e REF%M(HARIEM) 85248 el 20164 11 H
Acta Scientiarum Naturalium Universitatis Pekinensis, Vol. 52, No. 6 (Nov. 2016)
doi: 10.13209/.0479-8023.2016.108

KR AN K I B B AN R K P i 9t By A1k
e HoXF Ca (I )W B idy e Pk 58

2 1,2 =2,
x24T

LB 3 K2 BRI A BE A 3R S R IR 2% BE, IR 518055; 2. LI REMIE TR, KV EFIHHEALEE, L3 100871,
+ W5 VE#E, E-mail: wang_ting@pku.edu.cn

WE  7EL P25 & ALBC KT, AP RIEE R 1, 2, 3, 4 REMAT, A MAERRYKE (TNTs)IE il 72 H Y
4 Fhy=4), SR FH XRD, SAXS F1 N IR /MR 45 2k 55 F Bl AT R/ AE . DL CA(TN) ARERTT I, TRER 4 Fl=4)
XF CA( AU, I35 AT 4 B9 i 51 % FLORFHRE T 520 . #32K XRD 453K W], TNTs (1) 4 Fh™=4)
Y R R S5 R . SAXS AN N, W BfE/ G B FRAEGIESE, AR BEE il 45 TNTs 2807 S A Bk U5 25 1) ft 1 — Bk iR 40
KAETE W — B RS R 1 i 72, TNTs-3d A & A EIRIZ I . WM SEIR &SRR, Langmuir-
Freundlich %Y G805 07 45 My 4015 W W45 3R 25 5%, EL Cd( T ) A8 W& B & /NI & TNTs-3d = TNTs-1d > TNTs-
4d > TNTs-2d. #E—H 0T 0, B A AR 248 | FLARERG I B & 52 i Ase /0N, T L 2 T AR S 34 L 42 mT
e 23 25 5 ) W R A

K EKFRYKAT; SAXS; WePf; Langmuir-Freundlich £ %Y

HESES 0614; X131

Characterization of Titanate Products with Different Formation Stages
and Adsorption Characteristics of Cd(II)

CAI Bin"?, WANG Ting*"

1. School of Environment and Energy, Peking University Shenzhen Graduate School, Shenzhen 518055; 2. Department of Environmental
Engineering, Peking University, The Key Laboratory of Water and Sediment Sciences, Ministry of Education, Beijing 100871;
1 Corresponding author, E-mail: wang_ting@pku.edu.cn

Abstract Series of products with different formation stages of titanate nanotubes (TNTs) are synthesized, with
the hydrothermal reaction time of 1, 2, 3, 4 days. XRD, SAXS and N, adsorption/desorption have been chosen to
detect the morphology and structure of various products. Afterwards, the adsorption behavior of Cd(Il) onto
various products are also compared, and possible mechanism for the different adsorption capacities are detected
based on their structures. XRD detection depictes that all products are monoclinic system. Results from SAXS and
N, adsorption/desorption suggeste that the formation processes of TNTs are the disintegration of TiO,—the
formation of titanate nanotubes—the destruction of tubular structures. Among all products, TNTs-3d displayes the
best defined structure. As for Cd(Il) adsorption, Langmuir-Freundlich model can better describe the adsorption
isotherm, and the adsorption capacities rank as: TNTs-3d = TNTs-1d > TNTs-4d > TNTs-2d. Further detection
proves that gyration radius and pore volume play little role, while BET surface area and the average pore diameter
possibly affect the adsorption capacity.
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BRIR 9N KA AE R —FloH BB 9 oK AL, B
FITER R R — . R B AL AR
TN BT AR A, TEE A E
BAF 4T I8k A 5 K I 5 A5 P v

