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The development of analytical methods for the determina-
tion of trace metals and some organometallic species from
complex matrices employing different sample preparation
procedures, such as extraction/preconcentration, as well as
alternative adsorbent materials, yet is the major challenge for
researchers. In addition, the chemical speciation is currently
a very important form to enlarge the perspective for envi-
ronmental, biological, food, andmedicinal applications, since
toxicity, bioavailability, mobility, and other critical properties
of the trace elements depend on this different chemical forms
and species in the sample medium. In this special issue on
analytical methods of extraction/preconcentration, 6 papers
reported different sample preparation for several metals from
simple to complex matrix such as geological samples.

One paper published in this special issue reports
the application of a novel nanocomposite of nanoporous
gold nanoparticles (np-AuNPs) functionalized with 2,2,6,6-
tetramethyl-1-piperidinyloxy radical (TEMPO) by the bridge
of carboxylate-zirconium-carboxylate chemistry as sensor
for the electrochemical detection of H

2
O
2
at a trace level.

In this work, besides demonstrating a strategy for producing
large specific surface area nanoporous gold nanoparticles
and TEMPO-functionalized np-AuNPs nanocomposite, the
electro-oxidation of H

2
O
2
with a high density of radicals on

the TEMPO-np-AuNPs surface is also investigated. The new
probe constructed by combination of 4-Carboxy-TEMPO
and np-AuNPs shows a double effective enhancement in the

electrochemical detection of H
2
O
2
and wide linear range

for H
2
O
2
detection due to the enzyme-like activity. The

sensor had low detection limit, high sensitivity, low cost,
anti-interference, good reproducibility, and stability of this
nanocomposite with TEMPO-based ligand, contributing to
improve the detection of current signal of H

2
O
2
.

Another paper published in this special issue reports the
development of a simple, effective, environment-friendly and
sensitive analytical method for trivalent antimony determi-
nation employing single drop microextraction (SDMM) in
water samples. In this work [C4mim][PF6] was employed as
the extraction solvent and BPHAwas used as the complexing
agent making it an analytical method of low cost, simple
device, easy operation, and high enrichment efficiency and
using low amounts of organic solvent. The use of ionic liquid
has been explored in SDME since it does not have detectable
vapor pressure, can extract metal ions at room temperature,
and avoid several safety problems. So, the introduction
of BPHA-[C4mim][PF6] system was not only ecofriendly
compared with traditional organic solution, but also efficient
for extraction.

In addition, exploring the synthesis and application
of materials with ability to preconcentrate metals as well
as identify and distinguish different molecules, the paper
“Host–Guest Extraction of Heavy Metal Ions with p-t-
butylcalix[8]arene from Ammonia or Amine Solutions”
reports the behavior and ability of calixarenes (macrocyclic
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phenolic oligomers) as specific receptor in the extraction of
metal ions and/or molecules by modification of the hydroxyl
functional group and/or by creating a new cavity size. In
calixarenes, the cavity size, position and type of donor groups,
and molecular flexibility lead to their high potential for the
complexation and extraction of metal ions. It should be noted
that the extraction of metal demonstrated to be much higher
in some metals when ammonia was used as the aqueous
phase.

The fourth paper reported in this special issue “Selective
Preconcentration of Gold from Ore Samples” brings the
theme of the development of an analytical methodology
employing SPE for determination/preconcentration of gold
in ores samples. This paper reports the use of an adsorbent
Amberlite XAD-16 and N, N-diethyl-N-benzoylthiourea
(DEBT), a selective chelating agent that allowed the selective
preconcentration of gold ions from ore samples. It is impor-
tant to emphasize that low abundance and heterogeneous
distribution of gold ions in ore samples require accurate
and reliable analytical procedures for its determination.
Thus, the accuracy of the proposed method was evaluated
by the analyses of two geological samples: Cu-ore and
Gold ore (MA-1b) as a certified reference material and the
results demonstrated good agreement with the given values.
Although there are more sensitive methods applied to similar
samples, the proposed method allowed a preconcentration
selective of gold ionswithout anymatrix interference using an
instrumental technique simple and of low cost (FAAS) when
compared to techniques as ICP-MS and GF AAS.

The speciation of Ni in environmental samples has been
explored for several years due to carcinogenic potential of
water-soluble nickel compounds and nickel tetracarbonyl.
However, the analytical techniques for its determination are
not always available or easy to use since their limits are thresh-
old values relative to the single species. More specifically, the
speciation of Nickel in workplaces airborne particulate is the
most important for the assessment of the respiratory health
risks. The paper “Development of a New Sequential Extrac-
tion Procedure of Nickel Species on Workplace Airborne
Particulate Matter: Assessing the Occupational Exposure to
Carcinogenic Metal Species” reports a speciation analysis of
inorganic Ni compounds such as soluble, sulfidic, metallic,
and oxide fractions in airborne particulate matter using a
simple selective sequential extraction as sample preparation
and analysis by Atomic Absorption Spectroscopy without
long evaporation phases. Among the good results obtained
by the proposed method stand out the small volumes of
solutions and the absence of long evaporation phases. And
the last paper published in this special issue, “Simultaneous
Determination of Cr, As, Se, and Other TraceMetal Elements
in Seawater by ICP-MS with Hybrid Simultaneous Precon-
centration Combining Iron Hydroxide Coprecipitation and
Solid Phase Extraction Using Chelating Resin”, highlights
the benefits of the hybrid preconcentration combing iron
hydroxide coprecipitation and solid phase extraction using
chelating resin for determination of the oxo-anion forming
elements such as Cr, As, and Se and other trace metal
elements (Ti, V, Co, Ni, Cu, Zn, Zr, Ge, Cd, Sb, Sn, W, Pb,
and U) in seawater, whose standard and guideline values

were established in environmental quality standards for water
pollution in Japan. In addition, the hybrid preconcentra-
tion besides demonstrated recoveries of oxo-anion-forming
elements higher than single solid phase extraction using
chelating resin (InertSep ME2,60-70 𝜇m in diameter, GL
Science Inc., Tokyo, Japan) allowed an extraction in a single
pH adjustment (pH 6.0) due to groups functional in the
resin surface, such as iminodiacetic acid (pKa=2.98) and
dimethylamino (pKa=10.77) groups.
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Nickel (Ni) compounds andmetallic Ni havemany industrial and commercial applications, including their use in themanufacturing
of stainless steel. Due to the specific toxicological properties of the different Ni species, there is a growing interest about the
availability of analytical methods that allow specific risk assessment, particularly related to exposure to the Ni species classified as
carcinogenic. In this paper, we described a speciation method of inorganic Ni compounds in airborne particulate matter, based on
selective sequential extractions.The analytical method reported in this paper allows the determination of soluble, sulfidic, metallic,
and oxide Ni by a simple sequential extraction procedure and analysis by Atomic Absorption Spectroscopy using small volumes
of solutions and without long evaporation phases. The method has been initially set up on standard laboratory mixtures of known
concentrations of different Ni salts. Then it has then been tested on airborne particulate matter (powder and filters) collected
in different workstations of a large stainless steel production facility. The method has occurred effectively in the comparison of
the obtained results with occupational exposure limit values set by the main international scientific and regulatory agencies for
occupational safety and health, in order to prevent both toxic and carcinogenic effects in humans.

1. Introduction

Nickel (Ni) compounds andmetallic Ni have many industrial
and commercial applications, including their use in stainless
steel production, in a large series of metal alloys, as catalysts,
in batteries, pigments, and ceramics [1]. An industrial sector
in which Ni exposure can be particularly relevant is the pro-
duction of special stainless steel in secondary steel foundries:
the workers engaged in this industry are potentially exposed
to various forms of airborne Ni, in particular during the
operations of melting and casting and at all the stages of
the process characterized by the need for high temperatures
[2, 3]. This kind of production has been widespread for
decades in northern Italy, involving thousands of workers and

consequently arousing high interest on the related occupa-
tional and public health issues. The toxicological properties
of Ni compounds yet represent an important challenge in
terms of risk assessment and are also of great concern for
the necessary enforcement of preventive measures in exposed
workers [4, 5].

Exposure to Ni oxides and sulfides, which have low solu-
bility in water, has been recognized as one of the prominent
causes for occupational Ni-related lung and nasal cancer
[6, 7].

The carcinogenic potential of water-soluble Ni com-
pounds and Ni tetracarbonyl has been continuously dis-
cussed for decades [8]. Although there is no evidence that
exposure to metallic Ni increases the risk of respiratory
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cancer, it is well known as the most important sensitizer
among metal elements [9–12].

In 1990, the International Agency for Research on Cancer
(IARC) concluded that there were sufficient evidences in
humans for the carcinogenicity of Ni sulfate and of combina-
tions of Ni sulfide and oxides in the Ni refining industry [13].
In 2012, with specific referral to the inhalator exposure route,
IARC updated the evaluation classifying Ni compounds
as “carcinogenic to humans-group 1”, whereas metallic Ni
and Ni alloys were categorized as “possibly carcinogenic to
humans-group 2B”, specifically for cancer of the lung and the
nasal cavity [14].

The current understanding of the carcinogenic potential
of the most prominent Ni species in sulfidic Ni (Ni subsul-
phide (Ni3S2), Ni oxide (NiO), Ni metal (Ni0), and soluble Ni
(primarily Ni sulfate, NiSO4) has been determined through
studies based on a combination of animal testing (of pure
compounds) and human epidemiological data [15].

Due to the above-mentioned reasons, the speciation
of Ni in workplaces’ airborne particulate is of the utmost
importance for the assessment of the respiratory health risks.

Regarding occupational exposure limits, different thresh-
old levels for Ni and Ni compounds in workplaces and
emissions are available (Table 1). In 1998 the American
Conference of Governmental Industrial Hygienists (ACGIH)
published separated threshold values for the organic and
inorganic forms of Ni [16]. In doing so it was recognized
that different Ni species had different toxic and carcinogenic
properties [17].

