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Abstract: We establish a novel nanoparticle/ion-exchange polymer-based sensor for selective and
sensitive detection of trace iron (Fe’”) in coastal waters. Titanium carbide nanoparticles (nano-TiC) are
used as a typical nanomaterial with promising physical and chemical properties to accelerate the
electron transfer. Nafion is chosen as the widely used cation-exchange polymer to facilitate the
preconcentration of Fe**. Taking advantage of synergistic effects of nano-TiC and Nafion as well as the
catalytic amplifying effect of hydrogen peroxide (H»0,), the excellent cathodic signal responses for the
stripping determination of Fe’* which is linear in the range of 0.07 to 70 uM with a detection limit of
7.2 nM can be obtained. This analytical method can be used to effectively and simply detect Fe’*
without using any complexing agents. The fabricated sensor has been successfully applied for the

.. . . 3+ .
sensitive determination of Fe”' in real coastal waters.
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1. Introduction

Iron is one of the most common elements in the earth’s crust. As one of the essential micronutrients,
iron is involved in the plant metabolism where it is pivotal for photosynthetic and respiratory electron
transport, nitrate reduction, and chlorophyll synthesis [1]. According to iron limitation hypothesis [2],
its existence in the environment is of major interest due to its important role in oceanic biogeochemical
processes [3]. In addition, it has been shown that iron also plays an important role in nutrient cycling
processes such as nitrogen fixation and can limit growth in non-HNLC (high-nutrient, low chlorophyll)
regions [4] and coastal upwelling areas [5-7], and may have a connection with red tide [8]. It has been
reported that the concentration of dissolved iron in coastal water is greater than that in seawater and the
iron cycle in coastal zones is more complex due to the proximity to terrestrial, continental shelf sources
and human activity [9]. Therefore, the accurate and simple methods for the detection of iron in coastal
waters are very eager to be developed.

Among a variety of new analytical tools under development, electrochemical method has been
recognized as one the most sensitive methods for trace iron analysis and it possesses the advantages of
low cost, simple and convenient operation, fast experimental process, high sensitivity and selectivity, as
well as potential application for in situ experiments or on-site monitoring [10]. Traditionally, the most
sensitive electrochemical methods for iron determination were based on hanging drop mercury
electrodes by stripping voltammetry with the aid of complexing agents to lower the detection limit
which required complicated procedures such as pre-complexation, pH adjustment, and so forth [11,12].
Considering the drawbacks of mercury electrode, such as toxicity, difficulties in handling, storage and
disposal as well as the complicated procedures in pretreatment, it may severely restrict its application
[13]. In order to solve these problems, great efforts have been taken to develop mercury-free solid
electrodes. For example, solid-state gold-amalgamation [14], ion-selective membranes [15],
ionomer-coatings [16-19], carbon paste [20], glassy carbon [21] electrodes and gold microelectrode
ensembles [22] as new solid electrodes have been developed for iron determination. However, the
continuous improvements of functional electrodes are still urgently required for achieving simple, rapid
and sensitive detection of trace iron, especially in coastal waters.

In order to increase the selectivity and sensitivity of the electrode, current works mainly focus on
the chemical modification of electrode surface [23]. Polymers which can form a thin film on a solid
electrode surface are usually utilized for the preconcentration of target and play an important role in
trace environmental analyses [24,25]. Nafion as one of the most widely used cation-exchange polymer
possesses the ideal electrochemical properties as well as the high chemical and mechanical stability. In
previous reports, Nafion has shown benefits in facilitating the preconcentration of Fe’*, Fe’" and iron
complexes [16-19]. Except for the selectivity, the acceleration of electron transfer rate is also an
important aspect to be considered. The application of nanotechnology has become one of the most
active areas in analytic chemistry. Nanomaterials of various shapes, sizes, and compositions have been
widely used for the construction and modification of electrochemical sensors, because they possess
unique electronic conductivity, and large specific surface areas [26,27]. Nanomaterials, such as gold
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nanoparticles [28], multiwall carbon nanotubes [29], nanocomposite of reduced graphene oxide,
methylene blue, and gold nanoparticles [30] have been successfully used for iron determinations.
Nowadays, nanosized transition metal carbides, particularly titanium carbide nanoparticles (nano-TiC)
have attracted significant interest for a number of applications in analytical chemistry due to its intrinsic
material properties such as high electrical conductivity, low density, high surface area and catalytic
activity [31-33]. Moreover, nano-TiC shows greater advantages and novel characteristics than regular
sized particles, such as larger specific surface area and high electron transfer rate [34]. Besides, its cubic
phase exhibits interesting photocatalytic and electrocatalytic behaviors [35-37], which has been used as
the electrode material for catalytic determination of H,O; [34].

