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Abstract

Abstract

The rapid industrial development has led to an unprecedented dissemination of toxic
substances into the environment. Because of its long half life period and extensive distribution,
heavy metal pollution is one of the most severe environmental problems. Cadmium, as one of the
most common heavy metal pollutants, can cause renal failure, infection and atrophy of disuse, so
the assessment of cadmium is very important. Conventional analytical techniques, such as AAS,
AES, ICP-AES and ICP-MS, are unsuitable for on-site sensing because of their high analytical
cost and big instrument size. However, electrochemical techniques satisfy many of the
requirements for on-site sensing of heavy metal ions because of their low power requirement,
fast speed of analysis, low cost, and good sensitivity. As a common electrochemical technique,
anodic stripping voltammetry plays an important role in the on-site sensitive sensing of heavy
metals such as cadmium. Although mercury electrodes have been widely used in anodic stripping
analysis, alternative electrode materials are highly required due to the toxicity of mercury. In
recent years, bismuth film electrode (BiFE) has received much attention for ifs behavior similar
to the mercury electrode and the environmentally friendly nature of bismuth. However, it should
be noted that bismuth film electrodes are still subject to interference from other heavy metal ions,
such as the formation of intermetallic cempounds and peak overlapping problems. This thesis
aims at developing novel chemically modified bismuth film electrodes for sensitive and selective
anodic stripping voltammetric measurements of heavy metals. The contents are as follows:

1. The analytical performance of bismuth film electrode was studied for the determination
of cadmium by anodic stripping voltammetry. The influences of various experimental conditions
on the sensitivity of the electrode, including the concentrations of bismuth, ionophore and Nafion,
and the preconcentration time and potential on stripping ‘currents of cadmium ions were |
investigated in detail.

2. Tonophore, in combination of Nafion, was introduced to modify the bismuth film
electrode for the improvement of selectivity. The interferences of copper, indium and lead on the
determination of cadmium were investigated. The chemically modified bismuth film electrode
was applied to the anodic stripping determination of cadmium in real seawater samples and the
results were consistent with those obtained by ICP-MS.

3. Borate, in combination of ionophore and carbon nanotubes, was also introduced to
modify the bismuth film electrode. Anodic stripping characteristics of the electrode, especially
the selectivity over copper, indium, and lead were investigated.

4. The selectivity and sensitivity of electrodeposmon and open circuit accumulation were

compared.
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Abstract

Experimental results indicate that stripping voltammetric measurements of cadmium with
the chemically modified bismuth film electrodes in nondeaerated solution yielded well defined
stripping current peaks. The ionophore employed can drammatically enhance the selectivity of
the bismuth film electrode for determination of cadmium over other heavy metals, such as
copper, lead and indium. The attractive performance of such electrode offers a feasible way to
monitor trace cadmium rapidly and precisely in complex matrixes. It is also demonstrated that
open circuit preconcentration has a relatively lower sensitivity but a higher selectivity as
compared to those of electroaccumulation. The proposed environmentally friendly non-mercury

electrode scheme is expected to be a new sensing platform for determination of heavy metals.

KEY WORDS: Bismuth film electrodes, Cadmium, Stripping voltammetry, lonophores,

Borate, Nafion, Carbon nanotubes
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Fig. 2. TEM micrograph of carbon nanotubes modified electrode
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Fig. 3. SEM micrograph of glassy carbon electrode and bis’mUth modified glaéSy carbon electrode: (A)
glassy carbon electrode; (B) bismuth modified glassy carbon electrode :

11



e RN ESE

c mEYE .

1978 48, Miller BB MBI N BHEE. SRSTFEML, REVERFTEER
EHEETL (4 10°%10° mol / em?, MHTF 1~10° ANBSFBE), e KN i 4%
R, REHAERT RN, ATTEAEE R RIRE TRACHRRE. RaVE#
B A LA — LR ST BN B AL S e AR R BB R T T TP KRR T LLEL
HE AR A AR AR E 2, BB B AR AR . AT E B
B ERETT B R B RER T A . &Y RN RIEEEELE TIARGYHER, ©
Xﬂﬁ%m%?ﬂ%%?ﬁﬁﬂ,ﬁ?&ﬁ%ﬁﬁ%*%%%%%%Nmmmmm
d EWHEL

