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Abstract

An anthraquinone (AQ) improved Na-montmorillonite nanoparticles (nano-SWy-2) chemically modified electrode (CME) has been de-
veloped for the simultaneous determination of trace levels of cadmium (1) and lead (l1) by differential pulse anodic stripping voltammetry
(DPASV). This method is based on a non-electrolytic preconcentration via ion exchange model, followed by an accumulation period via the
complex formation in the reduction stage-at.2 V, and then by an anodic stripping process. The mechanism of this design was proposed and
the analytical performance was evaluated with several variables. Under the optimized working conditions, the detection limit was 3 and 1 nM
for Cc?* and PB*, respectively. The calibration graphs were linear in the concentration ranges b0& to 1 x 108 mol L~* (Cd**) and
of 2 x 107°to 1 x 10~8mol L~* (P?*). Many inorganic species did not interfere with the assay significantly; the high sensitivity, selectivity,
and stability of this nano-SWy-2-AQ CME were demonstrated. The applications for the detection of trace levéls afcCBB* in milk
powder and lake water samples indicate that it is an economical and potent method.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction electrochemical accessibility of this region to exert fully
the catalytic abilities of the clay layef7]. Combining
Clays and their doped colloidal suspensions fabricated with an electronic conductor such as 9,10-anthraquinone
electrodes have been applied in electrochemical studies(AQ) is expected to provide an “electron channel” to these
with abroad interedil—4]. These electrodes are well known inaccessible regions, as well as a metal ligand.
for their cation exchange capacity, porous surface area, As the largest group of naturally occurring quinines,
high thermal and chemical stability, electrocatalytical abil- 9,10-anthraquinones are of fundamental importance both in
ity, and molecular-sieving properties. Organic species andindustry and in medicing8,9]. The anthraquinones have
metal complexes, e.g. M(bpA™ (bpy = 2,2-bipyridine, shown strong and irreversible adsorption tendency on var-
M = Ru, Fe, Os), M#+ (methyl viologen) are usually ious electrode materialgl0-13]. On a preanodized GCE
incorporated in the clay film and used as electrocatalysts surface, the anthragquinones were not only simply adsorbed,
[5-7]. However, most of the impregnated substances espe-but also trapped inside pores or crevices of the surface
cially for the species located within the interlamellar region [14,15]. In recent years, some newly synthesized derivatives
of clay are non-electroactive, since they do not contribute of 9,10-anthraquinone have been applied in the construction
to the faradaic currer6,7]. It is necessary to increase the of chemically modified electrodes (CMHE)5-17] and in
the extraction membrane transport of metal ift%19]. As
+ Corresponding author. Tel:86-27-8721-8904; for the complex of AQ and clay colloid, hqwever, mo_d|f|ed
fax: +86-27-8764-7617. glassy carbon electrode (GCE) by dropping operation has
E-mail addressssshu@whu.edu.cn (S. Hu). not been reported.
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Be convinced of the toxicity and hazard of cadmium
and lead in the environmental and occupational fields,
dose-response and legislation have been enacted to re-
duce human exposure to cadmium and |da26]. The
inorganic bivalent oxidation state of cadmium and lead
are the most toxic in all of their related forms, and the
detection of C&" and PB* are rigidly controlled. An-
odic stripping voltammetry (ASV) is one of the most
sensitive methods for the detection of trace level ions.
To date, kinds of electrodes have been developed for the
determination of C# or Pt [21-24]. To our knowl-
edge, detection for Cd, P**, and other metal cations
based on the nano-SWy-2-anthraquinone (nano-SWy-2-AQ)
modified GCE or a similar system has not been reported
before.

In this paper, anthraquinone solution and nano-SWy-2 col-
loidal suspension are cast onto the GCE surface in sequence;
a complex coating is obtained via solvent evaporation. In pH
5.6 NaAc—HAc buffer solution, the differential pulse anodic 2 3. preparation of the nano-SWy-2 colloid and the TEM
stripping voltammetric (DPASV) responses of cadmium and image
lead increase significantly at this sandwich electrode in con-
trast to that at the plain GCE, or either of the single modified  The colloid of nano-SWy-2 was prepared by following
GCE. This assay system is satisfied with the following ad- steps: 30 mg SWy-2 was thoroughly dispersed in 2 mL re-
vantages: free mercury, low cost, excellent reproducibility, gistilled water by continuous stirring for 12 h, and then qui-
high sensitivity and selectivity. escence for 5 h. After centrifugal separation at 3500 rpm for

30 min, the topper suspension was collected for experiment.
) The TEM image of the fresh prepared colloid is shown in
2. Experimental Fig. 1, as can be seen that the clay particle takes on a spher-
ical outline and the average diameter is around 10 nm.