The aim of this paper is to combine the unique properties of nanomaterials with the specific
preconcentration ability of ion-exchange polymer to fabricate an electrochemical sensing platform
towards Fe’" determination. Based on the synergistic effects of nano-TiC and Nafion, as well as the help
of the catalytic amplifying effect of H,O,, such a designed nano-TiC/Nafion modified electrode can
offer remarkably improved sensitivity and selectivity for voltammetric measurement of Fe’™.
Experimental conditions and analytical performances were systematically investigated. The developed
sensor was also successfully applied for the detection of total dissolved iron in real coastal waters with
satisfactory results.

2. Experimental section

2.1. Reagents

Unless stated otherwise, all chemicals used are analytical reagent grade. Deionized water (18.2 MQ
cm specific resistance) from Pall Cascada laboratory water system was used throughout to prepare the
solutions. HNO3; and HCIl were Guaranteed Reagents and were sub-boiling distilled using a quartz
condenser. Iron standard solutions were prepared from chloride of Fe** (Sinopharm Chemical Reagent
Co., Ltd., China.) in 0.1 M HCI. HNO;, HCI, H,SO4, HCIO4 and other affiliated chemicals were all
obtained from Sinopharm Chemical Reagent. The 0.5% w/v Nafion solution was prepared by 1:10
dilution with methanol of 5% w/v Nafion solution (Sigma-Aldrich Co. LLC). The suspension of 0.5 mg
mL" TiC nanoparticles (20 nm, Nanjing Emperor Nano Material Co., Ltd., China) were obtained by
dispersing the powders with deionized water, and then ultrasonicated for 10 min. All bottles and
containers used for standards and samples were soaked in 5% HNOj at least for 24 h prior to use. Then
they were thoroughly rinsed with deionized water and samples. All experiments were conducted at room

temperature (25 °C) without the removal of oxygen from the solutions.
2.2. Apparatus

The morphologies of the modified glassy carbon electrode (GCE) were characterized by scanning
electron microscopy (SEM, Hitachi S-4800, Japan) and transmission electron microscopy (TEM,
Hitachi HT7700, Japan). Inductively coupled plasma-mass spectrometry (ICP-MS, ELAN DRCI[],
Perkin Elmer Instruments, USA) was used for comparative testing. Electrochemical Work Station (CHI

3

Page 3 of 17



660D, Shanghai CH Instruments, Shanghai, China) was used throughout all the electrochemical
experiments. A nano-TiC/Nafion coated glassy carbon electrode (3 mm in diameter) served as a working
electrode, an Ag/AgCl (saturated KCl solution) was used as a reference electrode, and a platinum foil
counter electrode was employed as an auxiliary electrode. All potentials were measured with respect to
the Ag/AgCl reference electrode.

2.3. Preparation of the modified GCEs

The nano-TiC/Nafion coated GCE was prepared by adding 10 uL nano-TiC (0.5 mg mL™) on the
surface of GCE and dried using an infrared lamp. Then 10 pL Nafion (0.5 % w/v) was added on the
surface of nano-TiC coated GCE and dried under the infrared lamp. Prior to use, the GCE was polished
using aqueous alumina slurry (0.3 and 0.05 pm), washed with deionized water and acetone thoroughly,
and then ultrasonicated in deionized water for 1 min. For comparison, Nafion or nano-TiC coated GCE

was prepared in the same manner, respectively.
2.4.Preparation of real coastal water samples

Water Samples were collected from Jiehe river and Xiaoqinghe river (two local coastal rivers,
which flow into the Bohai Sea, Shandong province, China), and coastal water of the Bohai Sea. Samples
were immediately filtered by 0.45 pum membrane filters and collected in FEP bottles, then kept at 4°C
until determination. In order to remove the organic complexes, the samples were digested for 30 min at
pH less than 2.0 in acid-cleaned quartz tubes using a 500 W UV lamp (Metrohm MVA-UV 705,
Switzerland). Then the samples were diluted to an appropriate concentration and measured by the
standard addition method.

2.5. Electrochemical analysis procedure

All experiments were performed in 0.1 M HCI electrolyte. The modified GCEs were
electrochemically characterized by electrochemical impedance spectroscopy (EIS). EIS of modified
electrodes was measured in 10 mM Ki[Fe(CN)g]/KCl (0.1 M) solution with the frequency ranging from
107 to 10° Hz. The cathodic responses of Fe’™ on the bare and modified GCEs were investigated by
square wave voltammetry (SWYV), using the following parameters: initial potential of 0.7 V, final
potential of 0.2 V, an amplitude of 0.025 V, increment potential of 0.001 V, frequency of 15 Hz, and a
quiet time of 2 s.

