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Abstract — SEM images and FTIR data of the working 

electrode surface showed that Mn+ ions were adsorbed on 

chitosan (Chit) and crosslinked chitosan-carbon nanotube 

(Chit-CNT) films. XPS revealed that chelation of Mn+ ions 

with the –NH2/–OH groups from chitosan, –COOH group 

from carbon nanotubes, and aqua ligands represents a 

possible structure of the active Mn+ species in the 

Chit-based film. The electrochemical behaviors of the 

Chit-based film modified screen-printed carbon electrode 

(SPCE) were characterized for individual and simultaneous 

detection of Cu2+, Pb2+, Hg2+, Zn2+, Cd2+, and As3+ ions. 

For individual detection, the concentration range was 

0.50–3.00 ppm with a detection limit of 0.4 ppm for Cu2+; 

1.0–4.0 ppm with a detection limit of 0.5 ppm for Pb2+; 

1.0–5.0 ppm with a detection limit of 0.8 ppm for Hg2+. For 

simultaneous detection, the lab chip sensor was 

successfully used to determine the concentrations of Pb2+, 

Cu2+, Hg2+, and As3+ ions simultaneously.  

Keywords— Heavy metal ion, Lab chip sensor, 

Square-wave anodic stripping voltammetry, in situ 

measurement. 

 

I. INTRODUCTION 

In recent years, environmental contamination by heavy 

metals has gained much attention due to the significant 

impact on public health. Cu, Cd, Pb, Hg, Zn, and as are 

used in several industrial applications and are recognized as 

agents that present a toxic effect to humans and other living 

beings. These metals are well-known water pollutants, 

because they are toxic (even at trace levels), not 

biodegradable, and have long biological half-lives; hence, 

they tend to bio-accumulate in higher trophic levels of the 

food chain. Due to increasingly rigorous environmental 

regulations, the limits for heavy metals in drinking water 

and wastewater are becoming stricter [1]. 

Chitosan (Chit) is a biopolymer, a feature arising from the 

amino and hydroxyl groups present in its structure. Chit is 

suitable for use to remove heavy metal ions from 

wastewater, as its chemical groups can act as chelation sites 

[2, 3]. This characteristic can be employed for the 

development of electroanalytical procedures for the 

detection of heavy metal ions, for which Chit is employed 

as an electrode modifier, allowing adsorption of the metals 

ions, and thus improving the sensitivity of the method [4-6]. 

Furthermore, the useful characteristics of Chit in terms of 

electrochemistry for the design of modified electrodes 

include biocompatibility, a high mechanical strength, good 

adhesion on traditional electrochemical surfaces, and a 

relatively low cost, as it is a renewable resource [7-9]. On 

the other hand, it is well-known that carbon nanotubes 

(CNTs) exhibit many excellent electric properties, which 

make them ideal candidates for electrode materials for 

heavy metal detection. Normally, they act as an 

adsorbent/preconcentrator agent and a transducer platform. 

Numerous investigations have been carried out to explore 

the potential applications of CNTs, due to their advantages 

such as good conductivity, high electron transfer rates, high 

surface area and providing lower detection limits [10-13]. 

Chit was used as an electrode modifier in the cross-linked 

form, with CNTs employed as the crosslinking agents. We 

observed that the crosslinking treatment increased the 

number of free hydroxyl groups in the Chit and, thus, 

improved the adsorption of metallic cations on the electrode 

surface [14-16]. 

Many conventional methods, such as atomic absorption 

spectrometry (AAS) and inductively coupled plasma mass 

spectroscopy (ICP-MS), have been utilized for the 

measurement of heavy metals in the environment. However, 

these methods are limited in terms of their use for in situ 

environmental screening because of the equipment size, 

cost, and analysis time [17]. Electrochemical techniques, in 

particular stripping analysis, have been widely studied in 

terms of their effectiveness for in situ measurement of 

heavy metal ions [10,18]. In stripping analysis, heavy metal 

ions in the sample solution are identified and quantified by 

measuring the current generated at each reduction potential 

[19]. For real application, more and more heavy metal 

electrochemical sensors have been fabricated on 

screen-printed carbon electrodes (SPCEs) due to their 

inexpensiveness, portability and ease of mass production. 
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Furthermore, a desirable combination incorporating 

miniaturized on-chip electrochemical sensors with 

microfluidic components as a micro total analysis system or 

lab-on-a-chip device is achievable, and provides a good 

platform for chemical and biological analyses in a 

miniaturized format [20]. Polymer substrates, such as cyclic 

olefin copolymers, have been used as lab-on-a-chip 

materials instead of the traditional silicon and glass 

substrates owing to their favorable properties of 

biocompatibility, high optical transparency, and low cost 

[21].  