Fig. 1. TEM image of nano-SWy-2 colloidal suspension.

2.1. Reagents

Na-montmorillonite (SWy-2) was obtained from Source 2.4. Preparation of the modified electrode and the SEM
Clay Minerals Repository, University of Missouri (Columbia, images
MO). 9,10-Anthraquinone (Shanghai Reagent Co., China)
was dissolved in acetonitrile to obtain110~-3 mol L~ so- The GCE was firstly polished with a 0.@%n aluminum
lution. Stock solutions of ¥ 102 mol L~ Cd?t and PB* slurry (CHI Co.), rinsed thoroughly with redistilled water,
were prepared by dissolving Cd(NJ2 and Pb(NQ@): into and sonicated in water for 1min. The GCE was prean-
redistilled water, and the diluted to various concentration. odized by potential cyclic sweep betwee®.5 and 1.5V
Other chemicals used were of analytical reagents, and usedn 0.5 mol L1 H,SOy at 100mV s for 15 min, and rinsed

without further purification. with water. Then 2.L AQ solution was cast onto the GCE
surface, and dried ambiently. The prepared AQ-coating elec-
2.2. Apparatus trode was further covered withid. nano-SWy-2 colloid and

evaporated at room temperature in the air. The single-coating

All the voltammetric measurements were carried on the modified electrode was prepared by the alternative procedure
CHI 830 Electrochemical analyzer (CHEN HUA Instrumen- described aboverig. 2 depicts the distinguishable images
tal Co., Shanghai). A conventional three-electrode system belonging to surfaces of the single nano-SWy-2 film (a), the
comprising a saturated calomel electrode (SCE), a platinumsingle AQ coating (b), and their complex film (c) covered
wire auxiliary electrode, and a nano-SWy-2-AQ modified GCE. Apparently, the formation of the complex coating was
GCE (the geometric diameter of GCE is 3mm), was em- reflected on its morphology.
ployed. Considering that the newly created special groups, the

Transmission electron microscopy (TEM) images were adsorptive or bound anthraguinone species were remained
obtained using a JEM 2010 microscope (Japan). Scanningat the preanodized GCE surface even after brief polish-
electron microscopy (SEM) was transacted with X-650 ing with alumina on a polishing cloth, extensive polishing
type scanning electron microscope (HITACHI, Japan). with sand-paper followed by prolonged soaking the GCE in
Atomic absorption spectrometry (AAS) determination was NaH;PO;—NaOH solution (pH 10.0) is necessary in order
performed on 180-50 AAS (HITACHI, Japan). to remove the residual anthraquinones.
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Fig. 2. SEM images of GCE surfaces modified with the nano-SWy-2 film (a), the AQ coating (b), and their complex film (c).

2.5. Analytical procedure (which seems to be the main factor and dependent on the
pH) and surface complexation adsorpt[@8]. AQ here acts
Unless otherwise stated, a 0.1 mofiLNaAc—HAc buffer as an electron-transfer accelerator besides as a metal ligand.
solution was used as the supporting electrolyte fo'Cd  The proposed mechanism is described as the following steps:
and PB* determination. The accumulation step proceeded At first, as illustrated irFig. 3A, nano-SWy-2 film is sim-
at—1.20V for a selected time while the solution was stirred. ply a face-to-face aggregate of individual clay sheet-stacks
The differential pulse anodic stripping voltammograms were while the AQ molecules are tiled on the GCE surface ir-
recorded when sweep froml.20 to—0.3 V after 15s quies-  regularly. When the modified electrode is soaking in diluted
cence. The peak currents-a0.86 V for Cd+ and—0.62V electrolyte (0.1 mol £1), the solvent uptake leads to an in-
for P+ were measured. Before the repeated measurementsrease of the basal spacing and a more random orientation
at the same SWy-2-AQ modified GCE, the electrode was of the clay sheets. Under an enough negative accumulation
rinsed with redistilled water gently, and dried in the ambient potential (—1.20V), AQ on the GCE surface is in the reduc-
condition. tive form (AQH,), and take a near-stand-up space tropism
on the GCE surface with the quinohydroxyls band towards
or away from the GCE surface (Fig. 3B). Such a situation

