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We employed the home-made tin-bismuth alloy electrode (SnBiE) as the working electrode with 1-(2-

piridylazo)-2-naphthol (PAN) as the complexing ligand to detect trace iron. This method is based on the
cathodic reduction of Fe([1)-PAN complex to Fe(1)-PAN complex at SnBiE by using adsorptive cathodic
stripping voltammetry. The experimental parameters such as pH values, concentrations of buffer solution,

accumulation potential, accumulation time and the concentrations of PAN were optimized, and

interference by other ions were investigated in detail. The response of Fe([]) was linear in the range of 1
nM to 900 nM with a detection limit of 0.2 nM (after 60 s of accumulation, s/n=3). This method can also
be applied to the determination of iron in coastal rivers and sea water with satisfactory results.

Introduction

It is now recognized that iron plays a vitally important
biological role in seawater'” because iron is one of the essential
micro-nutrient elements for all organisms® and it believes to be a
limited or co-limited nutrient for phytoplankton growth in several
oceanic waters (HNLC region, namely high nutrient and low
chlorophyll).** The concentrations of iron are much higher due to
terrestrial inputs but bioavailability may still be quite low® and
iron has been proposed to be a growth-limited factor for
microorganisms in coastal environments.”® Besides, iron can
determine what phytoplankton species dominate’ with subsequent
implications for the cycling of other elements (e.g. Si, N, and P).

To better understand the biological and chemical processes
effecting iron distribution and cycling in coastal environments, it
is urgently needed to develop simple analytical tools specifically
designed to determine the total dissolved iron in coastal waters.
To achieve this goal, many techniques have been developed to
detect and quantify iron, such as atomic absorption spectrometry
(AAS)," inductively coupled plasma-mass spectrometry (ICP-
MS),'"12  electrothermal  atomic  absorption  spectrometry
(ETAAS)," spectrophotometry,'® and so on. However, these
methods are relatively expensive for ultra-trace determination of
iron and can suffer from interferences.'” Besides, the expensive
and bulky devices also restrict their use in laboratory based
determination and on-site experiments. Comparatively, stripping
analysis is recognized as an extremely sensitive electrochemical
technique for iron determination due to its advantages in
relatively low cost, portable instrument, and high sensitivity,
etc.'® Cathodic stripping voltammetry (CSV) based on mercury
electrode'™** is the most widely used electrochemical technique
for iron determination in natural and sea waters. Several ligands
such as catechol,'”” I-nitroso-2-naphtol (NN),'®"  2-(2-
thiazolyazo)-p-cresol (TAC),”® and 2,3-dihydroxynaphtalene
(DHN),ZI‘22 etc, have been developed. However, the well-known
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toxicity and handling inconveniences of mercury have recently
restricted its use. Since bismuth-based electrode was introduced
as a favorable alternative mercury-free electrode material by
Wang’s group,”?* it has been widely used in stripping
electroanalytical determination of metal ions due to its low
toxicity and similar properties to Hg electrode.”® Bismuth film
electrode (BiFE) has been successfully applied in trace iron
determinations with the aid of ligands, e.g. as 1-(2-piridylazo)-2-
naphthol (PAN)*® and triethanolamine (TEA)*’. However,
bismuth film is not homogeneous, because the morphology
depends on the plating potential and substrate electrode has a
profound effect on the nucleation and growth of the bismuth
deposit.?® Lately, tin has been proposed as a new electrode
material based on the mechanism of bismuth film electrode
because the position of tin and bismuth is catercorner in element
periodic table and tin may has similar characters to bismuth.?
Besides, tin is also an environmental-friendly material with a very
low toxicity.™® It has been successfully applied in determination
of trace metals, such as Cr’"» Cd*" 23133 zp? 3132 pp?t 32
Cu®",*2 Ti",*? and so on. Moreover, the tin/bismuth film electrode
which was modified by in situ depositing tin and bismuth on a
poly(p-aminobenzene sulfonic acid) coated glassy carbon
electrode showed a better stripping current response than the
traditional bismuth and tin film electrode.’ However, the
preparation of this kind tin/bismuth film electrode is relatively
complex. Recently, the tin-bismuth alloy electrode (SnBiE) has
been reported in our lab to have better electrochemical properties
than BiFEs and has been successfully applied in Zn*" and Cd**
analysis.***

