(a)~(e) NAIF] GO H1 WMCNT Lu#l G IEFOGER . BB U XA 2 & B AL AL
T4t . BEE GO F1 WMCNT (L BIREAC, HARHBABAE RS, IF BB R BiE . B UG ) seie 3
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IT1#RH GO: MWCNT = 3:1 f LL sk it 47 .

2(a)~(e) N AN IE GO A WMCNT & &M &, MWEFrT UE H &2 5B EA ZAL450 M B
FLEERTIBCAOGHT . BEE GO S E M A WG N, J5 0 R T th I &N RE 4, XK GO 1 MWCNT
5 SA RIS ATE T k. KRR 43R BRI H LA 2 A S 1) L 2 T RRURIIR R s R 38 m, +43
AT B 34T

LI AMER (K 3)iEar, H&EAE 3345, 2922, 1599, 1419, H11028 cm *4bA W licig, 43 5i%f R T—OH
MR 4iiRsl, C-H H4i4kal, O-H Zfidikz), RAE:d C-OH HIMZiHIRaIA C-O-C KiK. Xk
MWCNT/GO/CA & & CAL GO F1 MWCNT MIZLAME BT %0, B4 A& CA Al GO HIfTE ks,
A MWCN K4 3EH], 40 1026 cm™ Xf T MWCN H C-O-C HIfH 4R 5 .

2000

(a) GO:MWCNT = 3:1; (b) GO:MWCNT = 2:1; (¢) GO:MWCNT = 1:1; (d) GO:MWCNT = 1:2; () GO:MWCNT = 1:3

e

Figure 1. Optical photos of the composite membranes with different GO and MWCNT ratios
E 1. [ GO #1 MWCNT tE I E SRR F R A

(a) GO:MWCNT = 3:1; (b) GO:MWCNT = 2:1; (¢) GO:MWCNT = 1:1; (d) GO:MWCNT = 1:2; () GO:MWCNT = 1:3

Figure 2. SEM images of the composite membranes with different GO and MWCNT ratios
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Figure 3. FTIR spectra of (a) MWCNT/GO/CA membrane; (b)
CA; (c) GO; (d) MWCNT

3. £I45MEE : () MWCNT/GO/CA E A% ; (b) CA;(c) GO;
(d) MWCNT
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3.2. WRMifERERTSR

3.2.1 IN[E GO F1 MWCNT L £ 3} AR B4 5 B 5 i

] 4 AN [E] GO F MWCNT Eb 45 1) 52 4 B0 MB PRI B 25 & EU i o I T DL S 72 GO 5 MWCNT
Eeti ok 3:1 1F, EATER MB I 255N 732.62 mglg, BEE GO 5 MWCNT ELHIHIBEAG, WP 2 &%
KGN, 75 GO 5 MWCNT Lo 0:1, WP %5 &[4 45 665.84 mg/g. 7E4H: T kMM Bt 5256+ #iE £ GO:
MWCNT = 3:1 (& & AR MR 7], It 1 e B4 R

3.2.2. ¥%a MB R BE F0iE 3o 0% M 4 RE RO R2 MM

FRHL 6 £ 10 mg 1] MWCNT/GO/CA SA M4 AN E] 20 mL AFEHKFER) MB ¥+, MB k5>
>4 300, 350, 400, 450, 500. 550 mg/L. ¥ 6 ZiAFE4r 7 E T 298, 308. 318 K HfHIE KR #%
P 48 h P47 . 5] 5(a) BBl MB IR LRGN, S4BT MB (17 25 2 A WG n, 7 308 K
BF, 307 B LI U B AN 300 34 E1) 550 mg/L B, IR B 2% 5 M\ 545.36 3 N E) 976.70 mglg, X Tk
FEER6 B A SR )y B4 N3 RGP o E 1] 5 (a) T 280, R B 2 e BB R B O B T R/ 4R B M 298 14N F 318 K
5, R R P25 A\ 994.08 F#MICE] 956.04 mg/g. 3xX AI A8 FH 3ok i (15 23 1l 55 1 A IR AN Gkl 4y 7 2 )
(S FAE ELVEF 700 SR W A2 6 JEGT I FF 68 W 0 O P — TR