In the “Recommendation from the Scientific Committee
on Occupational Exposure Limits” for Ni and inorganic Ni
compounds”, by the European SCOEL, some occupational
exposure limits (OELs) aiming to protect both from inflam-
matory effects in the lung and from cancer were published
[18].

The determination of the total concentration of Ni,
accordingly, gives no information about environmental risks
or knowledge of the various forms, which makes monitoring
of specific chemical species of Ni in environmental samples,
such as airborne particulates, extremely important [19].
Consequently, the development of analytical techniques for
the determination of various compounds ofmetallic elements
in environmental samples, such as ambient aerosols, is
presently one of themost challenging tasks for environmental
analytical chemistry [20, 21].

Ni determination can be performed with various analyti-
cal techniques, including spectrophotometry, atomic absorp-
tion spectrometry (FAAS and ETAAS), inductively coupled
argon plasma optical emission spectrometry (ICP-OES),
inductively coupled plasma mass spectrometry (ICP-MS)
and voltammetry. In the past two decades many techniques
have been widely developed for the speciation of inorganic
contaminants in environmental samples [22, 23]. Several
of them make use of sequential extraction schemes to
determine the metal distribution over different fractions,
usually including species such as soluble, sulfidic, metallic,
and oxide fractions. The application of sequential extrac-
tion procedures provides relevant environmental informa-
tion.

Several of the sequential extraction procedures found
in the literature are variants of the method proposed by
Zatka et al. in the early 1990s [24] in which the solubility
of the different fractions was utilized for the sequential
determination of Ni ions.

The procedure of Zatka involves a sequential leaching
of airborne dust from Ni production sites and Ni-using
workplaces by using ammonium citrate, hydrogen perox-
ide/ammonium citrate, and bromine-methanol. Acceptable
recoveries were obtained, for most species better than 95%.

Up to now, the sequential extraction procedure proposed
by Zatka has mainly been applied for speciation of Ni
in work-room air (for instance, in Ni refinery) present at
mg/m3. These levels however, obtaining correct results for
the concentrations of trace elements in out-door air at ng/m3
levels, are still a great concern, mainly due to the extremely
small amounts of sample and analyte.

2. Aims

In consideration of the toxicological properties of Ni com-
pounds, this paper describes a modified method which is
mainly based on the fractionation proposed by Zatka et
al. [25] but achieving both time optimization and greater
sensitivity. The method has been first setup on a mix of
different Ni species. Subsequently, the method has been
applied on airborne particulate matter sampled in different
departments of a steel production facility, in order to assess
the airborne levels of different Ni species.

3. Materials and Methods

3.1. Reagents. All chemicals used were of analytical grade.
The water used was bidistilled water, for inorganic trace
analysis (Merck KgaA, Darmstadt, Germany).

The reagent in the solution for the elution of different Ni
species from the filters was as follows:

(A) Ammonium citrate solution: 1.7% ammonium hydro-
gen citrate and 0.5% citric acid solution, the solution was
prepared by dissolving 1.7g of diammonium hydrogen citrate
((NH4)2H-Cit)), CAS No. 3012-65-5, Carlo Erba, Milan,
Italy) and 0.5 g of citric acid (99%, C6H807, Sigma Aldrich,
Saint Louis, Missouri, USA) in 100ml of bidistilled water.

(B) H2O2 citrate: ammonium citrate 0.1M and hydrogen
peroxide 30% (w/w) ratio 2:1 (H2O2, CAS No. 7722-84-1
Sigma Aldrich, Saint Louis, Missouri, USA).

(C) Methanol-bromine solution: methanol (CH3OH,
Chromasolv ≥99.9%, CAS No. 67-56-1, Honeywell, Thermo
Fisher Scientific); Bromine (Br2, CAS No. 7726-95-6 Sigma
Aldrich, Saint Louis, Missouri, USA), 50:1.

(D) Nitric and hydrochloric acid solution: nitric acid
(HNO3 70%, CAS No. 7697-37-2 Sigma Aldrich, Saint Louis,
Missouri, USA) and hydrochloric acid (HCl 37%, CAS No.
7647-01-0 Sigma Aldrich, Saint Louis, Missouri, USA) ratio
1:1.

The mixture of Ni compounds was prepared by several
salts: Ni(II) sulfate hexahydrate (NiSO4, PM 262.7, reagent
plus� 99.99%,CAS No. 7786-81-4 Sigma Aldrich, Saint Louis,
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Table 1: Ni species, with chemical formulas, solubility characteristics, 8h-TWA occupational exposure limits proposed by international
agencies, and hazard statements assigned by the EU CLP Regulation, ACGIH, SCOEL, and OSHA.

Nickel Species
Solubility inwater

(g/100ml)
[temperature]

CAS Number ACGIH SCOEL OSHA CLP

Nickel
Sulfate NiSO4 65.5 [0∘C] 7786-81-4

A4
0.1 mg/m3
(Ni Sol)

0.01 mg/m3 # - H351

Nickel
subsulphide Ni3S2 poorly soluble 12035-72-2 A1

0.1 mg/m3
0.005

mg/m3§
0.01 mg/m3 #

0.1 mg/m3
(Ni insol) H350i

Nickel
monoxide NiO poorly soluble 1313-99-1

A1
0.2 mg/m3
(Ni insol)

0.005
mg/m3§

0.01 mg/m3 #

0.1 mg/m3
(Ni insol) H350i

Metallic
nickel Ni poorly soluble 7440-02-0 A5

1.5 mg/m3
0.005

mg/m3§ 0.5 mg/m3 H351

#Inhalable fraction; §respirable fraction.

Table 2: AAS instrumental parameters for determination of Ni

Operating conditions
Primary source Nickel Hollow Cathode lamp (Agilent Technologies)
Lamp current 5 mA
Analytical wavelength 232 nm
Background correction system Zeeman effect based (Transversal)
Slit width 0.2 nm
Mode Absorbance (peak height)
Graphite furnace operation
Atomization tube Partition tubes (coated)-GTA (Agilent Technologies)
Sheath/Purge gas Argon (Ar) of 99.999% purity
Sample Injection (sample, 𝜇L) 30

Missouri, USA), Ni sulfide (Ni3S2, 99.7%, PM 240.1 CAS
No. 12035-72-2 Sigma Aldrich, Saint Louis, Missouri, USA),
Ni powder (PA 58.7, 100mesh, 99.999%, CAS No. 7440-02-0
Sigma Aldrich, Saint Louis, Missouri, USA), and Ni(II)oxide
(NiO, PM 74.7, 99.999%, CAS No. 1313-99-1 Sigma Aldrich,
Saint Louis, Missouri, USA).

The sequential leaching was carried out in an all
hydrophilic Teflon filter holder (DigiFILTER 0.45 micron,
SCP Science, Quebec, Canada); the holder was fitted with a
25mm (5𝜇m) PVC filters (SKC Inc. 25mm, 5.0𝜇m) (Figure 1).
Thefiltrates are collected in a test tube (DigiTUBEs 50ml, SCP
Science, Quebec, Canada).

A 0.45 micron Teflon membrane inserted in every Digi-
FILTER guarantees 98% particle retention.

TheDigiFILTERs were connected to a vacuum pump; the
filtering system is set up so that mild suction can be turned
on and off at short intervals if required.

3.2. Determination of Nickel. The determination of different
fraction of Ni were performed by atomic absorption spec-
trometry (AAS Spectra 400 Varian, Medical Systems, Inc.
Palo Alto, CA) equipped with a transversal Zeeman-effect
background correction system and an auto sampler was used

Figure 1: Filter device utilized for sequential extraction of Ni’s
fractions (DigiFILTER 0.45micron, SCP Science, Quebec, Canada).

for all measurements.The instrumental operating parameters
of the AAS apparatus are reported in Tables 2 and 3.
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Table 3: Temperature program of the AAS method for determination of nickel.

Step N∘ Temperature ∘C Time (sec) Flow (L/min) Type of gas
1 40 5.0 3.0 Argon
2∗ 150 35.0 3.0 Argon
3∗ 150 5.0 3.0 Argon
4𝛼 900 10.0 3.0 Argon
5𝛼 900 15.0 3.0 Argon
6𝛼 900 2.0 0.0
7𝛽 2400 1.0 0.0
8𝛽 2400 2.0 0.0
9 2500 1.0 3.0 Argon
10 2500 2.0 3.0 Argon
∗Drying step, 𝛼pyrolysis step, and Βatomizing step.

Table 4: Results of dissolution of different nickel fractions (N∘=3).

Nickel
Species Solution Treatment Aspect Ni

expected(mg)
Ni

determined(mg)
%

extracted

NiSO4

ammonium citrate (Sol A) 10mL, 37∘C, 60min clear 1.6 1.70±0.1 102%
H2O2 citrate: ammonium citrate (Sol B) 10mL, ΔT, 60min clear 2.3 2.1±0.2 91%
solution methanol:Bromine (solution C) 10mL, ΔT, 2h clear 1.8 1.6±0.1 89%

Solution HCl: HNO3 1:1 (Sol D) 4mL, 70∘C, 30min clear 2.6 2.7±0.3 103%

Ni3S2

ammonium citrate (Sol A) 10mL, 37∘C, 60min residue 10.8 0.31±0.1 0.03%
H2O2 citrate: ammonium citrate (Sol B) 10mL, ΔT, 60min clear 7.6 7.4±1.1 96%
solution methanol: Bromine (solution C) 10mL, ΔT, 2h clear 8.0 8.3±0.8 103%

Solution HCl: HNO3 1:1 (Sol D) 4mL, 70∘C, 30min clear 7.4 8.8±1.2 118%

Ni (0)
metallic

ammonium citrate (Sol A) 10mL, 37∘C, 60min residue 4.6 / /
H2O2 citrate: ammonium citrate (Sol B) 10mL, ΔT, 60min residue 12.2 0.5±0.1 4%
solution methanol: Bromine (solution C) 10mL, ΔT, 2h clear 8.7 9.2±1.1 105%

Solution HCl: HNO3 1:1 (Sol D) 4mL, 70∘C, 30min clear 13.4 15.7±2.3 117%

NiO

ammonium citrate (Sol A) 10mL, 37∘C, 60min residue 7.0 / /
H2O2 citrate: ammonium citrate (Sol B) 10mL, ΔT, 60min residue 13.4 0.1±0.1 1%
solution methanol: Bromine (solution C) 10mL, ΔT, 2h residue 7.4 / /

Solution HCl: HNO3 1:1 (Sol D) 4mL, 70∘C, 30min clear 10.4 11.8±3.2 114%

Ni stock standard solutions was prepared from 1 mg/mL
(1000ppm) of standard solution (Ni(0) in 2% HNO3, O2Si
smart solution, Charleston, USA). Working solutions at
0.05; 0.1; and 0.5 mg/L were prepared by serial dilution
in bidistilled water of the standard at 1000 mg/L solution
(0.05ppm, 0.1ppm, and 0.5ppm).