Kasuga 2P IUBLER T (TiO,) M AR IR, & ki
b K B il 5 R R AN KA . FE 110°C 4544 T,
TKIRIIE 20 /NEF, A5 BB ERIR 90 K 4 /M54 8 nm,
K 100 nm, b2 1 B 5 400 m¥/g. Chen %5 M7
R B AT BRI SE, K BLAE 130°C, 72
INEFZRAET, KRN A5 B T ER PR 8 K A8l 2 BEZS
), R 0.78 nm, M2 9 nm, KA 100
nm FHCA PAKARGE . BT AT KR, R
iR 94 K45 Ak 25 A (H, Na), TisO7xH,0, 284l
KA /NAITE HoTi;O MERHRIE, SIS
Ha=1.603 nm, b=0.375 nm, ¢c=0.919 nm, p=
101.45°, Wang %5 P25 5 10 mol/L () NaOH
VS TR T 5 R B i R AP AR R 9K A . Yao 45
FH TEM RAE, & BUK GRS B BRIR 49 K 8 2
R IF ) 2 BELS K, 5 ZBERRAAKE A F, KR
YK AE IS BERJE TR 450 o TiO, J5UBHE By vk B
B DAL TiO, ¥ B KRB T ok, i —
& P UK R AR

BRTR 20 K A8 3% T 2 A R n] 22 46 1) 0 Bk Bk AT
I H H 2% B ff 45 (point of zero charge, PZC)#AIK,
pH>pHpzc I, HRME T, A 51 s e Fw
HL 5| A SO s P R BB . BT R
W2 o6 3 85 55 5 R T I BT RE T, R TR 0 K A B R Bk 22
o AVEW B, LAEBRIEK A PO, Cd*', Cu*,
Cr2E+. B CHNMRRZXELEET
f18y B — 05 Tl 3 S e i AU OV R W B AL 17 ) 3
DA B 5 R TR 91 K A8 T 30 85 4 b 488 7= 52 e 2 B g
T AR %

ASCLL P25 AR N JEURE, TR R 91 K A
(titanate nanotubes, TNTs)/K# sz iy i F H ifll £ — &
H ik R, JF % HBEAT XRD, SAXS Fl N, W fft/
BB A FRAE . DL CA(IT ) AR FRT5 e, AR5 L0 B
TR WFFEEEIRAT TR A /R TNTs W[ fig
M OHEN 2, ik TNTs MG A A HEE X,

1 #REF*®
1.1 AE7k#EE TNTs B & & R RIE

# 1.20 g P25 TiO, 1 29.04 g NaOH [E {4 fin A
66 mL EEF/KT, il TSt 24 /s,
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% 2] 100 mL R DU 5K & 4 8 w9 R 2, fE
130°C Z5fF FREAT /KIS o A8 WY [ A 22
BFKUER 2 RIS WCO T, TOK SR, BT
WA . U KA B[] 4350 1, 2, 3, 4K,
LAl £ TNTs A RS B0 B 7= 9, 43 3l dsic
TNTs-1d, TNTs-2d, TNTs-3d, TNTs-4d.,

TNTs AS[RIB B4 i) i 50 45 4 >R 8RR R
X B AT 5 (XRD, Rigaku, H 75 X $F4E/N %
SH(SAXS)FEATHEAE . XRD Al 7E F (20) M 10°~70°,
FH5HE A 4°/min, BR4ESE 0.3 mm., SAXS FHH7E
il (20) 4 0.6°~20°, 45 4 H B &y 2°/min, Pk 4& 5%
0.15 mm. TNTs #Y b 3R m LA 20 A ok T 3R
T FR K LB BE 3 B {L (ASAP 2010, Micromeritics,
2 EDHEA A
1.2 EESIRHIsELe

PL CA( 1) WA KT 4, BEFEAS R K SR 8]
il TNTs 1M RE ) s B 22 e il e 22
1000 mg/L ) Cd(IDfE &, ke, .

fE—F 51 100 mL WHEIEHR S, A 50 mL 4]
AURE S 1M 10, 20, 30, 40, 60, 80, 100 mg/L A
Cd(ID#% W . A1 0.01 mol/L ¥y HCI 5 NaOH A,
PATPILG pH (ETE 5~6 Z (Al W EASHEEIE H 251
i 10.0 mg (0.2 g/L) TNTs, 7E 25 °C, 200 rpm F
FEAr R 3 /NI LA B BT, AT 0 B A i S
5o HWCHIIRFERPEARE, FH 0.45 um /K RUEAL S 1E,
i B, P R B A R R - R R SO Y
(Leeman, Prodigy, 3% [E)IE Cd( 11 )M .