In the present work, the Fe([J)/Fe((J)-PAN complex, in a
slightly acidic supporting electrolyte of acetate, was studied using
the home-made SnBiE as the working electrode and adsorptive
cathodic stripping voltammetry. Experimental parameters,
including the pH values and concentrations of acetate buffer, the
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accumulation potential and time, and the concentrations of PAN
have been investigated in detail. Additionally, the practical
application of SnBiE has been successfully carried out for total
dissolved iron in coastal waters. Besides, the results achieved
using SnBiE were compared with BiFEs and other
electrochemical methods, which showed SnBiE has a better
response and practical use in iron determinations.

Experimental Section
Reagents and Apparatus

All chemicals used were of analytical grade purity, except HCI
was Guaranteed Reagents. Aqueous solutions were made with
deionized water (18.2 MQ cm specific resistance) produced by
Pall Cascada laboratory water system. Standard stock solutions of
Cu2+, Zn2+, Cd2+, CI‘3+, Hg2+’ AS3+, Ag+, A13+’ Ni2+’ Pb2+, Mg2+,
Mn2*, Co*", humic substances (HS), ethylene diamine tetraacetic
acid (EDTA), sodium dodecyl benzene sulfonate (SDBS),
cetyltrimethyl ammonium bromide (CTAB), and NaCl were
obtained from Sinopharm Chemical Reagent and diluted as
required. Iron standard solutions were prepared from chloride of
Fe*" (Sinopharm Chemical Reagent Co., Ltd., China.) in 0.1 M
HCIL 0.1 M acetate buffer solution (pH 3.5-5.5) were prepared
with sodium acetate and acetic acid.

All electrochemical experiments were performed on a CHI
660D Electrochemical Work Station (Shanghai CH Instruments,
Shanghai, China) with a conventional three-electrode system. A
SnBiE was served as a working electrode, a Ag/AgCl (saturated
KCl solution) was used as a reference electrode, and a platinum
foil counter electrode was employed as an auxiliary electrode.
Inductively coupled plasma-mass spectrometry (ICP-MS, ELAN
DRCO, Perkin Elmer Instruments, USA) was used for
comparative testing. All experiments were conducted at room
temperature (25 °C).

Preparation of real coastal water samples

River water samples were collected from two local rivers
which flow into the Bohai Sea (Jiche and Xiaoqinghe, Shandong
Province). Sea water sample was collected from the Bohai Sea.
The samples were filtered by 0.45 pm membrane filters after
collection, then saved in FEP bottles and kept at 4 °C until
determination. To remove the organic complexes and liberate
iron from complexes with natural ligands, the total dissolved iron
in water samples was determined after UV-digestion (30 min, 500
W, Metrohm MVA-UV 705) at pH less than 2.0.

Preparation of SnBiE

Sn-Bi alloy wires (Sn:Bi, 42:58 wt.%, 1 mm in diameter,
purity 99.99%) were purchased from KAIT Electronic Material
Co., Ltd, China). SnBiE was made of a Sn-Bi alloy wires (2 cm)
encapsulated in Teflon with a copper wire to conduct. To get a
smooth and bright surface, SnBiE was polished using aqueous
alumina slurry (0.3 and 0.05 pm), then washed with deionized
water and acetone thoroughly before use.

Analytical procedures

The analysis of Fe([]) was performed in 0.1 M acetate buffer
(pH 4.5) containing 2 uM PAN as complexing agent. It had two
main steps, including accumulation and stripping out. First,
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ss Fe([J)-PAN complex was accumulated onto the surface of SnBiE

under the potential of -0.3 V vs. Ag/AgCl for 60 s with stirring.
After equilibration period of 10 s, the stripping voltammetry was
carried out from -0.3 V to -0.54 V with increment of 0.004 V by
differential pulse voltammetry (DPV).