The accuracy of the method was evaluated by analyzing
certified reference materials (NIST 1643e-1643d trace ele-
ments in water for ultrafiltrate).

Instrumental limit of detection (LOD) of the total Ni,
calculated as three standard deviations of the background
signal obtained on 10 blank samples, was equal to 1 𝜇g/L.

The limit of quantification (LOQ) of the total Ni, cal-
culated as ten standard deviations of the background signal
obtained on 5 blank samples, was equal to 3 𝜇g/L.

The relative standard deviation (RSDs) of measurements
of Ni solutions was between 5 and 10 %.

3.2.1. Extraction Tests. A little amount of all the Ni salts was
treated in falcon with one leaching solution at a time and then
the concentration of Ni was then determined.

To facilitate the dissolution the falcons were placed in an
ultrasonic bath for 5 minutes.

Several tests have been carried out to evaluate different
extraction conditions by using different volumes of solutions,
times and temperatures (date not shown).Thebest conditions
are reported in Table 4 which illustrates the composition of
the solutions, conditions of the extractions, dissolution of the
salts, and the recovery of Ni fraction.

The Ni soluble fraction was effectively extracted by all
the solutions. The sulfidic fraction was not solubilized by
solution A, while it was dissolved by other solutions. The
metallic fraction was well extracted by solution C and D.The
Ni oxide is solubilized only by a solution HCl:HNO3 (1:1); the
leaching with the other solutions does not show traces of Ni
in solutions.
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Table 5: Extraction of specific Ni’s compounds in two mixtures of powders. For each Ni species the percentage of recovery with respect to
the Ni salt added is reported.

Ni species Mixture A
%

Mixture B
Ni added
(mg) Ni found (mg) Ni added

(mg) Ni found (mg) %

NiSO4 0.016 0.013 81 0.054 0.049 91
Ni3S2 0.096 0.080 83 0.310 0.290 93
Ni(0) 0.114 0.11 96 0.367 0.371 101
NiO 0.064 0.065 102 0.207 0.220 106

Sample

Ammonium citrate solution (Sol. A)
37

∘C, 60min

Ni(II) from soluble salts
Residue: Ni(0) and
insoluble compounds

（2／2 citrate (Sol. B)
ΔT, 60min

Ni(II) from sulfidic nickel Residue: Ni(0) and
insoluble compound

(Sol. C) ΔT, 2h

Ni(II) from metallic
nickel

Residue: insoluble
compounds, NiO

HCl:HN／3 (Sol. D)
70

∘C, overnight

Ni(II) from nickel oxide

Methanol: BＬ2

Figure 2: Selective sequential solubilization of inorganic Ni compounds: scheme of the procedure.

The same procedure was carried out on all the solutions
(A, B, C, D) without the addition of Ni salts.

3.3. Speciation Procedure. In order to have Ni concentrations
nearer to those found in real samples, each Ni compound was
homogenously dispersed and grinded in an agate mortar.

The final mixed salts contained 10.4 mg NiSO4 equal to
2.3 mg as Ni, 18.5 mg Ni3S2 equal to 113.3 mg as Ni, 15.8 mg
Ni(0), and 11.3 mg NiO equal to 8.9 mg as Ni.

Quantities ranging from 1 to 2 mg of the mix weighed to
the 5th decimal were deposited in a PVC filter placed on the
DigiFILTER (Mix A = 0.4 mg; Mix B = 1.3 mg).

The sequential extraction procedures are illustrated in
Figure 2 and the results in Table 5.

3.4. Determination of Soluble Nickel. Add 10mL of ammo-
nium citrate solution (solution A) in DigiFILTER inserted on
a falcon; place the DigiFILTER in the oven at 37∘C for 60
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Table 6: Determination of Ni’s fraction in powders (𝜇g/g) and environmental samples (𝜇g/m3) collected in the departments of the steel
production facility.

Powder (𝜇g/g) NiSO4 Ni3S2 Ni(0) NiO Σ Ni Tot AAS
A (1.2 mg) / / 145 196 341 423
B (1.1 mg) 2727 395 745 6673 10540 11509
C (0.1mg) / / 323 356 679 695
D (1.0 mg) 580 232 2180 4440 7432 7538
Filters (𝜇g/m3) NiSO4 Ni3S2 Ni(0) NiO Σ Ni Tot AAS
Filter A 0.32 0.07 0.64 1.5 2.53 2.81
Filter B 0.25 0.67 0.94 1.0 2.86 3.12
Filter C 0.76 0.28 1.6 3.5 6.14 6.44
Filter D 0.87 0.73 4.0 5.0 10.6 10.88
Filter E 0.89 0.24 0.55 1.3 2.98 3.50

minutes. With a vacuum pump, draw the solution into the
falcon and keep it for the determination of the soluble Ni
fraction. Insert a new falcon in the DigiFILTER.

3.5. Determination of Sulfidic Nickel. To the filter fromwhich
soluble Ni phases have been leached out add 10mL of the
solution H2O2 citrate: ammonium citrate (solution B). Keep
at room temperature for 60 minutes under a hood.

With a vacuum pump, draw the solution into the falcon
and keep it for the determination of the sulfidic Ni fraction.
Insert a new falcon in the DigiFILTER.

3.6. Determination ofMetallic Nickel. To the filter fromwhich
soluble and sulfidic Ni phases have been leached out add
10mL of the solution methanol:bromine (solution C). Keep
at room temperature for 2 hours. With a vacuum pump, draw
the solution into the falcon and keep it for the determination
of the metallic Ni. Insert a new falcon in the DigiFILTER.

3.7. Determination of Oxide Nickel. To the filter from which
the first Ni’s fraction have been leached, add 5mL of solution
HCl:HNO3 (solution D) and keep at room temperature
overnight under the hood. With a vacuum pump, draw the
solution in the new falcon. Transfer the filter from the support
into the falcon and add another 5 mL of HCl:HNO3 and heat
in a water bath at 70∘C for 15 minutes.

4. Application of Sequential Leaching to
Real Samples

4.1. Sampling Site and Equipment. The sampling was per-
formed in a steel foundry plant specialized in stainless steels
for naval and aerospace industry; the production cycle is
based on an electric arc furnace with subsequent casting in
a continuous plant. The melting is essentially performed in a
three-phase furnace equipped with three graphite electrodes.
The different qualities of steel are obtained bymixing recycled
scrap with chromium, Ni, and other raw materials. Through
the refining in the ladle furnace, specific compositions and
quality of the steel are reached (the exact composition of the
alloy is proprietary information).

In order to characterize occupational exposure to air-
borne Ni compounds, we carried out a characterization of Ni
species collected on two different types of substrate:

(1) Particulate collected through an IOM (Institute of
Occupational Medicine) sampler (SKC Inc.) on PVC
membrane filters (diameter: 25mm; porosity 0.5 𝜇m),
according to Italian standards [26].The sampling time
of the inhalable fraction ranged from three to six
hours in each location.

(2) Samples of deposition powders generated by indus-
trial processes.

All samples were collected in production areas subjected to
possible Ni airborne exposure, i.e., the ladle furnace, the
continuous casting area, and the electric arc furnace.

5. Leaching and Results

The speciation procedure described in this paper was applied
to real samples of environmental dust and filters.

A small amount of collected powder (in the order of a
few mg) was placed on a PVC filter and treated with the
sequential leaching described above.The results of speciation
are reported in Table 6.

The analysis was also carried out on a PVC filter clean to
control any forms of contamination.

In all the samples, the most represented species was NiO
(35-63%), followed by metallic Ni (7-48%); the soluble and
sulfidic fractions were equally distributed (8-30% and 3-
23%, respectively). In two samples of powders (A and C) the
soluble and sulfidic fractions were not detectable.

In all remove samples, the sum of the different Ni
fractions was comparable with the amount of total Ni. The
sum of the fraction was slightly lower than total Ni measured
in AAS, and the difference was comprised between 1.4 and
19.4%.

At each analysis set, a sample of weighed salts mix is
extracted in parallel to verify the quality and effectiveness of
the extraction. The quality of determination of total Ni was
checkedwith certifiedmaterial (NIST 1640,metallic elements
in water).
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6. Discussion

The speciation of Ni in environmental air samples has
been debated for several years, since there are threshold
limits values relative to the single species but the analytical
techniques for determining them are not always available or
easy to use. The speciation of Ni can be obtained through
chemical leaching and subsequent analysis of the solutes
with traditional methods of Ni determinations or by X-ray
determination [27]. In the literature several authors have tried
to standardize the leaching process and the contrasting results
demonstrate the high variability of the method.

The first available method was published by Zatka et al.
[28], which, through several washings and dry evaporations,
determines the soluble Ni fraction, the sulfidic Ni, the
metallic Ni, and the oxide in sequencewith a relative standard
deviation (RSD) ranged from 3.2 to 3.7%.