3.2.3. pH IR P14 RERY RN

B/ 5(0)& i, 24 pH (A 1.0 Hm3] 4.9 i, ZERFIRAEMIN. EMEH pHE N, TR R+
Gkl oy 7RI T2 1A06 T R A JSAFE S DG R, AN ki) 25 BRI [16] o B pH i —2D
o, WA AR K17

3.2.4. FEAMET/E) 2T IR B4 REH RN

P 81X T MWCNT/GO/CA WY MB FRIFE Q1] 5(c) 7 « LETAG T Bl b 2 e s, Bt s
B, BRI X REE TR B KRS BRI R B e T BE A I TR AR, R R
BE B MIAN, T CAR B A R RS, LT
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Figure 4. The effect of different GO and MWCNT ratios on
the adsorption properties of MWCNT/GO/CA
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Figure 5. Effect of different experimental parameters on the adsorption: (a) The initial MB concentration and temperature
effect; (b) The pH effect; (c) The contact time effect; (d) The dosage effect

& 5. NEISLESHXIRHIMERERIFNN: () #1468 MBKESRENEM; (b) pH BIFME; (o) HEMEEIEIEME; (d) &
ibli=: DA

3.2.5. WRF370 AR N B 3 O B 44 A O S0

MB ] 2: B 3 i MWCNT/GO/CA &4 5 A I\ 2 38 Jim i 48 m ann 12] 5(dl) o 3 A2 PRI A W i 79103 THT 3 K £
W B R L R THAR 3 . SR, 7EARTE] MB WIAEWREEZFAE T, B B F I =R n, A &
I B 750 6 S RS ) PR S5 B AR, T LR B 7 i 4 PR P 5750 P £ 398 D 1 k2D [ 18]

3.3. IIMFBLEMR

W o 5 206 5 7R 5 ) A 5 s W e AR R o 790 796 2 2 ) P A TELAE P R 00 LR P 25 5 . Langmuir Al
Freundlich 244 I T-400A W B 58 o Langmuir #5882 (5 W P & AR 78 B2 0 T )2 O3 23R T FREAT 2
Hrit. Langmuir A7 (1) 24 R A KR [19]:

C_C , 1

O Omax  OmaKe
Hor, Qmad(Molg) e i R 285, K (L/mg) & — A FR IR B ik i o 27 00 LR W B i 3 AR 5751 1) A
HAEFHPE . @ik Langmuir B8, ATLAS R — KR MEMZE, Wik 6(a)Frn, HAPREHE Co HFIR
Col0eo MR ] 1) Hl 2 R ST AR T LAAS 2] Qe A1 K OB 383 Langmuir A28 AT LA HIAE 293 K,
303 K A1 313 K i (185 K A B8 W P R Bt 25 52 0 3 o 2748.76, 2690.34 1 2184.37 mglg. A HHIE R EL
R?>0.99, XKMILIHIE S Langmuir BAILA RIRES, R VRS, 501 2B IR B A2 v
F= B AL o

(4)
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Figure 6. (a) Langmuir model; (b) Freundlich model
6. (a) Langmuir #23&!; (b) Freundlich #&£Y
Freundlich 1 4Y f) 7 e ik Xl R [20]
1
Ing, =Ink: +=InC, (5)
n

Horh ke A2 —ANEREE S I BE A SR R IE R Un 2 ANERIKTAE J1E 5<% B, FEF Freundlich 457
AT AR B — 222k, Wnlsl 6(b) Ao, oAb ke (K50 T LB AR AR 3 A . 8 ke AT n
(O AT LAAS T, 5 1) B AR R R B I B2 PR A T

MF 1 # Langmuir A1 Freundlich B8 280 a] LA H, FTA RIASE 23 R? KT 0.98, BEEABA
W A R 0 R A 2 b AL B S 6 B