The major achievement in this study was the development 

of a disposable heavy metal sensor with an on-chip planar 

polymer film (Chit and Chit-CNT) modified SPCE 

(working electrode), an integrated Ag/AgCl reference 

electrode, and microfluidic channels using standard 

screen-printing technology. The proposed sensor is very 

low in cost and suitable for mass production, has a small 

analytic consumption and low waste generation, a fast 

sensing time, and is simple to use. This sensor is also suited 

to fast in situ environmental monitoring. Therefore, the 

main objective of this research was to study the selectivity 

of the Chit-based film modified SPCE for individual and 

simultaneous detection of Cu2+, Pb2+, Hg2+, Zn2+, Cd2+, and 

As3+ ions in aqueous solutions. In addition, based on the 

results, an adsorption mechanism was proposed. We 

explored the adsorption properties of the biodegradable 

materials of Chit and Chit-CNT, which can be utilized for 

the detection of heavy metal ions in wastewater and 

groundwater. 

 

II. EXPERIMENTAL 

2.1 Preparation of crosslinked Chit-CNT   

Multi-walled carbon nanotubes (MWCNT; >95% carbon 

basis, 20–40 nm in diameter and 5–15 μm in length) were 

purchased from Aldrich. The MWCNT were submitted to 

an acid treatment to remove residual catalyst metal particles 

that remained from the synthesis process and to promote the 

generation of functional groups, such as carboxyl and 

hydroxyl groups, on the MWCNT surface [22]. Briefly, 

MWCNT were added to a 13 N HNO3 solution and 

maintained in a stainless Teflon-lined autoclave for 30 h at 

100 °C. After this time, the MWCNT were separated from 

the solution by centrifugation and washed thoroughly with 

ultrapure water until a pH of approximately 6.0 was 

obtained. Finally, the MWCNT were dried at 120 °C for 5 h. 

Chit of molecular weight 1.9–3.1 × 105 g/mol and an 85% 

deacetylation degree was purchased from Acros. 2.0 g Chit 

were immersed in 100 mL of 0.17 mole acetic acid aqueous 

solution at 40 °C and maintained under constant stirring for 

12 h. Preparation of Chit-CNT was performed by mixing 

functionalized MWCNT (40 mg) and Chit solution (20 mL) 

by stirring, resulting in a homogeneous solution.  

2.2 Electrode modification 

Integrated SPCE sensors are based in most cases on a 

carbon working electrode, a carbon counter electrode, and a 

silver/silver chloride reference electrode. The SPCE was 

directly obtained by mass-production in-house via a 

multi-stage screen-printing process, and screens with 

appropriate stencil designs (100 per screen) were fabricated 

by a commercial firm. A photograph of the screen-printed 

three-electrode sensor is shown in Fig. 1. The entire chip 

size was 3.3 cm × 1.2 cm, and the circular reaction chamber 

had a 4.5-mm2 working area and a depth of 100 μm. Then, 

the Chit solution or crosslinked Chit-CNT mixture solution 

was mixed with nafion solution (1 wt%), cast onto the 

SPCE surface, and dried in air. Nafion acted here as a 

binder to stabilize the modified species on the electrodes 

and as a permselective film to alleviate the interference of 

anions [23]. A schematic illustration of the preparation of 

the Chit-CNT film modified electrode is shown in Fig. 1. 

Furthermore, the Chit-based film modified SPCE was 

cleaned electrochemically by performing cyclic 

voltammetry for 10 cycles in the potential window -0.4 V to 

1.0 V vs. Ag/AgCl at a potential scan rate of 50 mVs−1 in 

pH 7 phosphate buffer solution before each experiment, and 

served as an underlying substrate of the working electrode.  

2.3 Experimental techniques  

Pb2+, Cu2+, Hg2+, Cd2+, Zn2+, and As3+ standard stock 

solutions (1000 ppm) were obtained from Aldrich and 

diluted with deionized water and a supporting electrolyte to 

the appropriate concentration. The supporting electrolyte 

used in the experiments was 0.2 M acetic acid solution, 

adjusted to pH 4.0 with ammonium acetate. Heavy 

metal-contaminated water samples were obtained from four 

different locations: 1,2–Groundwater was obtained from 

Pingtung and Taoyuan, Taiwan. 3–Factory wastewater was 

obtained from the industrial zone of Taoyuan, Taiwan. 