— A R P T AR S, XL R A TSR AR DNA %, EHRSTE
w B PR MG, HEEER R ZIRTaRE. R, X7 R EARET
MRS TR AT, W% Rk RE S AR R R, SHRARK, HTREA
SRR AWRE. DNATEREFATESRORN, DNA A5 RH=EEH, TURAR
WMIEER, THDNA TUS&BETES. BHEMEERE T-T Mg C-C /Ll
BYENEHRETASET, R THe-T M C-Heg-C'™ (& 4),

oo : (_é;vm
5‘ i EH Ng‘,-zf‘f’
*
B LA B
4 — B e
R - / “ o mfim =
- Hz :
P &
“pe

4. DNA 5EREF&E&R=E"MY
Fig. 4. Diagram of DNA-Mercury Base Pairs
e BTWME -
BRI R, TR Bk N A TR, H TR A

-12-



1 it

By 1200 gr oy pk B e A3 i B T 4B AR BOVEAE,  T0TRIR T KCT M KOH 244
WA, R TIISEE THiE. ESEEEENRERE T 2RANEE TR, K
AT, BFRARERHES . BHE. BEEER. BERNSREFHFNS
| B B A T DL — KA R TR, BT LA REs 5 4 IV AR B I K
R . XA S AE A B T RUEE AL B AR R 1 EoRrvERE (B 5). ME
REN, A TR BN REUE BN,

50
¢ “
e

<« 304
E
i’:}

0 -

0 A

L ¥ 1 % ¥ T

-1600 -&0¢ B 400 200 i
Potential fmV vs. Ag/AgCl

5. PEARER L DS E TR AR R BENIER. a BERRAIEHIBRMER b &
FRE R AR, ¢ BT RE-BERRAIEFEHRMER". S%E: 180s, BRANM:
-1.1V
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Fig. 6. Diagram of the Nafion’s structure
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CH_CONCAT_PNO|BRAND_KEY&F=SPEC)
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Fig. 7. Diagram of the structure of the cadmium ionophore ETH 1062
(http://www.sigmaaldrich.com/ catalog/ProductDetail.do?lang=en&N4=11522|SIGMA&N5=SEARCH_
CONCAT PNOBRAND_KEY&F=SPEC)
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B 8. FEEEEMERDAARARREMNE 1.0 x 10 M Cd, FrRBEHA (a) B, (b) Nafion
&R IR AR, (o) SABRISIRRYTERREIR, (d) BFHK—Nafion &FEITEBEBER, (e) Nafion
APEEIERROIRBR BRAR, (F) BFHIANafion AEBIGHIEHRER. XAREEER L EEH
i&: 180s, EEBHAL: -14V; BFHMARE: 1 mM, Nafion RE: 1% wt, $BEFRE: 1mg/
L

Fig. 8. Square wave stripping voltammetry of (a) bare GC, (b) Nafion GC, (c) Bi GC, (d) IONO-Nafion
/Bi GC, (e) Nafion / BiGC, and (f) IONO-Nafion / BiGC in acetate buffer containing 1.0 x 10 M cd*.
Electroaccumulation: deposition time: 180 s, deposition potential: -1.4 V; Nafion concentration: 1 mM,
ionophore concentration: 1 % wt, Bi** concentration: 1 mg /L
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Fig. 9. Influence of various bismuth (III) concentrations on the peak currents of cadmium ions. Other
conditions are as in Fig. 8
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19



B mEBEBRRENESE

240 ' . (A

- \-
210
< 20 //// ~_
= 180 *
=]
2 4
Sl
3 150+
A
S 120-
m o
90 .
1 M T 1 T T T
0.0 0.5 1.0 1.5 2.0
. -1
Ionophore concentration / mmol L
240- . ( B)
g 210
S~
5 1801 —
g 7 |
% 150-
5 ]
120+
L}
T T T T T T T T T
00 - 05 1.0 1.5 2.0