3.4. BMIEIHE

TEWR B 9286 v, BN Bl 7 2 0 T 3 T R 2550 2 0 A e W ot o R g A sk ML ok o L PR B B AR AR
Pseudo-first-order F1 Pseudo-second-order %4 & 4t FH SR ABRE R B AT K
Pseudo-first-order B8 {32 Rk X, wiF Fros[21]:

K
Iog(qe—qt)=logqe—23103t (6)

b, oo FH g A2 18 3 W BT FNAE IS (] t(min)IRF R B 25 & (mglg) » ky(1/min)s& Pseudo-first-order #5440
By H . ke A Qe FOEUE T LLIEIT log(ge-a) Xt t FE EZR (1 7(2)) R R B IE ST 15 (55 2). 5133
(IS R 50 RPN 0.692. B (ke < Z 55015t BA 2 A WK B 38 A 75 & Pseudo-first-order £,
Pseudo-second-order R I RIA K, W0 F Fras[22]:

t_1 .t

& kO Q.
Hr1 ky(L/min)s& Pseudo-second-order Y%, ko Al qe FIEE AT LLE TS tig XS t BIHE B (X 7(0)) e
FRLZ AT 1545 8155 2) - Pseudo-second-order 578 1575 5 () H1 % R % (R? = 0.9999) i T- Pseudo-first-order
TR (M55 R EU(R? = 0.6924), 1t BA B AW B HcHs 58775 A v — sl 14 5 R

35. IRMiRRNZE
N T RITFEIR NS MB W1 BEFRISZNA , K5 (AH), B (AS)5E 412+ Z 0T Ldid Van't Hoff 22 30t 55[23]:

()
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Figure 7. Adsorption kinetic model: (a) Pseudo-first-order kinetic model; (b) Pseudo-second-order kinetic model
7. WHMIEhHIZ4ER: (a) Pseudo-first-order #8); (b) Pseudo-second-order £

Table 1. The parameters of the Langmuir and Freundlich models
% 1. Langmuir 0 Freundlich #2823

Langmuir Freundlich
TIK
Qmax (MQ/Q) ke (L/mg) R? Kr (L/mg) 1/n R?
298 2748.76 0.0073 0.998 76.17 0.648 0.997
308 2690.34 0.0092 0.995 50.29 0.720 0.999
318 2184.37 0.0156 0.992 41.67 0.733 0.998
Table 2. The parameters of pseudo-first-order and pseudo-second-order kinetic models
%z 2. Pseudo-first-order model 1 Pseudo-second-order model &%
Kinetic model Parameters Values
ki (min™) 1.18 x10°°
Pseudo-first-order model ge (Ma/g) 66.37
R? 0.6924
k> (g/mg min) 405% 107
Pseudo-second-order model ge(Mmg/g) 555.6
R? 0.9999
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Table 3. Thermodynamic parameters at different temperatures
=3 TRIBEE THRNESH

TIK AG (kJ/mol) AH (kJ/mol) AS (J/mol K)
298 —7.25

308 —6.94 —23.67 —47.85
318 —6.62

4, &Eig

KA URT8EH] % 7 MWCNT/GO/CA B4 5, FIH SEM M FTIR X HATRAL . @I BB A7)
TR B SR 2, W EN 15 RTS8, RIL T S AT MB WAL . SEeah R, BEIRER
Fhe, PR FRRT Gkl o7 ) (A ELAE R R B, 330 MWCNT/GO/CA X MBI B 75 B 2> FEAIK . B
H pH EFEDN, Rl g FRIEE X TR SAAETE SRR, TN A B, 3171k
B, Pseudo-second-order 155 g 55 4 [RI0L & BN AS IR BRECHE . R SE IR 2 ST R B, MWCNT/GO/CA X iF.
FH L W A P B 12847 Langmuir A1 Freundlich #5784, 75 298 K i £ KRG I S IA F 2748.76 mg/g. #4712
WK, AG 1 AH WEAEII AGAE, BT LU — A2 B R B SR I 7

e HE

B X H AR5 542 (51672140), 1 R4 H AR 2L 4 (ZR2015EMO38) Fl Ll 7 48 22 1 3 i B X
(ts201511029) T H ¥ .
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