3. Results and discussion is possible for the AQ molecules to intercalate into the clay
inner layers by the channels between the clay particles, dif-
3.1. The reaction scheme fuse into the clay membrane via pinholes, or even adsorb on

the clay sheetfs]. The formation of this sandwich structure
Clay linings, such as montmorillonite, are used as barri- obviously enlarges electron-accessible regions between the
ers to prevent subsoil and groundwater from contamination GCE surface and solution. By ion exchanging via the clay
of heavy metals. The uptake of heavy metal ions by mont- and complexing with AQH, Cd?*, and PB* cations in the
morillonite from solution is attributes to the ion exchange solution are preconcentrated and reduced at the electrode
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Fig. 3. Schematic of the formation of (nano-SWy-2-AQ GCE) sandwich electrode.

surface under the negative potential and the products wereeven no apparent response for’€da) is observed. At AQ
then oxidized in the stripping stage. The mechanism can becoated GCE, two peaks at0.86V (Cdt) and —0.62V

described as following: (PE?t) appeared, but the stripping peak of2Pbseems to
o o be spliced with the anodic peak of AQ group-a0.46V
(M )solution+ 2(Na" X )surface (b). Under the identical conditions, the nano-SWy-2 coated
= (M2+X2_)adsorption+ 2(Na")solution GCE gives significantly increased signals at the same po-
tentials (c), especially for B5. As has been illustrated
(AQ)surface 2e+ 2H" = (AQHp)surface previously the rate of remove lead is always higher than
24y — ) that of cadmium, and lead is retained more than cadmium
(M#7X2 Jadsorptiont (AQHz)surface [25]. The nano-SWy-2-AQ modified GCE inherits the en-
— (M?" — AQHy)adsorptiont 2(X ")surface hancement at nano-SWy-2 GCE and arises a dramatic

2+ _ 0o_ , increase for C#" (d). Besides the high sensitivity, there
M AQH2)adsorpiiont 28— (M — AQH;)adsorption is almost no leaching of AQ out of the clay coating due
0 — AQH,)adsorption— (M2 sorution + (AQ)surface to__the Iow_ solubilit)_/ of AQ in aqueous solutiop; the sta-
det 2HT bility of this sandwich electrode is also attractive. Hence,
+ the stripping peaks of Gd and PBt were investigated
where M means lead and cadmium. by differential pulse voltammetry for analytical applica-
tions.

3.2. Differential pulse voltammetric responses oftd

+
and Pt 3.3. Effect of pH

Fig. 4 shows the differential pulse voltammograms of
2 x 100"molL~! C* and 1x 107" molL~! PP+ at
bare GCE and different modified GCEs. The response on
bare GCE is poor with a small fail-shaped peak of b

/_\/’—\ff\//

The pH variations influence the uptake mechanism,
the sorption capability of Na-montmorillonite towards
heavy metals, and the proton-involved reduction of AQ
in aqueous solution. Adsorption of lead and cadmium
by Na-montmorillonite increases with pH and reaches a
plateau for the removal rates in the pH range of 3.0-6.0
[25]. Antraquinones are known to undergo a reversible
two-proton and two-electron reduction in aqueous solution
to give the corresponding hydroquinone derivatives. Our
experiments exhibited a pH dependence of the potentials
for AQ group consistent with that has been repoijtes].

In the pH range investigated (pH 3.0-7.0), the redox peak
potentials of AQ continuously shift toward more posi-
tive values by decreasing pH values. Compared with the
stripping peaks of C& and PB*, the anodic peaks of
12 1.0 0.8 06 04 AQ always occur at more positive potentials with smaller
E/V vs.SCE peak currents at nano-SWy-2-AQ GCE, and do not inter-
, - . fere with the responses of €d and PB*. However, the
Fig. 4. Differential pulse voltammograms of 2 10~" molL~1 Cd?+ . n
and 1x 10~ mol L~ PE?* in pH 5.6 NaAc-HAc buffer. Accumulation electrochemical responses of €dand PB* vary as a

potential: —1.20 V; accumulation time: 5min; scan rate: 50 mV¥spulse function of the acidity of the electrolyte. As shown fing.
amplitude: 100mV; pulse width: 50 ms. 5, the anodic stripping voltammetric behaviors of2Cd

o 0O oo

[2 uA
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Fig. 5. Effect of pH on the stripping peak potentials (dot) and peak currents
(straight) of 5x 10~ mol L~1 P?* (hollow) and 1x 108 mol L~ Cd*+
(solid) at nano-SWy-2-AQ GCE. Others are the same dsign 4.