Results and discussion
Cyclic voltammetry

The voltammetric behaviors of Fe([1)-PAN based on SnBiE
were studied in 0.1 M acetate buffer solution (pH 4.5). The
potential range was from -0.55 V to -0.25 V. As shown in Fig. 1,
SnBiE has shown a low background current and no signal was
observed for the solution containing 2 uM PAN in the absence of
Fe**(curve a). The reduction peak of free PAN was not obtained
in the potential range on the SnBiE, which was different from the
previous report,”® suggesting that SnBiE has better advantages for
Fe** determination than BiFE. After the addition of 30 nM Fe*', a
cathodic peak of Fe([])-PAN was obtained at -0.47 V (curve b)
during the negative scan. No obvious peaks were observed in the
positive scan, suggesting that the reduction of the complex is an
irreversible process. Here, one point needs to be stated is that the
reduction of Fe((1)-PAN was carried out on a partly oxidized
SnBiE because the oxidation peak of Sn at SnBiE in pH 4.5 is -
0.6V. During the accumulation and determination of Fe([7)-PAN
on the surface of SnBiE, the competitive oxidation of Sn from
Sn-Bi alloy was simultaneously. Considering Sn could not be
thoroughly oxidized in such a short time (about 90 s), the surface
of SnBiE was partly oxidized.
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Fig. 1. Cyclic voltammograms of the SnBiE in 0.1 M acetate
buffer (pH 4.5) containing 2 pM PAN in the absence (curve a)
and presence (curve b) of 30 nM Fe®*, with an accumulation
potential of -0.3 V, an accumulation time of 60 s, and a scan rate
of 50 mV s,

Effect of pH and concentration of acetate buffer

Considering Fe*" is easily hydrolyzed in slightly acidic and
alkaline environments, and the formation and stability of Fe([])-
PAN complex are strongly dependent on solution’s pH, as well as
the Sn-Bi alloy can be dissolved in strong acidic solution, the pH
values of the buffer solution are controlled in the medium acidity.
The influence of 0.1 M acetate buffer’s pH on the cathodic
signals of the complex was investigated in the range from 3.5 to
5.5. As shown in Fig. 2(a), the maximum peak current of the
complex was obtained at pH 4.5, and the peak current decreased
gradually at a lower pH value which probably owing to the high
background current caused by the hydrogen dissolving. Moreover,

10 the peak current decreased with the pH values above 4.5, which

2]
o

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 5



Page 3 of 5 Analytical Methods

1 was probably due to the decomposition of Fe([])-PAN complex.
2 Fig. 2(b) shows the results obtained from the measurements or
3 carried out in different concentrations of acetate buffer which r
4 were varied from 0.01 M to 0.3 M. The results showed that 0.1 M < Z
5 s acetate buffer presented the highest cathodic peak current, E 5L
6 because the buffer concentration which is too high or too low -
7 may influence the ionic strength. Therefore, the 0.1 M acetate E 3t
8 buffer of pH 4.5 was selected as the optimum experimental 2 i
9 condition. The relationship between the peak potential (E;) and r
10 10 pH was also investigated. E, was shifted in a negative direction 'L Y T VR T m——
11 when pH increased from 3.5 to 5.5 and the linear regression S p'otent'ial /V' S
ig equation was E, =—0.057pH —0.184 (R’~0.963). According to Fig. 3. Effect of accumulation potential on the stripping peak
14 the Nernstian theory, the slope of 57 mV pH™! was close to the 4 current of Fe(J)-PAN complex (n=3). Conditions: supporting
15 expected value of 59 mV pH™! at 25 [, indicating that the equal electrolyte of 9;1 M acetate l.)l.lffer (pH 4.5) cor.1tai1.1ing 2 uM PAN
16 15 numbers of protons and electrons were involved.* and 30 nM Fe’". Other conditions are same as in Fig. 2.
17 (@) ,_ Effect of accumulation time
18 st /\ The amount of the Fe([7)-PAN complex accumulated at the
19 E b 45 surface of SnBIE is related to the accumulation time, thus the
20 E 4l effect of accumulation time on the peak current was studied in the
21 E A range between 10 s and 300 s, as illustrated in Fig. 4. It is seen
22 %: ) that the peak current of the complex increased rapidly as the
23 Y l/ ’ accumulation time increased to 120 s, and then tended to increase
24 T so slowly. Though a longer accumulation time can improve the
25 15 m I = I sensitivity, a short accumulation time of 60 s was chosen as a
26 pH good compromise between sensitivity and time of analysis for
gg (b) succeeding studies.
29 ! 20,
30 <7l sl