4–Mine wastewater was obtained from Jinguashi Mine, 

New Taipei City, Taiwan. The water samples were 

extracted with acetic acid and the results of detection of 

heavy metal pollutants were compared with those obtained 

using an inductively-coupled plasma-mass spectrometer 

(ICP-MS, 7500ce). The morphology of the Chit-based film 

modified SPCE surface was observed using a scanning 

electron microscope (SEM, JSM-6330F) equipped with an 

energy-dispersive X-ray (EDX) microanalysis system. 

X-ray photoelectron spectroscopy (XPS, VG ESCALAB 

250) was applied to determine the interactions between the 

organic functional groups in the Chit-CNT sorbent and the 

metals adsorbed. XPS spectra were obtained using 

monochromatized Al Kα radiation (1486.7 eV); the source 

was operated at 15 kV and 15 mA. Calibration of the 

binding energies (BEs) of the spectra was performed using 

the C1s peak of the aliphatic carbons at 284.6 eV.  

Anodic stripping voltammetry measurements were obtained 

using a conventional three-electrode cell with a CHI 660C 

electrochemical workstation. Square wave anodic stripping 
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voltammetry (SWASV) was used for the detection of metal 

ions at various concentrations. Studies were carried out by 

immersing the lab chip sensor into acetate buffers 

containing Mn+ standard solutions. The pre-concentration 

analysis of Mn+ proceeded in 6 ml 0.2 M pH 4.0 acetic 

buffer solution for 2 min while holding the electrode at -1.2 

V and stirring the solution. The solutions were stirred 

during the pre-concentration step. After 30 s of 

equilibration, SWASV measurements were obtained in the 

potential range of -1.2 V to 1.2 V with a frequency of 50 Hz, 

an amplitude of 40 mV, and a potential step of 4 mV.  

 

III. RESULTS AND DISCUSSION 

3.1 Morphology and characterization  

The morphologies of the fracture and surface were 

observed by SEM, and the EDX mapping technique was 

used to determine the distributions of Mn+ ions in the 

Chit-based films. Fig. 2 presents SEM, Hg-mapping, and 

EDX images of the morphologies of the Chit-based film 

modified SPCE. It can be observed from Fig. 2a that the 

carbon layer was rough and exhibited irregular particles on 

the screen-printed electrode. Fig. 2b and 2c show that a 

smooth and dense thin film (14.3 μm) covered the surface 

of the SPCE coupled with nafion binder. The Chit surface 

had a membrane aspect and did not present porosity, which 

indicated that it was likely that it did not have diffusion 

problems, and thus the sorption process proceeded quickly. 

From the SEM images of the Chit-CNT film (Fig. 2d and 

2e), it was clearly observed that Chit adhered uniformly to 

the wall of the MWCNT and fabricated a porous mesh 

structure. The Chit-CNT film was attached tightly to the 

SPCE surface and the film thickness was around 92.4 μm 

(Fig. 2e). Enlargement of the image revealed a highly 

porous structure of the material, indicating a large 

electroactive surface that involves fast electron transfer 

rates. However, the rough surface can also induce decreases 

in the homogeneity and reproducibility of the 

measurements performed between and within batches of 

sensors. As Mn+ ions were introduced, the surface became 

rougher and exhibited a heterogeneous morphology in the 

matrix. Moreover, the Hg-mapping and EDX images (Fig. 

2f–h) indicated the presence of a significant amount of Hg2+ 

ions in the matrix. The Hg2+ ions were uniformly dispersed 

throughout the Chit-based films, thus providing the 

maximum surface area for the adsorption of Hg2+.  