Over the years, other authors have tried to replace by
using different solutions. Bolt et al. [28] have developed an
inline system for extracting soluble Ni compounds (with
ammonium citrate buffer), Ni sulfide (with ammonium
citrate and hydrogen peroxide), and metal Ni (with CuCl2
/ KCl). The final digestion of the residues on the membrane
with HNO3/HCl leads to the determination of the Ni oxide
fraction. Themethod is based on the one developed by Zatka
but requires much less time in execution. In 2003, Profumo et
al. [29] reported a method of speciation based on sequential
extraction. The authors succeeded in speciating Ni metal
and soluble Ni compounds, such as sulfate and chloride
and among from the insoluble Ni oxide and sulfide. The Ni
recoveries of the different species were in the range 94/99%.

Also Conard et al. [30] tried to improve the sequence of
Zatka especially in the separation step of the Ni sulfide/metal
phases with leaching with ammonium citrate and hydrogen
peroxide increasing the volume of the solution, time, and
percolation methods. Despite the studies and tests to date,
there is no standardized extraction method to carry out the
chemical speciation of Ni, and the proposed methods are
difficult to apply on environmental samples.

Our study allowed us to overcome some of the prominent
methodological limits of the previously described speciation
techniques: the excessive length of the extraction phase and
the powder leak during the leaching process.

This method is based on the different solubility based on
the different chemical-physical properties of the inorganic Ni
specieswhich allow a sequential extraction of the fraction and
a determination of Ni.

The test on all the solutions of each single fraction
shows how the solutions selectively dissolve the inorganic Ni
species.

NiSO4, more soluble compound, is dissolved by all four
solutions with an efficacy ranging from 89 to 103%, while the
less soluble Ni dissolves only in a solution of HNO3 and HCl
1:1.

Compared to the previously published methods we
reduced the overall volume of the solvents used to only 10
mL, therefore avoiding the evaporation phase and the issues
related to the retaining of the solutes. Previous tests on the
same sequence of leaching conducted on a filter placed on

a simple vacuum extraction device led to very low retaining
rates in the order of 50% (date not shown); the adoption of
DigiFILTER devices allowed to improve the retaining rate
(reaching 94-99%) probably preventing the loss of small
particles independently from the different Ni species.

The determination of species of Ni in real powder or filter
allowed identifying the different species associated with the
different samples.

In all remove samples, the sum of the different Ni
fractions was comparable with the amount of total Ni. The
sum of the fraction was slightly lower than total Ni measured
in AAS; the difference was comprised between 1.4 and 19.4%.

Moreover, taking into account the great progress that
has been made in the identification of new health related
particle size exposure assessment, the methods described in
this paper could also be applied in analyzes carried out on
particulate ultrafine material [31]. The value of inhalable Ni
aerosolsmonitoring by species has beenwidely demonstrated
in a variety of working environments as a fundamental tool
in assessing respiratory cancer risk [32, 33]. A species-specific
approach to setting occupational exposure limits guarantees
that the best available health and exposure data will be used.
Future research may lead to consideration of setting species-
specific OELs on the basis of certain subfractions of inhalable
Ni aerosols.

Better Ni speciation techniques will improve the capa-
bility of assessing the occupational exposure to carcinogens
together with both the measurement of the inhalable fraction
and the particle size distribution, as expected and hoped in
previous studies [34].

7. Conclusion

The analytical method described in this paper allows the
determination of soluble, sulfidic, metallic, and oxide Ni by
a simple sequential extraction procedure and determination
by Atomic Absorption Spectroscopy using small volumes
of solutions and without long evaporation phases. For the
purpose of assessing occupational exposure to carcinogens,
the method developed allowed the separation and speciation
of the different Ni species on the inhalable fraction of the
airborne particulate sampled in different working environ-
ments.

The speciation of Ni in real environmental samples
allowed us to compare our results with the TLVs proposed by
the different agencies and regulations, which is not possible
with the sole determination of the total metallic Ni.
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In the present study, ICP-MS with a new hybrid simultaneous preconcentration combining solid phase extraction using chelating
resin and iron hydroxide coprecipitation in one batch at a single pH adjustment (pH 6.0) were developed for multielement
determination of trace metal ions in seawater. In multielement determination, the present method makes it possible to determine
Cr(III), As(V), Se (IV), and other 14 trace metal elements (Ti, V, Co, Ni, Cu, Zn, Zr, Ge, Cd, Sb, Sn, W, Pb, and U) in seawater.
Moreover, for speciation analyses of Cr, As, and Se, the pH dependence on recovery for the different chemical forms of Cr, As, and
Se was investigated. In speciation analyses, Cr, As, and Se were determined as the total of Cr (III) and a part of Cr (VI), total of As
(III) and As (V), and Se(IV), respectively. Determination of total of Se and Cr(VI) remains as future task to improve. Nevertheless,
the present method would have possibility to develop as the analytical method to determine comprehensively most metal elements
in all standard and guideline values in quality standard in environmental water in Japan, that is, most toxic metal elements in
environmental water.

1. Introduction

ICP-MShas excellent analytical features such as simultaneous
multielement capability, extremely high sensitivity, and wide
linear dynamic range for most metal elements [1–3]. So, ICP-
MS makes it possible to determine comprehensively almost
all heavy metals, whose standard values or guideline values
were established in water quality standards for human health
relating to water pollution in Japan, without any special
preconcentration. However, the measurement of trace metals
such as heavy metals in seawater is difficult even using ICP-
MS, because the salt contents in seawater are approximately
3.5% and they cause not only matrix effect and spectral
interference but also the clogging of the torch top and the

orifice of cone in ICP-MS [3]. These days, a high matrix
introduction (HMI) unit permits the direct introduction
of seawater into ICP-MS. In addition, novel ICP-MS with
tandem quadrupole mass spectrometer (QMS/QMS) as
well as with an octapole reaction cell (ORC) have become
commercially available, which provides efficient removal
of spectral interferences due to oxide species [4]. However,
ICP-MS with preconcentration and desalting remains the
most efficient method for the simultaneous and sensitive
determination of trace metal elements in seawater without
spectral interference and matrix effect.

The chelating resin preconcentration method has
excellent analytical features of nonselective multielement
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determination for many trace elements in seawater, along
with efficient removal of matrix elements such as Na, K, Ca,
and Mg [5–10]. However, it is found that the chelating
resin provided poor recoveries for some oxoanion-forming
elements, such as As, Se, and Cr, which are toxic and
important in environmental sciences. Coprecipitation
methods [11] such as lanthanum hydroxide [12–14], iron
hydroxide [15–17], yttrium hydroxide [18], and magnesium
hydroxide [19] are also effective as other preconcentration
methods to complement chelating resin technique, because
both oxoanion-forming elements and cation-forming trace
elements can be concentrated using this method. However,
the coprecipitation methods do not allow one to analyze toxic
metal elements comprehensively, although they provided
good recoveries for some oxoanion-forming elements
and/or a part of transitionmetals. In addition, coprecipitation
carrier results in high concentration of matrix components.
Accordingly, performing both chelating resin preconcentra-
tion and coprecipitation complementally under control of
matrix components is effective to determine many trace
metal elements including toxic ones simultaneously. Yabutani
et al. developed the tandem preconcentration method
based on chelating resin adsorption and lanthanum
hydroxide coprecipitation method that was continuously
used to determine the oxoanion-forming elements and other
trace elements [20]. However, this tandem method was time-
consuming, because a series of preconcentration procedures
including pH adjustment need to be performed for the
coprecipitation after the chelating resin preconcentration. In
contrast, a proposed new hybrid simultaneous preconcentra-
tion method was examined as a batch method that uses
a single pH adjustment to achieve solid phase extraction
using chelating resin and iron hydroxide coprecipitation.
Thus, the potentials of ICP-MS with the present hybrid
preconcentration method were investigated for simultaneous
preconcentration and determination of the oxoanion-
forming elements such as Cr, As, Se, and other trace metal
elements, whose standard and guideline values were
established in environmental quality standards for water
pollution in Japan, even in seawater containing high
concentrations of salts.

2. Materials and Methods

2.1. Instruments. An ICP-MS instrument (Agilent 7700x,
Agilent Technologies Co., Tokyo, Japan), equipped with a
quadrupole mass spectrometer and an octapole reaction cell
(ORC), was used for the determination of trace metals in pre-
concentration solution of seawater. The operating conditions
for the ICP-MS instrument were summarized in Table 1. In
the ICP-MS measurement, the internal standard correction
was performed using Be, In, and Tl as internal standard
elements to correct matrix effects due to major elements [21].
The purified water (18.2MQ cm) used throughout the present
experimentwas prepared by aMilliQ SP-TOC system (Nihon
Millipore Kogyo, Tokyo, Japan).

2.2. Chemicals. The standard solutions for making the cali-
bration curves in the ICP-MS measurements were prepared

Table 1: Operating conditions for the ICP-MS instrument.

ICP-MS: Agilent 7700x
Plasma conditions:

RF power 1.55 kW
Plasma gas flow rate 15.0 L min−1 Ar
Auxiliary gas flow rate 0.90 L min−1 Ar
Makeup gas flow rate 0 L min−1 Ar
Carrier gas flow rate 1.05 L min−1 Ar
Sampling depth (mm from load coil) 8.0 mm
Cell gas He mode:4.3 mL min−1

H2 mode:6.0 mL min−1

Nebulizer Micro Mist
Sample uptake rate 0.45 mL min−1

Data acquisition:
Accumulation time 0.3-1.0 s / point
Data point 3 points / peak
Repetition 3 times

by diluting commercial multielement standard stock solu-
tions (XSTC-622, 35 elements, 10 mg L−1 each), which were
purchased from SPEX (Metuchen, NJ, USA). As, Cr, and
Se were involved as As(V), Cr(III), and Se(IV) in XSTC-
622, respectively. Nitric acid, hydrochloric acid, acetic acid,
and aqueous ammonia solution were of electronics industry
grade (Kanto Chemical Co., Tokyo, Japan). A single-element
standard stock solution of Fe 10000 mg L−1 for general
tests in the Japanese pharmacopoeia (Wako Pure Chemical
Industries Inc., Osaka, Japan) was used as the iron solution
for iron hydroxide coprecipitation.