1 ~ 6F a6k
22 § 4 g -4
33 : Ll I £ uf
34 E 5 o}
35 = oo 3 s
36 s
37 Concentration of acetate buffer / M o S 100 10 200 250 300 350
38 Fig. 2. Effect of the pH values of 0.1 M acetate buffer solution (a) accumulation time /s
39 and concentrations of acetate buffer (b) on the peak current of 55 Fig. 4. Effect of accumulation time on the peak current of Fe([)-
40 20 Fe([1)-PAN complex at SnBiE (n=3). Conditions: 30 nM Fe**, 2 PAN complex (n=3). Conditions: supporting electrolyte of 0.1 M
41 uM PAN; with an accumulation potential of -0.3 V, and an acetate buffer (pH 4.5) containing 2 pM PAN and 30 nM Fe'".
jg accumulation time of 60 s. Other conditions are same as in Fig. 2.
44 Effect of accumulation potential Effect of the concentration of PAN
45 The signal due to the stripping of Fe([J)-PAN complex based & The concentration of PAN affects the peak current of the
46 »s on the SnBiE was studied over different accumulation potentials complex greatly and its effect on the voltammetric response of
47 (Fig. 3). As shown in Fig. 3, the signal was nearly 0 A when the the complex was examined in the range of 0.5 to 7 uM in 0.1 M
48 accumulation potential was set to -0.6 V, because the set potential acetate buffer containing 30 nM Fe**. From Fig. 5, the maximum
49 caused the reduction of Fe()-PAN to Fe(J)-PAN. Then, the peak current was obtained for 2 pM. For the concentrations of
50 peak current increased when the potential varied from -0.6 V to - ¢ PAN lower than 2 uM were too dilute to have enough deposition
51 % 0.3 V, this probably owing to the positive charged complex points. For higher concentrations of PAN, a significant decrease
52 would be strongly adsorbed on the negative charged surface of was obtained owing to competitive adsorption between PAN and
53 the SnBiE. Besides, the peak current decreased at a potential Fe([J)-PAN complex on the electrode. Besides, the voltammetric
54 more positive than -0.3 V because of the given potentials cannot curves were broader than low concentrations of PAN. Thus, the
55 fully negative charged the surface of the SnBiE to adsorb enough 70 optimum PAN concentration was chosen as 2 uM.
56 35 Fe(TJ)-PAN complex. The optimum accumulation potential was
57 chosen -0.3 V, and this value was used in all succeeding
58 measurements.
59
60
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Fig. 5. Effect of the concentrations of PAN on the peak current of
30 nM Fe®* in 0.1 M acetate buffer (pH 4.5) (n=3). Other
conditions are same as in Fig. 2.

Effect of scan rate

To obtain the kinetic parameters, the effect of scan rate with
the current peak of the Fe([])-PAN complex was studied from 5
to 200 mV s by linear sweep voltammetry. The peak current
increased linearly with the increasing scan rate and the equation
was calculated as i, =—0.068v—1.59 (R?*=0.988), indicating it is

a typical adsorption-controlled process. Besides, the relationship
between the peak potential and logy was found to be
E, =-0.1121ogv-0.47 (R’=0.955), suggesting it is

irreversible process.

an

Calibration curve, detection limit and reproducibility

The calibration curve for determination of Fe([]) at the SnBiE
was established under the optimal conditions mentioned above
(Fig. 6). For 60 s of accumulation time, a linear relationship
between the cathodic peak current and the concentration of Fe**
was obtained in the range of 1 nM to 900 nM with a regression
equation expressed as i =-0.124C—-5.42 (R’=0.995). The

»
detection limit of Fe** for 60 s accumulation was calculated to be
0.2 nM (s/n=3), which is lower than that at BiFE using PAN as
the complexant,”® BiFE using TEA and BrO;™ as the complexant
and catalytic agent, respectively.?’ In addition, the linear range is
much wider than two methods based on the BiFE mentioned
above. Besides, the detection limit of Fe** on our environmental-
friendly SnBiE is lower than most of mercury electrodes and
other modified carbon electrodes,'® which shows that our SnBiE
has a significant advantage in iron determination. The RSD of
repeatability was calculated to be 3.7 % based on the six
successive determinations of 30 nM Fe** and the RSD of
reproducibility was 4.3 % according to the six independent
SnBiEs’ determinations.