CA(ID)7ERE i b By W Bt & b F 345 31

(CO —Ce)V

m b
X, O J-F- B B & (mg/g), Co Al Co W FFHI iR
AT B Cd( DM BEE (mg/L) , V IR RAK
(L), m R W B 5] ) R () o

2 #R5e
2.1 XRD Ff{E

B 1 MREA Y XRD 4558, nTLIB B A, 7
20 = 9.5°4b, B P25 AAALEKLASL, A ARG
A G A AT S 0, K06 TNTs A J2 i) i 0G0
K1, 7T 20 = 24.32°, 28.36° Fll 48.36°(F% 1Ak
(I R BR R AN A RRIE I . X R B, S5 & WU N 1Y
Na ' S E gk a5 e AU S, x4 At
W 2 — ol BRLARE A T R R A AR AR R AR 0, Ak 2
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Fig. 1 XRD patterns of various products and P25

4 (Na, H), Ti;O; -nH,0"' . 5 Z Mk, — %1k
(P25)7E 260 = 25.4°, 37°~39° Kb M B 436 Bk U 37 5 i,
TE 20 = 27.5°4b Bl 4 20 4 UGG B 0, G BE UG 7E A
BRSO B A B, BERAAE A B TNTSs B Bt
PR, ORI R AR AT

1 W AT ST 5 HLTi;0, BRHTIE B RHIE
U A B A TR . A iR GE W IE S TiO, By oK 5
NaOH & K # 17 J5 75 81 B 7= 0 R B el
BT, £ 1 FHAKYE X G AT SHRRE 06 Y 43 by 45
W S MIZBCN a = 1.603 nm, b= 0.375 nm, ¢ =
0.919 nm, £ = 101.45°M, ERIMIF, B MHLEHEH
LB TiOg /\IHIA LA k Sr 224 1 7 XAk 2
M. fErient, & 3 AN /NmiR Ay —4", f—g\
T AR 0] A TOU s A B 82, TR LB R 72, J2
522 WP 6 Na" Ml H 3 BRJT . Bk,
432 AT LA B IA R J2& (Na, H),Tiz05.

R 1 TNTs RIFERE X FHETHIHER
Table 1  Analysis consequence of XRD patterns
of various products and P25

Ty 20 0 d/A h k l
1 9.50 4.75 9.309 0 0 1
2 2432 1216  3.660 1 1 0
3 2836  14.18 3.147 5 0 0
4 3410 17.05 2.629 2 0 3
5 3846  19.23 2.341 0 1 3
6 4836  24.18 1.882 0 2 0

2.2 SAXS RIEMR

2 MFEST Y SAXS 4559 . SAXS 4k IR 3
TR R A% T Hp Y EL X XS R G A B R
SR Z N DA R A R R R X 2k
TR 85 S r ) W e R 22 [ g e R U R

A(S) = f o(r) e > dr @)
Krh, S BASTRAIKHE, H|S|=2 sind/i; r &7
B, BROLR; p(r) R BHE RS AL E (r = 0)FT
L B

X ERHUN A5 R P 5852 AR R 5 7 S
I I P P 202 ) I -5 9 0 52 Ry SR UK 3
B AEIARAN I/ N T AR [R] B o HORURE (B AL)
Z 1, SAXS 5 i Feak AT R4k

I(S) = 1(0)e ¥ %3 | ?3)
KGR A Guinier Ao Hrr R UKL [R5 2
&, 100k 6 =0 BFRYRTHI R . % 8RN TE 20 1)
BN (20 < 5°), S =20/, R R
](29) _ I(O)e-[uz(zoﬁRz]/(uz) R (4)
ook g, #53) F 0
In[7(20)] = In[1(0)]-[47* (20)°R*]1/ (3A%) s (5)
X )EW, HK R ™K BN Guinier B0, B4
In[1(20)15 (20)* Z Al ¥s e A 5 . SAXS B 45

W 2, In[I20)]5 M RZEI KT 0.95, 1A
PR Z K58 Guinier 360U, [R]E, P25 F1 TNTSs FirB
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Fig. 2 SAXS patterns of various products and P25
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PRI R AR BT B L E AP, AR (R
ZIE 1S A Fody, XRRE S A L5 A8 T BB A
B 254k o %5 — i, TNTs R 5 FE 5B
B a4 15.85 A, BR/NT P25 1Y 16.81 AL
P mr LI, fEK G R N B, RAET
— bRy AR