Infrared analyses were performed on the Chit film before 

and after being in contact with Cu2+, Hg2+, and As3+ 

solutions. These studies provided information regarding the 

functional groups and the interaction force present in the 

Chit film. Figure 3a shows the infrared spectrum of Chit: 

the bands at 3448, 1647, and 1086 cm−1 are closely related 

to the N–H and O–H stretching, N–H bending, and C–OH 

stretching vibrations. The differences between the IR 

spectra of Chit before and after Cu2+, Hg2+, and As3+ 

adsorption can be observed in Fig. 3b–d. It was seen that 

the bands at 3448, 1647, and 1086 cm−1 were displaced to 

lower wavenumbers. This occurred because the vibrations 

of the O–H, N–H, and C–OH bonds were modified while 

forming bonds between O/N (by its free pair of electrons) 

and the metals. The IR spectrographs suggested that 

coordination complexes were formed between the Chit and 

the metals, which reduced the vibration intensity of the 

O–H, N–H, and C–OH bonds due to the molecular weight 

increase after Mn+ adsorption.  

3.2 Adsorption mechanism study by XPS 

XPS studies performed on Chit previously loaded with 

metal ions (M2+) indicated that the main complexing sites 

are the amines and secondary alcohol functional groups, as 

the –NH2 and –OH groups have a pair of electrons that can 

add themselves to a cation by coordinated covalent bonds. 

The attraction of the electron pair by the atom nucleus is 

stronger for oxygen, although on the other hand nitrogen 

has a greater tendency to donate its pair of electrons to a 

metal ion to form a complex through a coordinated covalent 

bond [24]. Similarly, CNTs, upon strong acid-based 

functionalization, have been reported to generate large 

amounts of several oxygen-rich functional groups, 

including carboxylic groups (–COOH), on their edge plane, 

and these carboxylic groups are well-known for their strong 

and stable functional M2+-carboxylic architectures owing to 

their rich coordination mode [14]. Complexes between 

metal ions (Mn+) and Chit/Chit-CNT were formed 

according to the mechanism illustrated in Fig. 4a. In this 

study, we inferred that these metals chelated with 

the –NH2/–OH groups from Chit and the –COOH group 

from CNTs, and a possible structure of the active Mn+ 

species in the Chit/Chit-CNT systems was proposed. 

Figure 4b–c show typical XPS spectra for the Chit-CNT 

film before and after Cu2+, Pb2+, and As3+ adsorption. 

Before Mn+ adsorption, there were two peaks in the N1s 

spectra at binding energies (BEs) of approximately 400.0 

and 402.1 eV (see Fig. 4b). These peaks were attributed to 

the N atoms in the R–NH2 and R–NH3
+ groups, respectively. 

In an acidic solution, the following chemical reactions may 

be proposed to account for the adsorption of Mn+ on 

Chit-CNT film: 

R–NH2 + H+ ↔ R–NH3
+                   (1) 

R–NH2 + Mn+ → R–NH2Mn+                (2) 

R–NH3
+ + Mn+ → R–NH2Mn+ + H+           (3) 

The reaction in eq. 1 indicates protonation and 

deprotonation of the amino groups in Chit. At pH 4.0, lower 

amino groups are protonated, thus resulting in larger 

amounts of –NH2 (400.0 eV) than –NH3
+ (402.1 eV) in the 

Chit-CNT film. When Mn+ ions were added to the solution, 

the reaction in eq. 2 started due to sharing of the lone pair 

of electrons from the nitrogen atom with a Mn+ ion, with a 

mechanism similar to that of the reaction shown in eq. 1. 

However, the binding of a Mn+ ion to a nitrogen atom can 
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be expected to be stronger than the binding of a H+ to a 

nitrogen atom, as the electrical attraction force between the 

lone pair of electrons from the nitrogen atom and the Mn+ 

ion would be stronger than that of the nitrogen atom and the 

monovalent proton (H+). This difference in the binding 

force drives the reaction in eq. 3 to take place through 

competitive adsorption of Mn+ over H+ to the nitrogen atom, 

which may sometimes be considered as an ion exchange 

mechanism [25]. The reaction in eq. 3, however, can be 

expected to be slower than that in eq. 2, owing to the 

smaller attraction force between the N in R–NH3
+ and Mn+ 

as compared with the force between the N in R–NH2 and 

Mn+. Therefore, the peak of –NH2 was of lower energy than 

that of –NH3
+ in the Chit-CNT-Mn+ system. After Mn+ 

adsorption, moreover, the BEs of R–NH2 and R–NH3
+ in 

Chit-CNT-Mn+ were smaller than those in Chit-CNT. This 

result indicated that the Mn+ ions were chelated with the 

R–NH2 and R–NH3
+ groups (R–NH2····Mn+), and the BEs 

of the N atoms in R–NH2 and R–NH3
+ were therefore 

weakened. 