50
-100 |-
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200} i
i=-0.124C -5.42
R=0.995
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o
0 200 4 G0 80 1000
concentration / nM
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Fig. 6. Voltammetric responses of Fe’' at the SnBiE, the
concentrations of Fe*" are from 1 nM to 900 nM in 0.1 M acetate
buffer solution containing 2 puM PAN. Inset is the calibration
curve of Fe®* in the linear range. Other conditions are same as in
Fig. 2.

Interferences study

The influence of possible interfering species was studied by
adding various foreign species into 0.1 M acetate buffer (pH 4.5)
containing 100 nM Fe*" and 2 uM PAN under the optimized
experimental conditions. The interfering species were added at
different concentrations until they produce a 5% change of the
initial peak current. The results showed that 50-fold Cd**, Cr*",
Hg®*, As*" and Ag’, 30-fold Ni**, Pb*" and AI**, 20-fold Zn®>",
Cu?" and Mg*', 10-fold Mn*" and Co®" had no influence on the
peak current, this agreed to the previous reports that such metal
ions cannot form stable complexes with PAN under pH 4.5, and
most of their reduction peak potentials were not in the given
potential range.”” " Considering the organic species in natural
waters can be absorbed on the surface of the electrode or chelated
with iron, and the surface active substances have a profound
effect on the stripping responses on BiFEs,*' which will cause the
obvious changes of current response. The influence of HS, EDTA,
SDBS, CTAB has also been studied. Adding 20-fold CTAB, 10-
fold SDBS, HS and EDTA would significantly decrease the peak
currents, but the signals would return to the original values after
UV-digestion because all the organic substances have been
destroyed. Besides, our method did not interfere with the addition
of NaCl at a concentration lower than 0.01M, so the effect of
salinity was under control because the real sample analysis was
carried out in acetate buffer after at least 50-times dilution. To
better eliminate the influences for real seawater samples, standard
addition method was used.

Practical applications

To evaluate the practical applications of the established
method based on the novel SnBiE, the total dissolved iron of the
river water and seawater samples were analyzed by using
standard addition method. The UV-digested water samples were
diluted 1000 times for detection under the optimal conditions.
The adsorptive cathodic stripping voltammetry of the digested
seawater sample at SnBiE are shown in Fig. 7. The concentration
of total dissolved iron can be calculated from fitted curve (inset
of Fig. 7), and the result is consistent with the data obtained by
ICP-MS, which shows that the SnBiE exhibits good performance
for iron determination in seawater. Besides, to better illustrate its
accuracy in practical analysis, the results obtained by this method
and ICP-MS were compared in Table 1. The data were in a good
accordance, indicating the capability of the SnBiE for iron
determinations in real water samples.
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current / nA
&
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i,=-0.103C - 4.69
R*=0.996

current peak / nA
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concentration / nM
N :
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Fig. 7. Voltammetric responses of Fe*" in seawater sample at the
SnBiE by using standard addition method of standard additions of
0, 40, 100, 160, 240 nM Fe** (from top to bottom). The inset is
the fitted curve of Fe'" measurement obtained from standard
addition. Conditions: 0.1 M acetate buffer (pH 4.5), 2 uM PAN.
Other conditions are same as in Fig. 2.

Table 1 Comparison of the established method and ICP-MS for
determination of total dissolved iron in real water samples (n=3)

Detected by this Detected by
Samples
method (uM) ICP-MS (uM)
Coastal river water 1 23.8+2.3 243+2.4
Coastal river water 2 44.0+£3.2 43.2+3.1
Coastal sea water 459+2.2 45.4+2.7

Conclusions

The SnBIE has been successfully used for total dissolved iron
in real water samples with good accuracy and precision.
Compared to the methods based on the bismuth film electrode,
the established method based on SnBiE has several advantages,
such as easy fabrication, no requirement of any pretreatment, a
more suitable potential range, wider linearity and lower detection
limit for iron determination. This method based on SnBiE will be
of great benefit to investigate the effects of iron in aquatic
biogeochemistry.
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