3. Results and discussion

3.1. Characterization of the nano-TiC/Nafion modified electrode

The surface morphologies of the various modified electrodes were characterized by SEM and TEM
(Fig. 1). Compared with the smooth surface of the bare GCE (Fig. 1a), nano-TiC particles were
compactly coated on the GCE surface with size distribution ranging from 20 to 60 nm (Fig. 1b). A thin
membrane-like substance was formed after Nafion coating of the nano-TiC coated GCE: some nano-TiC
particles were incorporated into the Nafion film and others remained outside (Fig. 1¢). TEM imaging
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showed that the nano-TiC is cubic in structure (Fig. 1d).
3.2. Mechanism of Fe>* reduction on fabricated sensor

The sensing strategy is clearly illustrated in Scheme 1. Particles of nano-TiC which functioned as
the electron transfer wires were well coated on the surface of a GCE to accelerate electron transfer rate
and increase the current response since the reactions are limited by the rate of electron transfer. Then the
“wire” surface was coated with Nafion to capture more Fe’” by reaction (1), where X is the supporting
electrolyte cation [26]. The detection process can be described by equation (2). During the voltammetric
scan, Fe'™ is reduced to Fe*", which is then re-oxidized chemically to Fe’* by H»O,. The re-oxidized
Fe’* contributes again to the reduction current, causing a greatly improved sensitivity.

3(R-SO; X" + Fe'* 5 (R-SO3)sFe’ +3X" (1)
(R-SO3)sFe™ + ¢ — (R-SO3),Fe” )
HO0»

To verify the effect of nano-TiC and Nafion on Fe’" detection, electrochemical impedance
spectroscopy (EIS) was measured. Fig. 2 shows the Nyquist plots of the modified electrodes using
[Fe(CN)6]3 '/[Fe(CN)6]4' redox couple as electrochemical probe. The squeezed semicircle at high
frequency indicates an electron-transfer-limited process on an electroactive surface. This is followed by
diffusion-controlled electron transfer, indicated by the linear plot region at low frequency. The Nyquist
plot of nano-TiC coated GCE (Fig. 2b) showed a linear region only at low frequency, indicating that
nano-TiC lowers the electron transfer resistance. The electron transfer resistance (Rp) of the
electroactive surface was measured by the semicircle diameter at high frequency. It was clearly
observed that the Rp of nano-TiC/Nafion coated GCE (Fig. 2c¢) was significantly larger than that of bare
GCE (Fig. 2a). Because Nafion is negatively charged, it will hinder electron transfer between
[Fe(CN)e]> and [Fe(CN)]*". The results demonstrate that nano-TiC provides a larger electrode surface
and more active sites as well as accelerating electron transfer, while Nafion facilitates a cation-exchange
reaction for the preconcentration of Fe’*. To further understand the sensing mechanism, the effect of
scan rate with the analytical signal of Fe’" was studied by linear sweep voltammetry. The cathodic peak
currents of Fe’ increased linearly with scan rates from 25 to 250 mV s, The regression equation is
expressed as i =-0.122v—5.79 (R*=0.989). The results revealed that the electron transfer of Fe’™
with the nano-TiC/Nafion coated GCE was a typical surface-controlled electrochemical process [38].
Besides, to estimate the charge transfer coefficient (o), Laviron’s model was used [39]. The plot of the
cathodic peak potentials versus the logarithm of the scan rates yielded a straight line, the regression
equation can be expressed as E =-0.0991ogV +0.483 (R*=0.989). From the slopes, o was estimated
as 0.6, indicating it was a quasi-reversible electron transfer process.

As shown in Fig. 3, the redox behaviors of Fe’* at the fabricated sensor were studied by square
wave voltammetry (SWV). No cathodic signal of Fe*” was seen on the bare GCE (Fig. 3 a and b). The
SWV response for nano-TiC/Nafion coated GCE (Fig. 3h) was greatly larger than the responses for
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nano-TiC (Fig. 3d) and Nafion coated GCE (Fig. 3f). More importantly, the response current at the
nano-TiC/Nafion modified electrode was larger than the sum of the currents at the nano-TiC and Nafion
singly modified electrodes, indicating that nano-TiC combined with Nafion synergistically improve the
cathodic current response of Fe’". Since carbon nanomaterials can also provide the large surface area
and considerable active sites, the responses of Fe’® on multi-walled carbon nanotubes and
graphene-modified GCE under the same experimental conditions were investigated. The results showed
no obvious signal responses might be observed because there were large background currents at the
potential range of 0.4-0.5 V caused by the oxygen-containing functional groups on the multi-walled
carbon nanotubes and graphene’s surfaces. But the background current was very low and smooth at
nano-TiC modified electrode, which implies nano-TiC has significant advantages for Fe** detection than
other carbon nanomaterials. Moreover, it has been demonstrated that the addition of H,O, causes rapid
oxidation of Fe*" due to the generated radical species HOe, resulting in a large increase in the analytical
signal. As shown in Fig. 4, the reduction peak for Fe’" in the presence of H,O, at the nano-TiC/Nafion
coated GCE (Fig. 4c) has a straighter shape, and is about 3 times greater than the signal in the absence
of H,0, (Fig. 4b). These results indicate that the response current of Fe** can be obviously increased by
synergistic and catalytic effect.