Nafion concentration / wt %

10. BEFEMAGRE (A) FNafion iRE (B) ¥ CAHBHIERFHEME, HELHFES

Fig. 10. Influences of ionophore and Nafion concentrations on the peak current of cadmium ions. Other
conditions are as in Fig. 8
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Fig. 11. Influence of deposition potential on the peak current of cadmium. Other conditions are as in Fig.8
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Fig. 12. Influence of deposition time on the peak current of cadmium ions. Other conditions are as in

Fig. 8
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13. EEFSiik—Nafion ALIEIERRITERRBRIR £, SBETX CA A HIERRAEN, 2. b B
%ﬁ%—Naﬁoﬁ%ﬂ‘ﬂ%ﬁ%ﬂﬁE"]f&ﬁ% B4, o. d 3 Nafion/shEEIS I HROTERREMR. Mk a h 1.0x10°M
Cd¥+ 1.0 x 10° M Pb, Hi%% b 35 1.0 x 10° M Cd¥, B1%% ¢ 5 1.0 x 10° M Cd™", Hi%% d 5 1.0 x 10°
M Cd** +5.0 x 10" MPb™, HELHFE 8

Fig. 13. Effects of Pb”>" on the peak current of Cd** at ionophore-Nafion modified bismuth electrodes (a,
b) and Nafion / bismuth modified electrodes (c,d). a: 1.0 x 10% M Cd** + 1.0 x 10° M Pb*, b: 1.0 x 10

M Cd¥, c: 1.0 x 10¥M Cd*, d: 1.0 x 10® M Cd**+ 5.0 x 107 M Pb”". Other conditions are as in Fig. 8
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14 FE BT 3 th—Nafion ARIEIEIHRIBB RN L, AETX Cd* B HHIEE RN, a. b AB
F 25— Nafion/SEEIHIBER AR, o d 2 Nafion/ShISfEIRRITEREBAR. Mk ah 1.0x10°M
Cd +3.0 x 107 M Cu®, 1% b 3 1.0 x 108 M Cd*, Bi%% ¢ 2 1.0 x 10° M Cd™, gh%k d 2 1.0 x 10
M Cd*+1.0x 10° M Cu2f, HEe&HREES

Fig. 14. Effects of Cu 2* 5n the peak current of Cd** at ionophore—Nafion modified bismuth electrodes (a, b)
and Nafion / bismuth modified electrodes (c,d). a: 1.0 x 10°° M Cd®* + 3.0 x 107 M, b: 1.0 x 10° M Cd*", c:
1.0 x 10°M Cd, d: 1.0 x 10° M Cd**+1.0 x 10° M Cu™. Other conditions are as in Fig. 8
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B -8 /Ek—Nafion /ABREIEEBOTERR AR, o\ d  Nafion ABRIEIRRYBEBREAR. thek a 25 1.0 x 107
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10 M Cd* + 1.0 x 10° MIn*, HELHFE 8

Fig. 15. Effects of In3" on the peak current of Cd*" at ionophore—Nafion modified bismuth electrodes (a, b)
and Nafion / bismuth modified electrodes (c,d). a: 1.0 x 108 M Cd* + 5.0 x 107 M In**, b: 1.0 x 10° M
Cd¥, c: 1.0 x 10°M Cd*, d: 1.0 x 10° M Cd*"++1.0 x 10°M In*". Other conditions are as in Fig. 8
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B OBEERES) SNYRESHERESERNXR. RERERETHESEERIELTEK

HOHESE AR R . R 16 FiR, HRRERETFIREE0S5M F 10nM Z[H 2

BMEER, SMEERTEN y = -2.76+78.88x, HIFXRYH 0.9995, MHEMA 1.3 x 10°M

(S/N=3). SBEFIRER0.50M F 7 oM B HHSFRERESFH 6.5% (n=13)
5.5 % (n=13).
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Fig. 16. Anodic stripping voltammograms of cadmium at different concentrations of 0, 0.5, 1,3,5,7,9
and 10 nM using the ionophore—Nafion modified bismuth electrode as working electrode. Inset shows the
calibration curve for cadmium determination. Other conditions are as in Fig. 8

2.3.5 SR HEESNE

WRUE L v e B VO B IREAR R, REEFSHRHE ML, WEEREREX
SRR, TMETSEREN. FEEESFUNET, AMIKSERARERAZE.