Fig. 6. Influence of accumulation time on the stripping peak currents of
5x 10" molL~1 PE?* (hollow) and Cd* (solid) at nano-SWy-2-AQ
GCE. Others are the same asHiy. 4.

and PB* in 0.1 mol L= NaAc—HAc buffer solution were  3:5- Effect of the amounts of modifiers on the sandwich

examined as pH changing. The fact that the stripping peak &lectrode
potentials of both C# and PB* shift negatively with the
increasing pH demonstrates the participation of proton in 11€ DPASV responses of €t and PB* are closely re-

the electrochemical process. The stripping peak currentslated to t_he Fhlckness of_the modified films on the GCE sur-
increased as pH up from 3.0 to 5.6, and then decreased@ce Which is characterized by the amounts of nano-SWy-2
gradually over the pH range from 5.6 to 7.0. At pH 7.0 no and AQ. The relationship between the stripping peak cur-

apparent stripping peak current of #bwas observed at-  'ents and the volume of nano-SWy-2 gollmdall suspen-
tributes to the hydrolysis of Bfs. Otherwise, the stability of ~ SIOn was investigated with 2L of 1 > 10" molL™" AQ
nano-SWy-2-AQ complex film becomes poor at pH7.0 pre-coated on GCE. The stripping peak currents o?*CqI
or pH < 3.0. The adsorptive anthraquinone species are 2Nd PB* decreased continuously when nano-SWy-2 in-
continuously detached from the electrode surface at high créased from 2 to 16l by an interval of 2uL. Obviously

pH values, and the montmorillonite possesses a strong tendndicates that a thicker film gave a more difficult electrode

dency for decreased surface area and swelling as the pH&SPonse. With the volumes of nano-SWy-2 and AQ fixed as
decreases. 2L, respectively, the concentration of AQ was optimized

by varying from 5x 10~ to 2 x 10-3molL~L. The plots

_ _ _ between the Ct#t and PBT DPASV responses and AQ
3.4. Effect of preconcentration potential and time

The stripping peak currents increase gradually when the Table 1 , , , _ _
accumulation potential shifts from0.90 to—1.30V, and ;”txerlfgf?’xgﬁ_cﬂ'lsggf ':r?c;gsgf species on the simultaneous detection of
two well-separated stripping peaks corresponding t6'Cd
and PB* were obtained with the highest peak currents as

Interfering ions Concentration (molil) Signal change (%)

—1.30V employed. Further negative shift of the accumu- C* PR+
lation potential led to the dgcreqsed peak currents and dis-+ 1 x 10-3 101 401
torted peak shapes, which is mainly due to the co-hydrogencz+ 1% 10-3 109 408
evolution at such negative potentials. Mn2+ 1x 103 -16 -15
Under a fixed accumulation potential-e..20 V, the strip- ~ Mg** 1x10°° -12 11

; ap ; _ Feét 1x 104 +29 421
ping peak currents still improve as prolonging the precon e 1 v 104 127 24
centration tlme;ﬁs shoﬁvzn Iﬁl% 6, the st+r|pp|ng peak cur- o+ 2 % 10-5 32 _21
rents of 5x 10~ molL~1 C#*+ and PBt were found to  cg+ 2 % 10-5 21  _33
increase in the first 6 min, and then level off. A further pre- Ni2* 2 x 10 -29 20
concentration time increase does not cause the prominentig® S5 X H{i +12.1 +9.1
increase of the stripping peak currents. The curvature pre-SEN° i - 133 :(1)'2 :(1)'2
;umably suggests either a saturation loading or an equilib-SO42_ 1% 10°3 12 18
rium surface coverage. Therefore, the peak currents alteredbg,3+ 1% 10°3 19 _21
lightly when the accumulation time beyond 6 min. The pro- NOs~ 1x 1078 402 403

longation of accumulation time is necessary for lower con- . mulation potential:

centrations Céit and PB™.