The added standard solutions to investigate the recovery
values were prepared as follows. The standard stock solutions
for Cr(III), Cr(VI), and As(V) were prepared by diluting
chromium(III) standard for ICP, chromium(VI) standard for
ICP, and Arsenic (V) standard solution (1000 mg L−1 each,
Merck, Darmstadt, Germany), respectively. The standard
stock solutions for As(III) and Se(IV) were prepared by
diluting standard solution of arsenic (III) and selenium (IV)
for chemical analysis (1000 mg L−1 each, Kanto Chemical
Co.), respectively. The standard solution for Se(VI) was
prepared by extra grade of dissolving sodium selenite (Wako
Pure Chemical Industries Inc.) in ultrapure water.

The chelating resin particles (InertSep ME2, 60-70 𝜇m
in diameter, GL Science Inc., Tokyo, Japan) have iminodi-
acetic acid (pKa = 2.98) and dimethylamino (pKa =10.77)
groups on methacrylate resin. This resin was beforehand
conditioned with ethanol, 2 M HNO3, purified water, and 0.1
M ammonium acetate solution, which was used for chelating
resin preconcentration of seawater samples. The ammonium
acetate solution (pH 6) used for the pH adjustment was
prepared by mixing equivalent molar amounts of acetic acid
and ammonia solution.

The artificial seawater was prepared as follows using
some reagents of extra grade purchased from Wako Pure
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Chemical Industries Inc.: 28.5 g of sodium chloride, 6.82
g of magnesium sulfate heptahydrate, 5.16 g of magnesium
chloride hexahydrate, 1.47 g of calcium chloride dehydrate,
0.725g of potassium chloride, 0.084 g of sodium bromide,
and 0.0273 g of boric acid were dissolved in ultrapure water.
Then, the volume of the solution was adjusted to be 1 L with
ultrapure water.

2.3. Procedure of the Hybrid Preconcentration Combing Iron
Hydroxide Coprecipitation and Solid Phase Extraction Using
Chelating Resin. In the preconcentration procedure, 50 mL
of a sample solution was initially taken in a 50 mL plastic
bottle (DigeTUBEs, SCP SCIENCE, Canada, Montreal) and
then 250 mg of the chelating resin particles, 50 𝜇L of 10000
mg L−1 iron standard solution, 1 mL of 1.0 M ammonium
acetate (buffer solution), and 100 𝜇L of 400 𝜇g L−1 methyl
red solution (pH indicator) were added into the sample
solution. The pH of the sample solution was adjusted to
6.0±0.1 using 6M ammonia solution. As described in Results
and Discussion, the optimal pH value for seawater samples
in the iron hydroxide precipitation was pH 6.0, which was
also appropriate for solid phase extraction using chelating
resin. In the process of hybrid preconcentration procedure,
it is considered that some cation-forming trace metals were
complexed on the surface of the chelating resin particles
and some oxoanion-forming elements such as Cr, As, and
Se were adsorbed on and/or occluded in iron hydroxides
coprecipitation. Changes in color were monitored during the
pH adjustment for a preliminary estimation, but the final pH
of the sample solution was confirmed using with a compact
pH meter (Twin pH meter, Horiba Ltd., Kyoto, Japan). Next,
the iron hydroxide coprecipitations formed were ripened for
2 h at 70∘C in a water bath. Then, all the solutions were
filtered using 𝜙25 mm the glass fiber filter (Digi Filter, SCP
SCIENCE, Canada, Montreal) with pore size of 1 𝜇m, and
the chelating resin particles and iron hydroxide coprecipitates
were collected on the filter simultaneously. They were then
washed with 50 mL purified water several times. Trace
metals from the chelating resin particles and iron hydroxide
coprecipitates were eluded with an acid solution. In the
elution process, 5 mL of 2.6M nitric acid solutions was added
divisionally twice (2 and 3 mL) into chelating resin particles
and iron hydroxide coprecipitates on the filter. When the first
2 mL of 2.6 M nitric acid solution was added, the solution
was maintained for 10 min before removing to dissolve
adequately the iron hydroxide coprecipitates. Subsequently,
5 mL of ultrapure water and 3 mL of the 2.6 M nitric acid
solution were added as elutants and aspirated by vacuum
pump (MDA-05, ULVAC, Chigasaki, Japan). Totally, 10 mL
of elutant was obtained per each sample. Hence, ca. 5-fold
preconcentration was achieved for the analysis solution in the
present procedure, which was subjected to the simultaneous
multielement determination of Cr, As, and Se and other trace
metals using ICP-MS.

In the recovery test for investigation for the added amount
of Fe3+ and analysis of coastal seawater, 50 𝜇L of a mixed

standard solution (XSTC-622, SPEX) containing 35 trace
metals (1.0 mg L−1 each), in which Cr, As, and Se were
contained as As(V), Cr(III), and Se(IV), was added into
50 mL of an artificial seawater. Then, the preconcentration
procedure described above was carried out for the spiked and
the unspiked artificial seawaters to estimate the recovery val-
ues. The recovery values for analyte elements were obtained
as the percentages of the differences between the amounts
of analyte elements in the spiked and unspiked artificial
seawater samples, which was measured by ICP-MS after the
present hybrid simultaneous preconcentration procedure, to
the amounts added to the artificial seawater (50 ng each). In
recovery test for speciation analysis of Cr, As, and Se, two
kinds of recovery tests were separately performed using the
stock solution for lower oxidation state of Cr(III), As(III),
and Se(IV) and that for higher oxidation state of Cr(VI),
As(V), and Se(VI) to avoid the oxidation-reduction reaction
among these elements. 50 𝜇L of the mixed standard stock
solution of Cr(III), As(III), and Se(IV) (1.0 mg L−1 each)
was added to the artificial seawater sample to prepare 50
mL of the spiked test solution for the lower oxidation state,
and those of Cr(VI), As(V), and Se(VI) (1.0 ngL−1 each)
were added to another sample of the artificial seawater to
prepare 50 mL of the spiked test solution for the higher
oxidation state. These two kinds of the spiked test solutions
and unspiked artificial seawater without addition of any
standard solution were analyzed by ICP-MS with the present
hybrid simultaneous preconcentration to investigate the pH
dependence on recovery of each oxidation state of Cr, As, and
Se. The recovery for each chemical form of Cr, As, and Se
was calculated in a similar manner to the recovery test for
investigation for the added amount of Fe3+ and analysis of
coastal seawater described above.

2.4. Seawater Samples. Seawater samples were collected at
the Senzu coast in Izu-Oshima Island, Tokyo, Japan. Col-
lected samples were filtered through the membrane filters
of 𝜙47 mm with a pore size 0.45 𝜇m (Omnipore filter,
Millipore, Bedford, MA, USA) immediately after sampling.
The dissolved samples filtered with the membrane filters
were acidified to pH 1 by adding concentrated HNO3 (EL
grade, Kanto Chemical Co.) and then subjected to hybrid
preconcentration.

3. Results and Discussion

3.1. Investigation for Added Amounts of Fe3+. In the present
study, iron hydroxide coprecipitation was employed along
with solid phase extraction using chelating resin to develop
a hybrid simultaneous preconcentration method, because
Fe(OH)3 precipitates have a positive charge at pH 4-8 [22].
Moreover, Fe(OH)3 precipitates can form at pH 5-6 [16]: this
acidic condition is also optimal for solid phase extraction
using chelating resin. In iron hydroxide coprecipitation, the
added amounts of Fe3+ are generally 1.5-50 mg for 50 mL of
each seawater sample [15, 16]. In the present study, however,
it was set as 0.5 mg for 50 mL samples, because the added
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Figure 1: Comparison of recoveries of V, Cr(III), Co, Ni, Cu, Zn, As(V), Se(IV), Cd, and W in changing the added amount of Fe3+ in the
hybrid preconcentration.

amount of Fe3+ as coprecipitation carrier should be kept
minimal to decrease total matrix concentration and not to
block the performance of chelating resin particles. Thus, the
optimal added amount of Fe3+ was investigated in the present
hybrid simultaneous preconcentration. When 0mg, 0.50 mg,
1.0 mg, and 1.5 mg of Fe3+ were added to 50 mL of seawater
sample with 250 mg of powdered chelating resin particles,
respectively, and adjusted to pH 6.0, the recoveries of V,
Cr(III), Co, Ni, Cu, Zn, As(V), Se(IV), Cd, and W are shown
in Figure 1. As can be seen in Figure 1, the recoveries of
most analyte elements were found to be higher at 0.50 mg
and 1.0 mg. From this result, it was determined that the
optimal amount of added Fe3+ was 0.50 mg, which resulted
in the smaller total matrix and provided the smaller blank
values. Then, Fe concentration was maintained below 50 mg
L−1 in the 5-fold concentrated solutions and total residual
concentrations of major ions such as Mg2+, Ca2+, Na+, and
K+ were below 20 mg L−1. Thus, the matrix effect caused by
the added Fe and the residual concentration ofmajor ionswas
so small to be corrected using the internal standard method
[21].

3.2. Comparison of Recoveries in the Hybrid Preconcentration
with 
ose in Solid Phase Extraction Using Chelating Resin.
The recovery of each element in the developed hybrid
preconcentration was investigated. The results are shown in
Figure 2 with those in a single solid phase extraction using
chelating resin. As seen in Figure 2, for single solid phase
extraction using chelating resin, the recoveries of Cr(III), Ge,
As(V), Se(IV), Zr, and Sb were very low below 10%, and those
of Sn and W were below 60%, whereas those of V, Co, Ni,
Cu, Zn, Cd, Pb, and U were over 80% and high enough for
determination of trace metals in seawater. As reported in
previous studies [14], it is considered that oxoanion-forming
elements such as Cr, Ge, As, Se, Sb, and W provided poor
recoveries in single chelating resin preconcentration, which
may be ascribed to their low adsorption on the chelating resin
with cation-exchange functional groups.