WO AR V), ERER Cp RAEEHIEEN H, REERERTIAD
ST Vo, WRFER Co WIAREW, FIEVEHIER Hy, WA

H; =kC;

Hy = k[(CIVI+ CoV)/( Vit V)]

Hy/ Hy = [CYVi+ Vo)] / (CIVr+ CaVy)

Cr=H, Cy Vs/ [(Hy-H) Vit Hy V3

EEPRN AT, MARERT LA, WV ~ 7

FrLh C=H C,/ (2 H>- Hy)
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Fig.17. Scheme of the multiple standard addition method

BRSO ASTRAR S T BATRER D, BAABULTAR, BTHHIERS
WEBSHEXER, RARMEAE—4HS, BHEKETIHARE V', TREH
MYIHIIRE R : Cx=Vx'Cs/ Vx

B T8 h—Nafion/ SIS SR I Bk AR FE B AR M LR A 0F TRH R B T O E R RAFH
R RBE. ALRNET AAMEARSR, RABRERREZENEHERR, BT
FESR MR AR T R R R . ARSI B L RS ICP-MS TR 4 RET
b (B 1. £82%RH, FRZEREEER. REKNERKFIE.

% 1 EFEF Sk Nafion/IE IR EERER R PRI MR R A S ICP-MS XK IRig/KFm
PIREFNES R LR

Table 1 Comparison between results obtained by IONO-Nafion / BiGC and ICP-MS for determination of
Cd*" in sea water samples

Sample no. Cadmium concentration (nM)
IONO-Nafion / BiGC ICP-MS

1 87.0%3.8 84.0 -

2 2.5+0.6 43

3 34x0.1 3.0

4 56103 5.7

5 59402 5.4
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Fig. 18. Diagram of the structure of tetrakis [3,5-bis(trifluoromethyl)phenyl] boron sodium
http://www.sigmaaldrich.com/catalo g/ProductDetail.do?lang=en&N4=72017[FLUKA&NS5=SEARCH_C
ONCAT PNO|BRAND_KEY&F=SPEC
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3.2.1 LIENER
SR BE 55— EAHE
3.2.2 K

U 45078 4 494 (tetrakis[ 3, 5-bis(trifluoromethyt)phenyl] boron sodium) (3% Sigma Aldrich
/NCIDR

BAKE GREINGIKERTD.

fL AR S R DMF B, SR B FEAVREEN 1 mM, TUSRERIMRARE DY | mM,
BRAPKE WA N 0.2 mg/ ml.

HEssRH5E_FMA.

323 MELIZ

R AR AL T S 5 A

MESEREFS AN EENAMEEFHLE. MRS58 -SMEHR. T
RN, MRS RAURE . TR SRS TR AR B RS 1 mg/ L AR
WA & B R TR AR, FFEEE 10 24, FRMEN4RERRT
WMEERALLE, REM-14 Vil BRI 0 s, BENBERE, Bib15s, @R
H1.4V~-0.6V 2 7 4t i IE BB AT MU BT . WU, BB “TENE” BALR+03V
BRI ENEENRESE. TN, Wk, WHN, WEASE. LREFE
BB, WESEAETHET.
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5 TE RS — N E R, KRB RN AR S SR 1.0 x 107 M

i) CAADIER T, MR EEN-1.4 V EH5HE]- 0.6 VBRE BRMEREE. B19F, ML

A RFARMBEEFTENE, Wb o dv e (RAFBRBMERENR. E 196 F H,
B R AR IEERE S . ERELET, RICKEBRIBER AR E I — 55

29



wEEHREERENESR

Bl (B 19e), IXFBLE LI B R ERICKE MR MIERH . ERAIE D IERIKE/
SRR AR E (B 19d), X2 R AR E MR RN, NEMRS—8 73
W—%%%%/%E%%%ﬁ%%mi,%wmmTEﬁ%%<QMMOMA%%ﬁ%—
NENBAEENEESAEENERR: FNETRENRE TERRIERENER,
AR T AR D R M BB R T borate AGH M, TLALHEIERETESR
B AR . RS TS ER — B TR K e/ Bi BRI TR e, FRAE
EENTEETE, EBERNERMYEHERR (B 19). AE 19 f 19b #EEHT
PEN B EENRBERTREMEENRBERD. XLENTFREALMT, BRNE
AR RS B E TR R AR RT. MEREESNT, EEABRREH AR
FrRAEREE TR ERRE.