—1.20V; accumulation time: 5min; scan rate:

50mVs1; pulse amplitude: 100 mV; pulse width: 50 ms.
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Table 2
Determination of C&" and PB* in samples (n= 3 for each)

927

lons Milk powder (BCR 151)

Found (uwgg?) Certified values (ngot)

Lake water

This method (mol £1) AAS (molL~1)

Ct
PR+

(121 + 149 x 1073
1734 0.21

(101+ 8) x 1073
2.00+ 0.03

(6.73+ 0.24) x 1078
(3.01+ 0.16) x 1078

(7.59+ 0.17) x 10°8
(2.85+ 0.23) x 1078

@ Values are mean of triplicate determinatiofsS.D.
concentration gave two similar parabolas. The maximum of

the DPASV responses are obtained when 03 mol L1
AQ solution was employed.

3.6. Interferences

Cd and PB* at the same modified electrode every other
day over half a month, the maximum deviation obtained are
5.0% for C&+ and 4.6% for PB". These results suggest
the excellent reproducibility of this sandwich electrode.

To evaluate its accuracy in the practical applications, the
nano-SWy-2-AQ modified GCE was employed to determi-

The possible interferences of some inorganic speciesnate Cd* and PB* in milk powder (BCR 151) and lake

are summarized inTable 1. The experimental result
shows that vast of cations and anions, such as, K
Cat, Mn?t, Mg?t (up to 1x 103molL™1), Fée,
Zn?t (each 1x 10~4molL™1), C/*t, C#t, Ni%t (each

2 x 10°molL~1), SCN-, CI-, SO%, PQy3F, NO3~
(up to 1x 103molL~1) do not arise the signals devia-
tion of 5x 10~ molL~1 C#* and PB* larger than 4%.
Only H?t (> 5 x 107®molL~1) was found to increase
the determination seriously, since Hgtends to reduce
to mercury at—1.2V and hence promote the reduction of
Cd*t and PB* by the formation of amalgam. As for the
reasons why the film does not suffer interference of many

water samples. For the analysis of milk powder, 500 mg
solid sample was digested with HNEHCIOy (6 + 1, v/v)

to near-dryness, 20mL redistilled water was added in the
residue and evaporated to dry again for removing the resid-
ual acids. The residue was dissolved with pH 5.6 NaAc—HAc
buffer for measurement directly. The water samples were
from a lake near a residential area, and analyzed without
pretreatment. The electrochemical experimental results cor-
related well with the certified values or with those obtained
by the atomic absorption spectrometry. The comparison is
listed inTable 2and indicates that the nano-SWy-2-AQ mod-
ified GCE is potent for the practical sample analysis.

reducible cations, it involves several aspects. These cations

can not complex with AQHl effectively or get deposited on

the surface of the GCE because of their large overpoten-

tials. At pH 5.6, many interfering cations hydrolyze while
Cd* and PB* do not. Moreover, nano-SWy-2 film acts as

4. Conclusion

Na-montmorillonite was dispersed with water to obtain

a barrier on the electrode, many anions and some cationshe nanoparticles. The conventional clay colloidal sus-

more weakly adsorbed by the clay than®Ccand PB+. If
interfering ions of high concentration exist, CNcan be

pension was tentatively combined with functional organic
species 9,10-anthraquinone. Based on this, a novel and ef-

added to eliminate the interferences because most potentiafective electrode system was developed. Measurements of

metal ions have stronger complexing ability with Clthan
Pt and Cd+.

3.7. Calibration graph and applications

Under optimum conditions, the stripping peak currents
are proportional to the concentration fromx80~2 to 1 x
10 %mol L1 (» = 0.990) and 102 to 1x 10~®mol L~1
(r = 0.998) for C#* and PB+, respectively. At 5min pre-
concentration, the lowest detectable concentration &f-Cd
is evaluated to be 3nM and that of $bis to be 1 nM.

The precision of this determination system was demon-
strated by repeated analysis of a standaréGohd PB* so-
lution of 5x 10~ mol L~1. For detections performed at the
same nano-SWy-2-AQ modified GCE, the relative standard
deviations (R.S.D.) are 3.2 and 2.1%£:5). In the case that

C?* and PB* in aqueous solution were carried out with
this chemically modified GCE by using DPASV. The opti-
mized working conditions were described. Combining the
ion exchange capability of clay with the electronic conduc-
tor function of AQ, a sensitive electrochemical technique
for the simultaneous determination of €&dand PB* has
been developed.
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