In Fig. 4c, typical O1s XPS spectra of the Chit-CNT film 

with and without adsorbed Mn+ ions are presented. There 

was only one peak in the O1s spectrum, at a BE of 

approximately 533.1 eV, for Chit-CNT. This was attributed 

to the O atoms in the R–OH and R–COOH groups. During 

M2+ ions adsorption, the O1s peak shifted towards a lower 

energy, and its structures were close to ([M(–NH2)2]2+, 

2OH–) and ([M(–NH2)2]2+, COOH, 2H2O). The M2+ ion 

with four coordination, during formation of a coordination 

compound, reacted with two –NH2 amino groups and 

two –OH– groups or two water molecules [2]. Annamalai 

[14] proposed a six coordination model in which the M2+ 

ion was attached to two –NH2 groups of Chit, one –COOH 

group of the CNTs and two water molecules. The As3+ ion 

with three or five coordination, during formation of a 

coordination compound, reacted with two –NH2 groups and 

one –OH– group or one –COOH group, one –NH2 group 

and two water molecules. For Mn+ ion adsorption, the ΔBEs 

of the O1s bands of the –OH and/or –COOH groups were 

1.5, 1.3, and 0.5 eV before and after As3+, Pb2+, and Cu2+ 

adsorption, respectively. These shifts were all beyond 0.3 

eV. Therefore, it could be concluded that the –OH 

and/or –COOH groups participated in As3+, Pb2+, and Cu2+ 

adsorption on the Chit-CNT adsorbent. The ΔBEs of the 

N1s band of the –NH2 groups (400.0 eV) before and after 

As3+, Pb2+, and Cu2+ adsorption were 1.6, 1.1, and 0.7 eV, 

respectively, and the ΔBEs of the N1s band of the –NH3
+ 

groups (402.1 eV) were 1.4, 1.2, and 0.6 eV, respectively. 

This indicated that –NH2 groups may be the main 

functional group responsible for Mn+ ion adsorption. 

Moreover, the ΔBEs of the O1s and N1s bands before and 

after Mn+ adsorption were in the order of As3+ > Pb2+ > Cu2+. 

This suggested that the interaction force of Chit-CNT with 

Mn+ ions was of the order As3+ > Pb2+ > Cu2+.   

3.3 Square wave stripping voltammetric behavior of 

Mn+ ions at the Chit-based film modified SPCE  

3.3.1 Detection of single Mn+ ions by the Chit-SPCE  

The SWASV signals of Mn+ ions at various 

concentrations measured by the Chit-SPCE sensor are 

shown in Fig. 5. For Cu2+, dissolution peaks were observed 

at 0.14 V in the 0.50–3.00 ppm concentration range. The 

plot of peak current as a function of ion concentration was 

linear over the whole range studied, and the regression 

coefficient (R2) was 0.987 (inset). Thus, the detection limit 

of Cu2+ ions was deduced to be 0.4 ppm, at which the 

stripping peak current could still be resolved. Noticeably, a 

larger stripping peak was found for Cu2+, which showed a 

good electrocatalytic response to Cu2+. For Pb2+, dissolution 

peaks were observed at -0.38 V in the 1.0–4.0 ppm 

concentration range. The detection limit was calculated to 

be 0.5 ppm (R2 = 0.981) for Pb2+. Under the same 

experimental conditions, a small stripping peak at around 

-0.44 V was observed due to the strong complexing ability 

of Chit to Pb2+ on the electrode surface, and the resistivity 

of Chit resulted in a poor current response. For Hg2+, 

dissolution peaks were observed at around 0.38–0.43 V in 

the 1.0–5.0 ppm concentration range. The detection limit 

was calculated to be 0.8 ppm (R2 = 0.933) for Hg2+. 

Moreover, there was a slight shift of the peaks towards 

higher values, which might be predicted by Nernst’s 

equation, as the concentration evolved. 

For the detection of individual Zn2+ and Cd2+ ions, the 

results showed SWASV peaks from -1.17 V to -1.24 V for 

Zn2+ ions and from -0.70 V to -0.94 V for Cd2+ ions, and 

analyses of Zn2+ and Cd2+ ions alone revealed an ill-defined 

stripping peak current. This was more pronounced for the 

lab chip sensor, for which the peaks were broader and 

without reproducibility. The result may be due to the 

existence of fissures between the Chit film and SPCE 

within batches of sensors, which induced an ohmic drop 

[26]. For As3+, dissolution peaks were observed at around 

0.51 V in the 30–70 ppm concentration range. The 

calibration curve was linear in the concentration range, and 

the regression coefficient (R2) was 0.943. Thus, the 

detection limit of As3+ ions was deduced to be 1.0 ppm, at 

which the stripping peak current could still be resolved. 