MFE 2 36 AT LA H, TNTs-1d By [E155 2 42(16.92
A)5 P25(16.81 A)T4r#ir, Wi TNTs-2d ([l
HA2(13.35 A)ZEBERK, PEILHERT TNTs-1d 5 P25
B ZE R B AT . B, TNTs-1d H40 & — B4 1t
RIFUR AR P25 2546 1/ Rk At 1A 5 T 5 A 40 K 4%
i /7, TNTs-2d H P25 W43 58 2 iR, JFHF iR
ZH MR K4S . TNTs-3d B[54 21 45(15.85 A%
Z TNTs-2d XA EJF, H'Y5 TNTs-4d #2ik, &V
P BR R O A4S & kit — 201
23 ERERSAEDHAWH

TNTs-1d, TNTs-2d, TNTs-3d fil TNTs-4d iX 4
Tl BEF= 9 DL K — S ALK (P2S) Y L R AR . fLA
A3 A FFLARFRAE By N, W B/ BE A S R 2 3R A5 . 45D
PERH Ll 2R 18 FR A M AR AR N2 3 PR .

M 3 LA, TNTs-2d, TNTs-3d Al TNTs-
4d 1 e R A S ALIR R LB 2, 1S TNTs-1d
P25 224K, P25 LR MAL N 51.14 m*/g, TNTs-

F2 TNTs RIERKNE X HEBHSTER
Table 2 Analysis consequence of SAXS patterns
of various products and P25

1d % P25 AW BB, A 86.66 m*/g, Wi TNTs-
2d, TNTs-3d Fl TNTs-4d ) Fb £ FHEILE 100 mY/g
PLE. FLIARRUS T, P25 55 TNTs-1d iz, 24
4 0.18 cm/g /45; TNTs-2d, TNTs-3d Fll TNTs-4d
1) FL AR R 0.33~0.35 em®/g . P25 WY FLR N
14.06 nm, 1 TNTs I MAHILZ T, PR
HBII 4G/, K 8~9 nm. 4 Ff TNTs BB =4+,
TNTs-2d Al TNTs-4d Yt R E UK, TNTs-3d 19
LR RK

& 3 24 P25 Al TNTs RAEE G FLIE AR . Xt
Lo W B S AL AR o A (11 3(b)) rT A B, i B S (18]
3(a))TNTs Z 5 FE S TE 3~4 nm A — > FLAR o A
U, 2 FPUPIoE BE ALV (tensile strength effect, TSE)
SRR BN F L, X TNTs RE0FES, i)
B A5 2 A FLAR o A BB AER . AN 3(b)nT 1, TNTs
FYVRE S B e nT JLALAR S 7E 2~2.2 nm JE I Y . AR
it [ Br gl 5 1 k27 h 2 IUPAC) R 2 X, fL#&
/INT 2 nm YRR L. L, BrA AR Y SRR] L
LAY B ALIE . R, TNTs RA0EE I

PES AR WERRARRT AT MIERERER /A LEPSES o
P25 282.6 16.81 0.9521
TNTs-1d 286.4 16.92 0.9656
TNTs-2d 178.3 13.35 0.9823
TNTs-3d 251.1 15.85 0.9880
TNTs-4d 289.6 17.02 0.9547

®3 JL# INTs PERFYHERERSILESH
Table 3  Surface area and pore size distribution
of various products and P25

o b LR Y fUARR PR, mDULAR/
2 T iiad

(m™-g) (cm’-g ) nm nm
P25 51.14 0.185 14.06 2.25
TNTs-1d 86.66 0.178 7.99 2.08
TNTs-2d 169.66 0.353 8.09 2.08
TNTs-3d 138.99 0.332 9.27 2.20
TNTs-4d 165.80 0.332 7.78 2.23
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Fig. 3 Pore size distribution of various products and P25



FORAE BRPRA AT G AR b AN R K SR B B W R AE B X CA(TT )W Bh ) o A B 5

] JLALAR B AE 2~2.2 nm Ju [ N, HORBE K #8402
JNE s ] F 38 0T AR Ak . 15 B TR K A RO B AR
[TiO]/\ A X — BEAHLG I A7 18 BB IR, #E 5
45 0 1 2R R AR TR [\) [TiOg) /N THIA 1Y 3% 45 7
2 ol