However, in the present hybrid preconcentration, the
recoveries of oxoanion-forming elements such as As(V),
Cr(III), Se(IV), Ge, Sb, and W were remarkably higher than
those in single solid phase extraction using chelating resin,
as seen in Figure 2. Particularly, the recoveries of As(III),
Cr(III), Se(IV), and W were over 80%. Moreover, those of
Ti, Cd, Zr, and Sn were 70-95% and become remarkably
higher than those in single chelating resin preconcentration.
The precisions of the recoveries were almost below 5% for
the present hybrid method. Recovery values and precisions
obtained were high enough to determine simultaneously the
oxoanion-forming elements and other trace metals.

3.3. pH Dependence on the Recovery of Different Chemical
Forms of Cr, As, and Se for Speciation Analysis. Cr, As, and
Se are present as two different oxidation states in seawater
and environmental water. Cr exists as either Cr3+ or CrO4

2−

(VI) in seawater, As as either AsO3
3− (III) or AsO4

3− (V),
and Se as either SeO3

2− (IV) or SeO4
2− (VI) [23]. Because

the toxicity and bioavailability of these elements to aquatic
animals and plants depend on the oxidation state, speciation
analysis for these elements was very important to evaluate the
effects on the aquatic ecosystem. Thus, the pH dependence
on recovery of each oxidation state of Cr, As, and Se in
seawater samples was investigated for speciation analysis. The
results are shown in Figure 3. It can be seen from Figure 3
that the optimal pH to recover Se (IV), As (III), As(V), and
Cr(III) simultaneously was pH 6.0. At this pH, the recovery
of As was over 80%, regardless of the oxidation state. On
the other hand, the recoveries of Cr(VI) and Se(VI) were
ca.30% and 2%, respectively, whereas those of Cr(III) and
Se (IV) were 100% and 80%, respectively. Moreover, even in
different pH value, the recovery of each chemical form was
not enough for its determination. Therefore, the optimal pH
is also 6.0 for the speciation analyses that allows determining
separately each chemical form of Cr, As, and Se. Under these
conditions, the total concentrations of As, the sum of As(III)
andAs (V), and the concentration of Se(IV)were determined.
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However, it was difficult to determine separately Cr(III) and
Cr(IV).

3.4. Simultaneous Determination of Cr, As, and Se and Other
Trace Metals in Coastal Seawater. Analytical results for the
oxoanion-forming elements and other trace metals dissolved
in coastal seawater collected at Izu-Oshima Island are shown
in Table 2 with the recovery values, blank values, instru-
mental detection limits (DLinstru), and analytical detection
limits (DLanal). The recovery values were calculated as the
percentages of analyte element amounts recovered after pre-
concentration to those added before preconcentration (50 ng
each), as described in “Experimental” section. The recovery
of As in Table 2 was obtained for As (V). However, as the
recovery of As(III) was as high as that of As(V) at pH 6.0
in Figure 3, the analytical result of As in coastal seawater is
shown as As (III+V) in Table 2. The DLinstru of the analyte
elements was obtained at the concentrations corresponding

to 3-fold the standard deviation (3𝜎) of the background signal
intensities for the blank solution (2 M HNO3), where the
standard deviation (𝜎) was calculated from 10-times repeated
measurement at eachmass number. As it is confirmed that the
linearities of the calibration curves for all analyte elements
ranged from DLinst to over 100 ng L−1, all analyte elements
in the concentrated sample solutions were measured within
the liner range of the calibration curves. The DLanal was
estimated from the instrumental detection limits, taking
into consideration the concentration factors and recovery
values. The concentrations for 17 trace metals, which were
corrected by the recovery values, concentration factors, and
blank values, are shown in Table 2. The observed values
and relative standard deviations (RSDs) were estimated from
mean values and standard deviation (𝜎) of the independent 3-
times analyses. As can be seen in Table 2, the concentrations
of Cr (III), As (III+V), Se (IV), and other trace metals (Ti, V,
Co, Ni, Cu, Zn, Ge, Zr, Cd, Sb, Sn, W, Pb, and U) were in the
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range of 3.0 𝜇g L−1 for U to 0.012 𝜇g L−1 for Co, which were
determined with low RSDs below ca. 10% except for Ti. The
recovery values for most elements in Table 1 were large (more
than 85%) enough to obtain reliable analytical data, whereas
those for Ge, Se(IV), and Sb were below 70%. However,
they were employed for correction of the determined values,
because the RSDs for these recoveries were below 3% and
the precisions were very high. The blank values for most
elements were below sub 𝜇g L−1 and low enough to correct
the determined values. However, those for Co and Ge were
over 10%of the observed values and relatively high.Therefore,
these determined values were showed with asterisk in Table 2,
as they may be less reliable than those for other elements.

4. Conclusion

In the present study, ICP-MSwith a new hybrid simultaneous
preconcentration combining the solid phase extraction using
chelating resin and iron hydroxide coprecipitation in one
batch at a single pH adjustment (pH 6.0) were developed for
multielement determination of trace metal ions in seawater.
In multielement determination, the present method made it
possible to determine Cr(III), As(V), Se(IV), and 14 other
trace metal elements (Ti, V, Co, Ni, Cu, Zn, Ge, Zr, Cd,
Sb, Sn, W, Pb, and U). However, in speciation analyses,
Cr, As, and Se were determined as the total of Cr (III)
and a part of Cr (VI), total of As (III) and As (V), and
Se(IV), respectively. Determination of total of Se and Cr (VI)
remains as future task to improve. Nevertheless, the present
method would have possibility to develop as the analytical
method to determine comprehensively most metal elements
in all standard and guideline values in quality standard
in environmental water in Japan, that is, most toxic metal
elements in environmental water.
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A simple and selective method has been developed for preconcentration of gold in ore samples. The method is based on use of
N, N-diethyl-N’-benzoylthiourea (DEBT) as selective chelating agent and Amberlite XAD-16 as solid sorbent. Sorption behavior
of gold with DEBT impregnated resin under optimized conditions has been studied in batch process. The gold ion capacity of the
impregnated resin is calculated as 33.48 mg g−1 resin (0.17 mmol g−1 resin). The selective preconcentration of metal was examined
using gold chelates prepared in column process under optimized conditions: pH, flow rate, volume of sample solution, nature
of eluent, flow rate, and volume of eluent. Under optimum conditions, gold ions at the concentration of 0.015 𝜇g mL−1 with
a preconcentration factor of 6.7 have been determined by flame atomic absorption spectrometry (FAAS). The accuracy of the
proposed method was validated by the analysis of a Cu-ore (semi-certified) supplied by CMC (Cyprus Mining Company, North
Cyprus) and a certified reference material, Gold Ore (MA-1b Canmet-MMSL). Satisfactory results were obtained with a RSD of
7.6%. The highly selective proposed method does not require any interference elimination process.

1. Introduction

Gold is one of the precious metals which occurs in very low
natural contents such as 4 ng g−1 in basic rocks, 1 ng g−1 in
soils, 0.05 𝜇g L−1 in sea water, and 0.2 𝜇g/L in river water.
Due to its specific physical and chemical properties, gold is
widely used in industry, agriculture, and medicine [1]. Low
abundance and heterogeneous distribution of gold in geo-
logical samples and various interfering matrices requires the
development of accurate and reliable analytical procedures
for determination of gold in environmental samples. There-
fore, a selective separation and preconcentration method is
a critical need for sensitive, accurate, and interference free
determination of gold [2].

In literature, various techniques have been recorded for
separation and preconcentration of gold, such as liquid-liquid
extraction [3], coprecipitation [4], solid-phase extraction [5],
cloud point extraction [6], and electrodeposition [7]. Solid-
phase extraction (SPE) is preferable over all these techniques
due to its advantages like high enrichment factor, high
recovery, rapid phase separation, low cost, minimum solvent

waste generation, and sorption of the target species on the
solid surface in a more stable chemical form [8, 9].

The use of solid sorbents for preconcentration and sepa-
ration has received great attention from analytical chemists
[10]. Among wide range of solid phases such as multi-
walled carbon nanotubes [11], surfactant coated alumina [12],
styrene-divinylbenzene matrix [5, 13, 14], and silica gel [10, 15]
have gained much importance for the metal ion enrichment.
Amberlite XAD series have been more preferably used as
solid support due to their good physical properties such as
high porosity, uniform pore size distribution, high surface
area as chemical homogenous non-ionic structure, and good
adsorbent properties for great amounts of uncharged com-
pounds [5, 16, 17]. Compared to Amberlite XAD-2 and XAD-
4 resins, Amberlite XAD-16 has larger surface area [9], which
makes possible to increase the number chelating sites hence
increasing the selectivity towards target metal ions. This
can be achieved by selecting suitable chelating agents. The
chelating groups that are widely used for preconcentration
of precious metals are imidazole, thioguanidine, dithizone,
mercapto groups, amino groups, and thioureas [18]. In several
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studies, N, N-diethyl-N’-benzoylthiourea (DEBT) has been
recorded as a selective complexing agent for precious metals
[19, 20]. Its selectivity is mainly controlled by pH. It has very
high resistance to hydrolysis and oxidation. In addition to
high pKs values, with resonance effects, DEBT can increase
the electron density at sulfur donor atom when suitable
acceptors are available. DEBT forms stable complexes only
with Class b and border line acceptors. Noble metal ions, due
to their specific Class b properties, form chelates with DEBT
in low oxidation states in strongly acidic solutions [19, 20].

In the present study, DEBT as a chelating ligand and
Amberlite XAD-16 as solid support have been used for selec-
tive separation and preconcentration of gold which is deter-
mined by flame atomic absorption spectrometry (FAAS).
Optimum conditions for batch and column processes have
been studied in detail. Then the proposed method has been
applied to two real samples: Cu-ore supplied from CMC,
North Cyprus, and a certified reference material Gold Ore
(MA-1b) supplied by Canmet-MMSL, Ontario.