Noticeably, a broader stripping peak was found and the 

instrumental signal was significantly different to the 

background signal in the range of 0.0 V to 1.0 V, which 

showed a poor electrocatalytic response to As3+. Because 

elemental As is a very poor electrical conductor, the peak 

intensity of As3+ was lower than those of the other metal 

ions. As can be observed from Fig. 5, the sensitivity for the 

detection of Mn+ ions was of the order Hg2+ > Cu2+ > Pb2+ > 

As3+. This suggested that the interaction force of Chit with 

Mn+ ions was of the order As3+ > Pb2+ > Cu2+ > Hg2+; thus, 

the strength of the anodic redissolution signals for Mn+ ions 

was Hg2+ > Cu2+ > Pb2+ > As3+. 
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3.3.2 Multiplexing detection of Mn+ ions at the 

Chit-based film modified SPCE 

In order to evaluate whether the presence of several ions 

impacted on the stripping peaks obtained using the 

Chit-based film modified SPCE, we evaluated the 

simultaneous detection of Pb2+–Cu2+–Hg2+ and 

Pb2+–Cu2+–Hg2+–As3+ in the same solution (see Fig. 6). In 

the analysis of the Pb2+ (5–25 ppm) and Cu2+ (5–25 ppm) 

mixture, SWASV peaks at around –0.417 V (R2 = 0.956) 

and 0.212 V (R2 = 0.983) indicated the stripping of Pb2+ and 

Cu2+, respectively. In the present case, Pb had the most 

negative standard potential, and tended to be deposited onto 

the Cu metal, which presented the highest potential and was 

deposited first. For the reverse process, Pb was then first 

reoxidized, leaving a partially-covered electrode of 

electrodeposited Cu, but a quantity remained and was 

dissolved simultaneously with the Cu at a higher potential. 

This explained why the Pb2+ (from –0.425 to –0.403 V) and 

Cu2+ (from 0.157 to 0.247 V) peaks were shifted toward 

more positive values when the amount of dissolved 

Pb2+–Cu2+ increased (from 5 to 25 ppm) in the tested 

solution. This could be interpreted as the formation of a 

PbxCu solid solution thin film (x being the solubility of Pb 

into Cu under the conditions employed) [26]. Such 

formation of a binary compound also explained how the 

Chit-SPCE sensor accelerated the enrichment of Pb2+ and 

Cu2+ on the electrode surface. 

In Fig. 6b and 6c, for the Cu2+–Hg2+ (1.0–4.0 ppm) and 

Pb2+–Hg2+ (10–30 ppm) mixtures, SWASV peaks at 

potentials of −0.417 V (R2 = 0.974), 0.106 V (R2 = 0.998), 

and 0.425 V (R2 = 0.999) represented the stripping of Pb2+, 

Cu2+, and Hg2+, respectively. The results showed that the 

anodic peak current was different from that of the oxidation 

of Pb, Cu, and Hg, while the initial concentration was the 

same. This could be due to one or more of the following 

reasons. One reason for the difference could be the higher 

affinity between the modified electrode surface and Hg2+ in 

comparison with that of Cu2+ and Pb2+. It could also be 

related to the differences between the diffusion coefficients 

of Cu2+, Pb2+, and Hg2+. The kinetics of the complexation of 

cations with Schiff base at the electrode surface could also 

be responsible for the greater accumulation of Hg2+ as 

compared with Cu2+ and Pb2+ [27]. These cases could lead 

to a higher peak current for Hg2+ than for Cu2+ and Pb2+. 

The SWASV responses resulting from the presence of these 

potentially interfering species were compared with those 

obtained for Cu2+, Pb2+, and Hg2+. It was clear that no 

interference occurred due to these species, which implied 

possible successful direct application of Chit-SPCE in real 

samples that contain common ions or species. 

SWASV responses of the Chit-SPCE sensor for the 

simultaneous detection of Pb2+, Cu2+, Hg2+, and As3+ at 

successive increasing concentrations were as shown in Fig. 