13p,A

E
3 R
ﬁ______/\_____b
' C
d
e
f

11 10 09 -08 -07 -06 -05
Potential / V

l19ﬁfﬁ%¢$ﬁ¢mﬁﬁﬁaammloxmIwwﬁ<mb)Mmm%m—ﬁ%ﬁw—
BRI EE IR BE AR, (o) BFHA—BRKE/ RIS IR R R, (d) BRAKE/
SPREERRIIERE AR, (o) BEAKE SRR ARERIL, (D BER. b, o 4 e  FRBUER
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Fig. 19. Square wave stripping voltammetry of (a) IONO-Borate-CNTs / BiGC, (b) IONO-Borate-CNTs /
BiGC ,(c) IONO-CNTs / BiGC, (d) CNTs / BiGC, (¢) CNTs / GC, and (f) GC in acetate buffer containing
1.0 x 107 M Cd*". b,c,d.e,f: open-circuit accumulation for 10-min, a: electroaccumulation at -1.4 V for 3
min. JONO:1 mM, Borate:1 mM, Bi:1 mg /L, CNTs: 0.2 mg/mL
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B 20. ENSMERMN—E T RIE—RAKE RS IHRIBRBRERL, HEFEE T AL IEBRTR
B Al REERBREE, A2 RAFEBEE, a, b: 100nM Cd*, ¢, d: 100 nM Cd** + 5000
aM Cu®. EE&HEE 19

Fig.20. Effects of _Cu2+ on the peak current of Cd** at IONO-Borate-CNTs / BiGC: Al,
electroaccumulation at -1.4 V for 3 min; A2, open-circuit accumulation for 10-min; a, b, 100 nM Cd*; cd,
100 nM Cd*" + 5000 nM Cu®*; other conditions are as in Fig. 19
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Fig. 21. Effects of In** on the peak currents of Cd** at IONO-Borate-CNTs / BiGC: Al,

electroaccumulation at -1.4 V for 3 min; A2, open-circuit accumulation for 10-min; a, b, 100 nM cd™,
d, 100 naM Cd* + 5000 nM In*"; other conditions are as in Fig. 19

RS —FTINET R BRIA S S R E S . W8 2242 B, 7
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EAEAET, RRTEBAEENE, HETFENERIED TEE T LR
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333 irfEHZE

REFREMEETE, BAAERZENERSS TSR, WE 23 Fir, BER
FAEE FIOIRETE 5nM 3 600 nM JaE K B4 EMISc. &IEHEN y=-25.8+21.21x, #H
SEMERSCH 0.9986, BEKIHIRR 1.6 x 10°M  (S/N=3), HETREN 50 nM KRR
SHARHEREN 7% (0=5).

-32-



3 POEIR A — TR —TRAURE B R BRI AR B R

At o
1A 10uA

Current
Current

d T

42 10 08 -06 04 -02 42 Ao 08 06 04 02
Potential / V Potential / V

& 22 ‘—l’_[@ﬁfﬂﬁ@iiﬂ—ﬁ'?WW_E}E%#'—&:/@ZHQﬂkﬁﬁimfﬁ B E, SBETFREFELE EER

BN Al REAFKRSE, A2 ZHBEMEE, a, ¢ 1000MCd™, b, d: 100 aM Cd** + 1000 nM
PW}“ E&HERE 19

Fig. 22. Effects of Pb** on the peak currents of Cd** at IONO-Borate-CNTs/BiGC: Al,

electroaccumulation at -1.4 V for 3 min; A2, open-circuit accumulation for 10-min; a,c, 100 nM Cd*; b,d,
100 nM Cd**" + 1000 nM Pb**; other conditions are as in Fig. 19
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Fig. 23. Anodic stripping voltammograms of cadmium at different concentrations of 0, 0.5, 1,3,5,7,9
and 10 nM using the IONO-Borate-CNTs / BiGC as working electrode. Inset shows the calibration curve
for cadmium determination. Other conditions are as in Fig. 8
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