2. Experimental

2.1. Apparatus and Instrumentation. In order to prevent
sorption of gold on silica surfaces, equipment made of
polytetrafluoroethylene (PTFE) was used. 100 mL DuPont
polyethylene containers for the storage and 5-50 and 100-
1000 𝜇L adjustable micropipettes (Transferpette, Treff Lab)
with disposable polyethylene tips for preparation of solutions
were used. In batch process, optimum conditions such as
pH, stirring time, metal ion capacity, and agents suitable for
desorption were studied by using 50-mL of Falcon tubes.
NÜVE SL 350 horizontal shaker was used during sorption
optimizations in batch process.

Columns were prepared from 12-mL syringe barrels (1.5
cm i.d., 7.8 cm height, PTFE, Supelco) where disposable
porous frits were placed at the bottom of the barrels. 1.0 g
resin (unless otherwise stated) slurred in 50 mL water was
uniformly placed in column and was covered with cotton
wool to prevent dispersion by the addition of sample solution.
Tygon� tubing was used to connect the outlet tip of the
syringe barrel to a Gilson Miniplus peristaltic pump. A
calibration, flow rate mL min−1 versus rpm was carried out.
This calibration was repeated for each column before the
application. Each time, 15 mL blank solutions at a flow rate
of 1 mL min−1 were passed before sorption and desorption
studies.

Philips PU 9200 Atomic Absorption Spectrometer with
Epson FX-850 printer was used for determination of gold
ions.

2.2. Chemicals. All the reagents were of analytical reagent
grade. Deionized water from a Milli-Q system was used
throughout the study unless otherwise stated. Amberlite
XAD-16 resin was supplied by Sigma. Gold standard solu-
tions were prepared by diluting of 1000 𝜇g mL−1 stock
solution (Spectrosol) with 1 mol L−1 HCl (J.T. Baker, 36-
38% w/w). During batch process, pH-adjustments were done
using NaOH (Acros, 50% w/w). For desorption studies,
Na2S2O3 (extra pure, Bilesik Kimya Mekanik) was used.

2.3. Synthesis of DEBT and Impregnation Process. DEBT
was synthesized according to the procedure modified in
our laboratory [20] where potassium thiocyanate (Fischer,
0.1mol) was dissolved in anhydrous acetone (Riedel-deHaen,
100 mL) by stirring and heating in a reflux condenser. After
cooling to room temperature, benzoyl chloride (Merck, 0.1
mol) was added dropwise and stirred for 30 minutes. Then
potassium salt was filtered off. The filtrate in orange was
reacted with 0.1 mol of diethylamine (Merck) dropwise. The
reaction mixture was crystallized in 250 mL of 1 mol L−1
HCl solution. After filtering the mixture, the residue was
recrystallized with ethanol.

Since the impregnation process deals with physical inter-
actions between the chelating agent and solid support by
either inclusion in the pores of the support material or
adhesion process or electrostatic interaction, some parame-
ters controlling the impregnation such as stirring time and
chelating agent capacity have been optimized as mentioned
elsewhere [21].

2.4. Batch Method. With batch studies, sorption behavior of
high concentrations of gold onDEBT impregnated Amberlite
XAD-16 was investigated. Some critical parameters such as
pH, stirring time, and metal ion capacity of resin capacity
have been studied to find out the optimum conditions for
recovery of gold.

2.4.1. pH Effect. In order to investigate the pH effect on
sorption of gold onto impregnated resin, different sets of 10
mL of 10 mg L−1 of Au3+ solution in the pH range of 1-5 were
stirredwith samples of 0.1 g impregnated resin for 50minutes.
After filtration under vacuum, metal ions in the filtrate were
determined by FAAS.

2.4.2. Stirring Time. Three different sets of 2 mg L−1, 10 mg
L−1, and 100 mg−1L of 10 mL of Au3+ solutions in 1 mol L−1
HCl were stirred with samples of 0.1 g impregnated resin
from the periods of 5 minutes to 1 hour. Then solutions were
filtered and filtrates were aspirated into FAAS for metal ion
determination.

2.4.3. Gold Ion Capacity of Resin. In order to determine the
resin capacity, samples of 0.1 g of impregnated resin (1 mmol
DEBTg−1 resin)were stirredwith 10mLof gold ions solutions
in the concentration range of 2 mg L−1 to 600mg L−1 in 1 mol
/L−1 HCl for 15 minutes. Then the solutions were filtered and
metal ion concentrations were determined by FAAS.

2.5. Column Method. Since the kinetic and equilibrium
aspects of column process are different than batch process,
optimization of column conditions is needed. Effect of flow
rate and volume of ligand solution on impregnation and
effect of ligand concentration on amount of metal chelate
adsorption have been studied in column process.

2.6. ProposedMethod for Preconcentration of Gold. 100 mL of
gold chelate solutions (0.15 𝜇g mL−1 Au3+ and 3 mL of 2x10−3

mol L−1 DEBT) was percolated through the column (1.0 g
pure resin) at a flow rate of 0.5 mL min−1. Then metal ions
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could be eluted with 15 mL of 0.2 mol L−1 Na2S2O3 in water
with a recovery of 97.6 ± 2.3% (N=2).

2.7. Preparation of Ore Samples. An acid digestion procedure
was applied to Cu-ore and Gold Ore (MA-1b) samples as
suggested elsewhere [22]. Accordingly, two parallel 10.0 g
of Cu-ore sample and 1.0 g of Gold Ore (MA-1b) were
transferred into Teflon beakers. 20 mL of HCl was added to
each where the beakers were covered and placed on a warm
hot plate. After 15minutes of digestion, 15mL of concentrated
nitric acid was added and the contents were digested for
20 minutes. Then 25 mL of concentrated HCl and 25 mL
of deionized water were added. The contents were boiled to
expel nitric acid digestion gases and to dissolve all soluble
salts. After cooling they were filtered through Whatman
white band filter paper into 100 ml PTFE flask. Once 3 mL
of 2 X 10−3 mol L−1 DEBT solution was added, final volume
was completed to 100 mL with deionized water. Later, the
proposed procedure for preconcentration of goldwas applied.

3. Results and Discussion

3.1. Characterization Studies. The structure of DEBT was
characterized by FTIR and UV-VIS spectrophotometer. The
synthesized DEBT exhibited 2 strong broad UV-absorption
peaks at 237 and 278 nm which were consistent with those
given in literature [20]. The characteristic absorption bands
for N-H, C−H, and amide I (C=O), amide II, and amide III
at 3276, 3066-2936, 1656, 1537, and 1306 cm−1, respectively,
appeared in both of the spectra. FTIR studies for pure resin,
DEBT, DEBT impregnated resin, and DEBT-metal chelates
have been carried out [20]. The characteristic absorption
bands for C-H and amide I (C=O), amide II, and amide III
at 3276, 3066-2936, 1656, 1537, and 1306 cm−1, respectively,
appeared only in the spectra of DEBT and impregnated resin.
While the characteristic IR band of –N(CH2CH3)2 group
in the ligand at 2875 cm−1 remained almost unchanged in
the spectrum of the complex showing that this group is
not involved in coordination, C-H vibration in the aromatic
ring is blue shifted upon metal-ligand bond formation. The
position of amide I, amide II, and III bands at 1656, 1537,
and 1306 cm−1, respectively, arising from the carbonyl of the
benzamide moiety and secondary amide of DEBT at 3276
cm−1 disappeared in the complex.

3.2. Parameters Optimized in Batch Method

3.2.1. pH Effect. In literature, it is noted that DEBT forms
stable and selective complexes with noble metals only in
acidic or strongly acidic media [19]. Moreover, Shuster and
coworker reported optimum pH range as 0-5 for liquid-liquid
extraction of gold with DEBT was previously reported as 0-
5 by Schuster and coworkers [31]. Therefore, the pH effect
on chelation of gold ions with DEBT impregnated resin is
investigated within the pH range from 1 to 5.

It was shown that the maximum percent sorption is
obtained at pH ∼ 1 (see Figure 1). Therefore, standard
solutions were prepared by diluting AAS standard stock
solutions with 1 mol L−1 HCl.
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Figure 1: Effect of pH on sorption. Amount of resin: 0.1 g resin,
amount of DEBT: 1mmol g−1 resin, and stirring time: 50 minutes.
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Figure 2: Stirring time of gold. Amount of resin: 0.1 g and amount
of DEBT: 1 mmol g−1 resin.

3.2.2. Effect of Stirring Time. Referring to Figure 2, it can
be concluded that 15 minutes of stirring is sufficiently good
enough to achieve sorption equilibrium for three different
concentrations of gold ion. Higher gold ion concentrations
have no effect on the optimum time of sorption. Actually,
fast kinetics can be expected in applications of macroporous
resins. In addition, high ligand concentration, 1 mmol g−1
resin, used in impregnation may increase selectivity of the
resin which can also be a reason for fast sorption rate.

As a result, 15 minutes of stirring can be accepted as a
suitable stirring time during loading of resin with possible
higher concentrations of gold ions to determine gold ion
capacity of the resin.

3.2.3. Gold Ion Capacity of Impregnated Resin. Referring to
Figure 3, after 500 mg L−1 of gold ions solutions, the impreg-
nated resin reaches to saturation. The metal ion capacity of
the resin is calculated as 33.48 mg Au3+ g−1 resin (0.17 mmol
Au3+ g−1 resin) applying the following formula [32].

Q =
(Co − CA) × V

W
(1)

where Q is the metal ion capacity (mg/g),

Co is the initial concentration of metal ion (mg/L),
CA is the equilibrium concentration of metal ion
(mg/L),
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Figure 3: Gold ion capacity of resin. Amount of resin: 0.1 g, amount
of DEBT: 1 mmol g−1 resin, and stirring time: 15 minutes.

V is the volume of the solution (L),
W is the weight of the resin (g).