6d. The stripping peak potentials for Pb2+, Cu2+, Hg2+ and 

As3+ appeared at −0.417, 0.105, 0.459, and 0.625 V, 

respectively. The slight potential shift in comparison with 

the individual analyses might be caused by the complicated 

nature of the process of simultaneous electrode position of 

Cu, Hg, and As. The stripping peak currents of the three 

analytic ions (Pb2+, Cu2+, and Hg2+) increased with 

increasing concentrations. Cu2+ was affected by Pb2+ and 

Hg2+ in the simultaneous detection, which could be the 

reason for which the active sites of the Chit-SPCE during 

deposition of Cu2+ were occupied by Pb2+ or Hg2+ 

preferentially. However, the separation between the 

voltammetric peaks was large enough, and simultaneous 

detection using the modified electrode was feasible. From 

the aforementioned simultaneous analysis results of the 

three heavy metal ions, it was observed that related 

parameters such as stripping peak currents and potentials 

changed with the presence of As3+ ions. Mutual interference 

is a common problem in the detection of several metal ions 

simultaneously. We considered that this result could also be 

explained by the intermetallic compounds formed among 

the four target metal ions and competitive adsorption at the 

limited number of active sites at the Chit-SPCE surface. 

Thus, the proposed electrode was successfully applied for 

the determination of Pb2+, Cu2+, Hg2+ and As3+ ions 

simultaneously. 

The SWASV signals of Mn+ ions at the Chit-SPCE and 

Chit-CNT-SPCE sensors are shown in Fig. 7. Under the 

same experimental conditions, a larger stripping peak at 

around 0.448 V was found at the Chit-CNT-SPCE (Fig. 7a), 

which showed a good electrocatalytic response to Hg2+. The 

Chit-CNT component, with good conduction properties and 

a large surface area, was able to adsorb Hg2+ from the bulk 

solution to the electrode surface, resulting in improvement 

of the stripping peak current. Figure 7b shows SWASV 

peaks from –0.447 V to –0.436 V, from 0.07 V to 0.110 V, 

and from 0.439 V to 0.474 V for the mixture of Pb2+, Cu2+, 

and Hg2+ at the Chit-SPCE and Chit-CNT-SPCE. Analyses 

of the mixture of Pb2+, Cu2+, and Hg2+ ions revealed a 

well-defined stripping peak current, as did analyses of the 

three ions alone. A slight shift in peak potential and a 

change in the relative peak current were observed for the 

Chit-CNT-SPCE as compared with the Chit-SPCE. This 

observation can be explained by the difference in 

diffusivity and the intermetallic compounds formed during 

the accumulation process of Pb2+, Cu2+, and Hg2+ ions on 

the Chit and Chit-CNT film. 

3.3.3 Detection of heavy metal ions in real water samples  

In order to evaluate the feasibility of using the proposed 

sensor for in situ measurement of heavy metals for 

environmental monitoring applications, water samples 

taken from groundwater and wastewater of factory and pit 

sites were analyzed using the lab chip sensor. The water 

samples had been filtered and acidified in the field and 

stored in a fridge. The water solution was evaporated to 
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almost a quarter of the original volume by heating. Then, 

the Chit-based film modified SPCE was immersed in the 

mixed solution directly to determine the Mn+ concentrations 

in the treated water sample. The total measurement duration 

for each sample was less than 3 min. 90 s was chosen as the 

deposition time, which was an optimized condition that 

balanced the detection time and the detection limit for this 

application. ICP-MS was used to verify the electrochemical 

data obtained from the real water samples using the lab chip 

sensor. 

According to the literature, Fig. 8 shows SWASV peaks of 

pit wastewater at –1.059 V for the mixture of Zn2+ and 

Ni2+, –0.561 V for Pb2+, 0.115 V for Cu2+, 0.261 V for Hg2+, 

0.535 V for As3+, and 0.770 V for Fe3+. The obtained peaks 

were of well-defined shapes with good reproducibility. The 

results obtained using the ICP-MS technique were Zn2+ 

(64.1 ppm), Ni2+ (30.5 ppm), Pb2+ (2.24 ppm), Cu2+ (37.0 

ppm), Hg2+ (1.25 ppm), As3+ (3.81 ppm) and Fe3+ (49.0 

ppm). Moreover, SWASV peaks of factory wastewater 

were observed at –0.897 V for the mixture of Zn2+ and Ni2+, 

0.105 V for Cu2+, 0.491 V for As3+, and 0.834 V for Fe3+. 

The results obtained using the ICP-MS technique were Zn2+ 

(150 ppm), Ni2+ (8.92 ppm), Cu2+ (52.3 ppm), As3+ (13.4 

ppm) and Fe3+ (86.3 ppm). However, no signal was 

obtained for the groundwater, and the concentrations 

measured using the ICP-MS technique were below 0.1 ppm 

in all samples. The experiments were repeated three times 

with good reproducibility, and the results indicated that the 

proposed method was highly accurate with good reliability, 

and can be used for direct analysis of relevant real samples.  