MFE 3 AT LLUA B, P25 fx ] JLfLAZ BARTE 2.2
nm A4, [HJEHASEYFLAR B 3 K F TNTs R FIFE
ai, UEAHJEORE P25 AR BB R Z A LRSS .
Wil K IS N I i, R R R AR B, 7R AR
HEARTE 20 nm PLF B FLREE ), SEMTEUE T P25
il 72 K AR 3 R P R A S R R A L K AR
48 /INEF B I FLAR R e ok, AR L FLUIR G M i £,
UL P25 ARG o AK AN 72 /INE 1) B A AL
RFIE A /DS, X BT I A B — PR Y
SEMy . MK R E] 96 /N, FLRFRAE, SEHy
FLARWE N, 106 BH M LR S5 4 PRk B, R S S5 R
PR TP Ak, BIVAEIRZ5 A8 T 4R 5 0 A
24 Cd(IDIRMFRZ

KRB TNTs RIS T S 45 % 4 )8
B WA MR, [ 4 HiE TNTs RIS
CA(IT) fY W B 55 3 28 o Bl 2 7 i o % /9 38 K,
CA(TT) Ay W2 B 2 2 Wi 38 K, feJa & TF iy, H
Cd(TT) A4 T 1 B 28 R /INIBF 25 TNTs-1d > TNTs-
3d > TNTs-4d > TNTs-2d . 5 £ BE B 44 K 45 (10.86
mg/g). D13 (42.01 mg/g). B 1(9.37 mg/g)fik
PEAR (19.50 mg/g) Ml b, MRt 2w iR 20, AT
ik TNTs ZRIIEES X CA(ID) W 2Rk, 251
%M Langmuir #i%! Freundlich #i%!, Langmuir-
Freundlich A HEATHIA -

200 +
160 +
k.
E’ 120 -
Qo
N —=— TNTs-1d
TNTs-2d
—a— TNTs-3d
Y v TNTs-4d
; 5 m 60 80 100

C,/(mg-L™)

B 4 TNTs ZIEERI Ca(1D)HIRMERL
Fig. 4 Adsorption isotherms of Cd(Il') onto various
TNTs products

Langmuir W FFHBIAUER 1 W FIZRE D5, )
BiF J5 2 [B) 08 AH LA T T W Shy B 3 08 BAF - e o
A I SR AT, W B R AR AT R AR A A
KUF:

0.bC
— m c s 6
1+5bC, ©

QE

Horf, Qu(mg/g) M Co(mg/L) 53551 2 15 W0 B 2 A1 18
BRSPS R CA(TD VR B, Om(mg/g) R i KL
Gy FIZMe R, b S SR A R REAE DG H A

Freundlich #5571 Sk 28 06 AR AU B f0i5e W B 57 3
A S AR IR F B2 e b . A

Qe = KFC v s (7)

[

K, Ke BE WA A Freundlich % $(mg/g),
n Ay 55 W o ) i R A DG A S M TR

Langmuir-Freundlich #& 7 Sk 48 1F & 7 2 X
mr:
0,bC."
1+bC" "

W B 45 Ui XX S B B s 1y S G A Rk 4 P
/N o — 2% Langmuir-Freundlich % %I #] & 45 H
17>0.9, S ZE R I AN TNTs-1d 2 TNTs-
4d, -5 B 43 ) A 189.26, 154.62, 182.50 11
164.83 mg/g. TNTs-1d 5 TNTs-3d H 47 it ) A1 55
1) - £l W B 75 B, HLPH @ % F TNTs-2d Fl TNTs-
4d, TAHBIFEFY], TNTs 0 A7 1E 5] 10 2% H T
PEAL &, H Cd(11)7E TNTs 22 I 09 W% Bk 243 J2
W BT AR AT 2 I, B E] TNTs £ 80FE i
g Cd(ID) S50k Z [ AT GEAETE A BAEH

A RE AR 25 J AT 0, K Bk il 25 B R 4 K
SRR T AR IR 45 Fa i AR — Bk R 9 K A5 T
B EK R AR B AR 2 B2 . TNTs-3d #E 1R FRH:
HE BUBK R 91 0K A8 3K — B B AR i, B R A
(TS, DRI P A 2 o 58 o e K
25 WEHMESMBIALENXER