3.3. Choice of supporting electrolyte

The effect of supporting electrolyte to the response of Fe’" was investigated because Fe’' is easily
hydrolyzed in slightly acidic and alkaline environments. Meanwhile, the supporting electrolyte can play
a double role in the preconcentration of Fe’" due to the complexation reactions by anions from the
supporting electrolyte, and competition for the cation-exchange sites between the analyte and supporting
electrolyte cation [20]. Therefore, 0.1 M solutions of H,SO4, HC104, HNO;, and HCI were chosen as
possible electrolytes, the results showed that HCI solution was the best electrolyte for Fe’" detection.
The peak currents of Fe*" in the different acidic media were increased in the order of HCIO4 < H,SO4 <
HNO; < HCI, which was same as the previous report [22]. The peak current of Fe’” in HCI was about
ten times higher than other electrolytes. This can be attribute to the increasing acid anion adsorption on
the surface of modified electrode and the reduction of Fe’" to Fe*" occurs fastest in HCI by judging the
value of AE, [22]. Besides, considering the reference electrode salt bridge and real coastal water samples
with high salinity, choosing HCI as the electrolyte was more suitable.

3.4. Calibration Curve

For accurate quantitative analysis, a linear calibration curve between cathodic current and Fe’*
concentration is necessary. As shown in Fig. 5, the current was linearly related to the concentration of
Fe’* under the concentration range of 0.07-70 pM. The linear regression equation was
I, =-0.934C +1.04 (R2=0.997). The sensitivity and detection limit of the nano-TiC/Nafion coated GCE

for Fe*" determination were 0.93 uA uM ' and 7.2 nM (s/n=3), respectively. These results indicate that
the proposed modified GCE can qualitatively and quantitatively detect Fe’™ in experimental system.
Additionally, comparisons about iron determination by this sensor and other Nafion modified electrodes
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were presented in Table 1. Our new fabricated sensor shows better sensitivity, lower detection limit for
Fe**, and easier experimental processes compared with other Nafion modified electrodes.

3.5. Reproducibility, repeatibility and selectivity

The inter-sensor reproducibility of the nano-TiC/Nafion modified electrode was evaluated in 10 uM
Fe** by six independently sensors prepared in the same way and the corresponding relative standard
deviation (RSD) was 4.7%. The repeatability of the modified sensor was studied by detecting 10 uM
Fe'" using the same sensor for six measurements and the RSD was 2.8%, which indicated there were no
significant differences among the analytical signals. To verify whether there were cathodic responses to
other cations, various foreign species were added into 0.1 M HCI containing 10 uM Fe’". Additions of
30-fold Cu2+, Cr3+, and 10-fold Zn*" and As®" did not affect the determination of Fe’" (5% current
change). The addition of less than 0.03 M sodium chloride also did not influence the signal of Fe’.
However, adding equivalent Ag™ resulted in a sharp decrease in signal because of silver chloride
precipitation on the electrode surface, which hinders electron transfer between the electrode and Fe®*
[41]. The influence of common reducible organic species such as humic substances and catechol were
also investigated. The results showed that the addition of 20-fold humic substances did not interfere
with the signals, but adding 5-fold catechol would decrease the peak current and change the peak shape
due to catechol was one of the common chelators of iron. However, after the UV-digestion, the peak
currents returned to the original values because all organic substances in solution have been destroyed
during UV digestion. So, this method was not obviously interfered with the organic species after UV
digestion.