 

IV.  CONCLUSION 

The use of a flexible Chit-based film to develop Chit-SPCE 

and Chit-CNT-SPCE lab chip sensors for individual Cu2+, 

Pb2+, Hg2+, Zn2+, Cd2+, and As3+ ion detection, simultaneous 

detection of Pb2+–Cu2+, Cu2+–Hg2+, Pb2+–Hg2+, 

Pb2+–Cu2+–Hg2+, and Pb2+–Cu2+–Hg2+–As3+ ions, and in 

situ monitoring of heavy metals in real water samples was 

reported in this paper. XPS analysis revealed the occurrence 

of metal complexation to the carboxylic (–COOH), amino 

(–NH2), hydroxyl (–OH), and H2O groups in Chit-CNT, 

and chelation, ion exchange and electrostatic interaction 

formed the main adsorption mechanism. For individual 

detection, the detection limits were calculated to be 0.4, 0.5, 

0.8, and 1.0 ppm for Cu2+, Pb2+, Hg2+, and As3+, 

respectively, and the detection sensitivity was of the order 

Hg2+ > Cu2+ > Pb2+ > As3+. For simultaneous detection, the 

Chit-based film modified SPCE was successfully applied 

for the determination of Pb2+, Cu2+, Hg2+, and As3+ ions 

simultaneously. A slight shift in the peak potential and a 

change in the relative peak current were observed for the 

Chit-CNT-SPCE sensor as compared with the Chit-SPCE 

sensor. This observation could be explained by the 

difference in diffusivity and the intermetallic compounds 

formed during the accumulation process of Pb2+, Cu2+, and 

Hg2+ ions on the Chit and Chit-CNT films. 

Microfabrication technology was utilized in this study to 

realize a new fully-integrated sensor with a planar 

screen-printed carbon electrode and microfluidic channels. 

The low cost and non-toxic electrode materials render the 

sensor disposable, and the simple structure and detection 

scheme of the proposed sensor are especially suitable for 

applications such as detecting trace metals in situ in 

environmental samples. 
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Fig. 1: Schematic illustration of the preparation of Chit-based films modified SPCE. 
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Fig.2: SEM photographs of (a) SPCE, (b) Chit-SPCE, (c) Chit-SPCE (fracture), (d) Chit-CNT-SPCE, (e) Chit-CNT-SPCE 

(fracture); SEM+Hg-mapping images of (f) Chit-SPCE, (g) Chit-CNT-SPCE, (h) EDX image of Chit-Hg2+. 
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Fig. 3: FTIR spectra of (a) Chit film, (b) Chit-Cu2+, (c) Chit-Hg2+, 

(d) Chit-As3+. 

 

 
Fig.4: (a) Intermolecular complexes of Chit-CNT with metal ions in acidic solution, (b) N1s and (c) O1s XPS spectra of 

Chit-CNT before and after metal adsorption. 
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Fig. 5: SWASVs of various Mn+ solutions at Chit-SPCE; inset: calibration plot for Mn+ detection. 
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Fig. 6: SWASVs for the simultaneous standard additions of (a) Pb2+-Cu2+ (5–25 ppm), (b) Cu2+-Hg2+ (1.0–4.0 ppm), (c) 

Pb2+-Hg2+ (10–30 ppm), (d) Pb2+-Cu2+-Hg2+ (5–15 ppm) and Pb2+(25 ppm)-Cu2+(10 ppm)-Hg2+(15 ppm)-As3+(50 ppm) at 

Chit-SPCE. 

 

 

 

Fig. 7: Comparison of Chit-SPCE and Chit-CNT-SPCE for the determination of (a) Hg2+ (5ppm) and (b) Pb2+ (15ppm), Cu2+ 

(15ppm), Hg2+ (15ppm). 
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Fig. 8: SWASV determination of Mn+ in water samples at Chit-SPCE. 
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