2 5 51 SR K SRS B[] A5 B TNTs 2 41
FE S Y 25 ¥ S50 6 5 CA(TT ) Y S 768 18 B o 8%
B B) > Cd(TT )M B 2 1k 381 - Ay 0 B 8 95% st T F
fIF ] . TNTs-2d, TNTs-3d Fil TNTs-4d 78 &5 44 J7
115 TNTs-1d £ HeA R A 2200, PRtxs i B i A 5
FEAEPAE TNTs-2d, TNTs-3d il TNTs-4d =& 1)
MHEX L.

0.= ®)
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*4 TNTs ZFIHERXT Cd(ID)H R %R %S5

Table 4 Adsorption isotherm parameters of Cd(Il) onto various products

Langmuir 57 Freundlich %% Langmuir-Freundlich f5#!
Ow(mgg!)  bA(L-mg)) R Ki(mg-g")  n R Onl(mg-g") bAL-mg) n R
TNTs-1d 242.14 0.04 0.8347 36.29 2.67 0.6924 189.26 0.001 2.44 0.9466
TNTs-2d 195.51 0.05 0.8539 32.62 2.72 0.7067 154.62 0.003 227 0.9548
TNTs-3d 245.52 0.04 0.8958 27.90 227 0.7837 182.50 0.002 2.18 0.9745
TNTs-4d 209.61 0.05 0.8646 32.52 2.63 0.7174 164.83 0.003 223 0.9604
®S5 TNTs RIERNENSHRERHEE
Table 5 Structure factors and absorption capacities of various products and P25
\ AR - oing 4 H A 4
BER, ?@Iﬁﬁj;/ WWFTIEU/ L2/ A tti’?ﬁj / ?M:MJ FH AL 4% /mm
(mg-g ) min (m™-g ") (em™g )
P25 — 16.81 51.14 0.185 14.06
TNTs-1d 189.26 29 16.92 86.66 0.178 7.99
TNTs-2d 154.62 43 13.35 169.66 0.353 8.09
TNTs-3d 182.50 3.0 15.85 138.99 0.332 9.27
TNTs-4d 164.83 2.6 17.02 165.80 0.332 7.78

U0 - 2 6 s T A 2k 0] S 45 W0 B £ 95% st ) Bsf [

M F 5 A LIF H, TNTs-1d il TNTs-3d %}
Cd( 11 )i W% B 2 5% 7, TNTs-2d 5 TNTs-4d A B %
M 225 o Bl K BN B T A ZE G, TNTs ZR 51 FF
s V18 [0 Bt 2 250 % 3 14 o, WO B A i [ 30 3 4
X5 W B e AR AL AR AN — B PRI, R A R
A8 57 W B B G B G &R, AT BB S O A 15 (]
AR

TNTs-2d, TNTs-3d Fl TNTs-4d % FL1A& L 78
0.33~0.35 cm’/g G, 2Z58/N, Wik, B
LAERMEFHWMELEELR, MHILLZT,
TNTs-3d 1 HLERTH AR AE- 4 4L42 0 2 KT TNTs-2d
F1 TNTs-4d, X AJ B85 FF 5 1 W B 728 A 0% .

3 #ig

1) KR8 500 1, 2, 3, 4 K, AT 4 Fhgk
TR 99 K A8 R [RGB B R 50 7=, Ky K XRD %
TIEUE S35 A FRLARH AR ML 2544

2) SAXS F1 Ny W B /58 B F iFG1E 52, 7K Bk il
RERRANAKAT A7 T A AR TR 259 fff AR — BR TR 40
KAETE M RS F AR R, TNTs-3d EkFER YA
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KA HA BN ERIE S

3) W P25 iR £k 45 SR 2R B, Langmuir-Freundlich
RERYFE A T4 M 4005 W B S IR 45 2R, JF HL Cd(1 Y
W B e K /NI &0 TNTs-3d > TNTs-1d > TNTs-
4d > TNTs-2d.

4) B b R AR LA I R S )
ZIN, T L 2 T R RSP 24 LA T R 2 i R o 2
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