3.6. Practical application

After having demonstrated the selectivity and sensitivity of the nano-TiC/Nafion coated GCE for
Fe’* in optimal experimental conditions, it has been applied to determine the total dissolved iron in real
coastal waters. All water samples were filtered with 0.45 um membrane filters and then UV-digested
after adjusting the pH to less than 2.0 to make sure all ligands bound to iron were released, and all iron
species were oxidized to Fe’". SWVs were obtained under optimal conditions for water samples from
the Jiehe river (Fig. 6). The water sample was diluted 10 times, then added to 0.1 M HCI for detection.
A series of SWVs were obtained after the successive addition of 0, 4, and 8§ uM Fe**, and the linear
regression is shown in the inset of Fig. 6. The concentration of total dissolved iron in the Jiehe river was
determined to be 2.3 uM, consistent with the ICP-MS result (2.4 pM). A comparison of results on the
total dissolved iron in coastal waters from our proposed method and ICP-MS are shown in Table 2. The
results show that the proposed method is suitable for the total dissolved iron determination for real

coastal water samples.
4. Conclusions

In summary, we have developed a novel nano-TiC/Nafion coated GCE that exhibits high selectivity

and sensitivity for Fe’" determination in real coastal water samples without using complexing agents.
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Our new modified GCE shows better sensitivity, lower detection limit for Fe’” detection. This catalytic
stripping method has easier experimental processes and is suitable for total dissolved iron determination
in coastal water samples. The nano-TiC/Nafion coated GCE will be of great benefit to investigate the
effects of iron in coastal aquatic biogeochemistry.
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Figure captions

Scheme 1. Schematic illustration of the enhanced electrochemical detection strategy for Fe’™ on
nano-TiC/Nafion modified electrode by catalytic stripping voltammetry.

Figure 1. SEM images of (a) bare GCE, (b) nano-TiC coated GCE, (c) nano-TiC/Nafion coated GCE,
and (d) TEM image of nano-TiC.

Figure 2. Nyquist plots of bare GCE (curve a), nano-TiC coated GCE (curve b), and nano-TiC/Nafion
coated GCE (curve c) in 10 mM K3[Fe(CN)g] and 0.1 M KCI solutions. Inset is enlarged drawing of the

Nyquist plots of bare GCE (curve a), nano-TiC coated GCE (curve b) at higher frequency.

Figure 3. SWVs of bare GCE (curve a and b), nano-TiC coated GCE (curve ¢ and d), Nafion coated
GCE (curve e and f), and nano-TiC/Nafion coated GCE (curve g and h) in 0.1 M HCI without (curve a,
c, e, g) and with (curve b, d, f, h) 10 uM Fe’'.

Figure 4. Comparison of the SWV current signals at the nano-TiC/Nafion coated GCE in 0.1 M HCI
containing 0 pM Fe’" (curve a), 10 uM Fe’* (curve b), 10 uM Fe’ and 20 mM H,0; (curve c).

Figure 5. Calibration curve of Fe’" on the nano-TiC/Nafion coated GCE in 0.1 M HCI in the presence
of 20 mM H,0,. Inset is the current response of Fe’* concentrations in the linear range from 0.07 pM to
70 uM.

Figure 6. Typical voltammograms for the determination of Fe’" in water samples from the Jiche River
by the standard addition method. The concentrations of Fe’ are 0, 4 and 8 uM Fe’* (from top to
bottom). The inset shows the corresponding curve (n=3).
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Table 1. Comparison with other Nafion modified electrodes. Technique: SWV, Square Wave Voltammetry; IEV,
Ion-Exchange Voltammetry; MSWV-DD, Double Differential Multiple Square Wave Voltammetry; CSV, Cathodic
Stripping Voltammetry; DPASYV, Differential Pulse Anodic Stripping Voltammetry. Electrode: GCE, Glassy Carbon
Electrode; CPE, Carbon Paste Electrode.

Modifier/Complexing agent

Technique  Electrode (if any) Speciation ~ LOD (M) Year Reference
IEV GCE Nafion, Tosflex F'+Fe*  1ox107 2002 17
MSWV-DD  GCE Nafion Fe' +Fe*  1.5x10° 2001  L16]
CSV GCE Nafion, ao-bipyridine Fe** 8.9x10"° 1995 [18]
DPASV CPE 2,2-bipyridyl, Nafion Fe?* 1ox10® 1991  [40]
DPASV CPE  Nafion, 1,10-phenanthroline Fe?* 3.0¢10° 1990  [19]

SWV GCE nano-TiC and Nafion Fe’* 7.2x10° 2015  This work

Table 2. Comparison of nano-TiC/Nafion coated GCE and ICP-MS for determination of total dissolved iron in coastal
waters

Detected by this method Detected by ICP-MS

Samples

(LM) (LM)

Coastal Jiehe river water 1 2.3+£0.2 24
Coastal Jiehe river water 2 12.0+£0.2 11.9

Coastal Xiaoqginghe river water
4.3+0.2 4.3
3
Coastal sea water 4.4+0.2 4.5
16
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