3.3. Optimized Parameters in Column Method. During the
application of the proposed method in column process, it
was noticed that excess volume of sample solutions during
sorption leached the impregnated DEBT that lead to loss
of selectivity and analyte. Moreover, the partial exhaustion
of available chelating sites due to leaching of impregnated
ligand caused irreproducible results of sorption percentages
of metal ion [5]. Therefore, research was continued with
preparation of metal chelates before transferring to column
and certain limited volume of chelate solution would be
percolated through the column containing pure resin under
the optimized conditions.

3.3.1. Sample Flow Rate of Gold Chelates. During batch
studies, it was recognized that DEBT showed similar kinetics
during chelationwith gold as that of silverwhichwas reported
in the previous study [5], as long as DEBT concentration is
kept the same or close optimum pH for sorption is main-
tained [21]. In the previous study, considering application of
larger volume of sample solutions for preconcentration, to be
on safe 0.5 mL min−1 had been accepted as optimum sample
flow rate [5].The same was also found to be optimum sample
flow rate for gold studies.

3.3.2. Effect of Ligand Volume on Impregnation of Gold
Chelates onto Resin. Maximum applicable ligand volume and
concentration on analyte sorption are important. Therefore,
maximum applicable ligand volume on retention is studied
before further application of metal chelates for solid-phase
extraction. For this reason, 3 mL of 3.75x10−4 mol L−1 DEBT
solution was percolated through column for 4 times and
DEBT concentration in the effluent determined by UV spec-
trometry. In Figure 4, it can be seen that maximum amount
of DEBT retained on Amberlite XAD-16 was achieved with
the first 3 mL of DEBT solution. Following additions of 3 mL
of 3.75x10−4 mol L−1 DEBT solution showed a decrease in
amount of DEBT retained on resin. This may be because of
the leaching effect of ethanol on DEBT.

3.3.3. Effect of Optimized Ligand Concentration on Amount
of Gold Chelates. Ligand concentration is also important

Table 1: Effect of ligand concentrationof retentionofmetal chelates.

Amount of DEBT
Amount of Au3+

in sample
solution (𝜇g)

% Sorption of
gold chelates on

resin
3mL of 2x10−3 mol L−1 15 100 ± 2
3mL of 2x10−3 mol L−1 100 100 ± 2
3mL of 2x10−3 mol L−1 500 94 ± 3
Amount of resin: 1.0 g, sample volume: 10 mL, and sample flow rate: 0.5 mL
min−1 .
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Figure 4: Effect of ligand volume on impregnation. Initial DEBT-
ethanol concentration: 3.75 x 10−4 mol L−1 and flow rate: 0.5 mL
min−1.

because if it is not excessively present, the chelate formation
may not be complete so metal ions may not be selectively
retained on resin. However, excess DEBT (in case of inad-
equate amount of resin) may prevent retention of metal
chelates because of the competition for sorption on resin
between excess DEBT and metal chelates.

Considering the further applications of the proposed
method to a real sample and limitations related to ligand
mentioned above, it was decided to use 1.0 g of resin and
amount of DEBT as 3 mL of 2x10−3 mol L−1. This amount of
DEBT is always in excess considering the amounts of analyte
metal that is our concern (15 𝜇g gold ions).

As indicated in Table 1, up to 100 𝜇g gold ions in 10 mL
sample solution can be safely retained on 1.0 g of resin as
metal chelates. When 10 mL of 50 𝜇g mL−1 metal chelate
solution was passed through the column, a decrease in
percent retention was observed.

During this study, we dealt with quite low amounts of
metal ions and carried out the optimizations accordingly.
Referring to results in Table 1, any researchers interested in
higher amounts of gold up to 100 𝜇g can study safely with
the proposed method under the same conditions (such as
amount of resin, sample flow rate, pH of sorption media, and
ligand volume) as long as only the concentration of eluent
and its volume are reoptimized according to the interested
amount of metal ions.

3.3.4. Choice of Eluent: Its Nature, Concentration, Volume, and
Flow Rate. In the previous study, we used sodium thiosulfate
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Table 2: Analytical figures of merit.

Initial concentration of solutiona Regression equationb R2 LODc LOQd
%RSDe PFf(𝜇g mL−1) (𝜇g mL−1)

0.15 𝜇g mL−1 A = 0.0125C + 0.0003 0.9998 0.025 0.085 7.56 6.7
asample volume = 100 mL, bA(absorbance) = slope x C(concentration 𝜇g mL−1) + intercept, climit of detection (2.5 𝜇g g−1 ore), dlimit of quantitation (8.5 𝜇g
g−1 ore), epercentage relative standard deviation, and f preconcentration factor.

Table 3: Determination of Au in CMC ore sample and Gold Ore (MA-1b) CRM.

Samples Au concentration Corrected values according to 97% desorption(mgkg−1)
CMC sample

Au (found) ∗ < LOD < LOD
Au (claimed) 1.34 1.34
Au (spiked found) ∗ 13.6 ± 0.6 14.1 ± 0.6
Au (spiked) 15 15

Gold Ore (MA-1b)
Au (found) ∗ 15.0 ± 1.0 15.5 ± 1.0
Au (certified value) 17.0 ± 0.3 17.0 ± 0.3
∗ Values are given as mean ± SD, N = 3 (number of replicates).

which was found as the most suitable eluent for desorbing
silver ions fromAmberlite XAD-16 [5].The sorption of silver
ions was governed by the chelation mechanism in that silver
ions (belong to class of soft acids) have affinity for (S-O)
chelating group of DEBT. During desorption, (S-S) chelating
groups of Na2S2O3 provide a stronger complex formation as
silver has a higher affinity for (S-S) than (S-O) chelating group
[21]. Since gold metal also belongs to class of soft acid and
same discussion could be valid as well, as a result, Na2S2O3
was selected as suitable eluent for desorbing gold ions.

Series of experiments were conducted to optimize the
concentration and the volume of eluent [21]. When 0.1 mol
L−1 Na2S2O3 in water was used as an eluent, at a flow rate of
0.3mLmin−1, only 65%desorptionwas obtained. Later, it was
found that the highest recovery with 97.6 ± 2.3% desorption
was achievedwhen 15mLof 0.2mol L−1Na2S2O3 inwaterwas
percolated through the column at a flow rate of 0.3mLmin−1.

3.4. Effect of Electrolytes and Competing Ions. In geological
samples like ores, some metals in higher concentrations such
as Na+, K+, Cu2+, Ni2+, Pb2+, Mn2+, Fe3+, Zn2+, Al3+, and
Cr3+ can coexist with gold. The anions Cl−, NO3

−, SO4
2−,

PO4
3−, and ClO4

− are the anions that are capable of forming
complexes with several metal ions.

Considering the real sample amount weighed according
to gold digestion procedure (at least 10.0 g), 50 mL of 300
𝜇g mL−1 of copper standard solution was prepared in 1 mol
L−1 HCl. Initial metal ion concentration was determined by
FAAS.Then the proposedmethod was applied.Themetal ion
concentration in the effluent was determined by FAAS. Initial
metal ion concentration was found to be 292𝜇gmL−1 and the
metal ion concentration in the effluent was found as 288 𝜇g
mL−1. As a result, only 1.37% of copper ions was adsorbed on
resin. Although it is known that copper ion forms complex
with DEBT in pH range of 0-7 [20], this result showed that
the formation of Cu-DEBT complex in 1 mol L−1 HCl is

quite lower to compete with gold ions. N-benzoylthioureas
are bidentate chelating ligands with S and O as donor atoms.
The possibility of increasing the electron density at the sulfur
atom by means of resonance effect leads to selective complex
behavior of DEBTwhich can be influenced by the adjustment
of pH, where competing metal ions could be eliminated.

The effect of various electrolytes like NaNO3, Na2SO4,
Na3PO4, and Na2CO3 on the sorption of gold (1 mg L−1) as
Au-DEBT chelate on Amberlite XAD-16 resin was studied as
well. Na2SO4 was tolerable up to 0.04 mol L−1, Na3PO4 up to
0.1 mol L−1, and NaNO3 and Na2CO3 up to 0.15 mol L−1.

3.5. Analytical Figures of Merit. The calibration graph for the
determination of gold was plotted according to the proposed
procedure under the optimum conditions. The equation of
the line was derived as A = 0.0125C + 0.0003 with the
regression coefficient 0.9998 where A is the absorbance and
C is concentration of the metal ion (𝜇g mL−1).

The limit of detection (LOD) and limit of quantitation
(LOQ) for gold ionswere determined employing the standard
solutions giving absorbance signal slightly recognizable than
blank. The LOD and LOQ were calculated based on 3s/slope
and 10s/slope of 10 measurements of the blank, respectively,
where s is the standard deviation of the sample solution. The
results of the LOD, LOQ, and precision (RSD%) for gold and
its concentration are shown in Table 2.

3.6. Analysis of Real Samples. In order to demonstrate the
accuracy of the proposed method, analyses of two real
samples, one of which is the Cu-ore supplied by Cyprus
Mining Company (CMC), North Cyprus, and the other one
certified Gold Ore (MA-1b) byCanmet, Ontario, were carried
out and the results were compared with the values reported.
The results of spiked CMC samples and the results that
were corrected for 97% desorption recovery value which was
found for 100 mL sample solution were also tabulated in
Table 3. Student’s t-test was performed to statistically evaluate
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Table 4: Comparison of the proposed method with some studies based on SPE and determination of gold reported in literature.

Adsorbent Medium Eluent D. M. LOD Matrix Ref.

Octadecyl silica membrane discs
modified with pentathia-15-crown-5 pH 4.5-7.00

0.5 mol L−1
Sodium

thiosulphate
FAAS 1.0 𝜇g L−1 Pharmaceutical and

water samples [23]

Diethyldithiocarbamate complex on
Amberlite XAD-2000

0.5-2.5 mol
L−1 HNO3

1 mol L−1 HNO3 in
acetone FAAS 16.6 𝜇g Environmental samples [14]

1-phenyl-1,2-propanedione-2-complex
on oximethiosemicarbazone SP
Sephadex C25

pH 3 ICP-MS
1.6X10−8-

141X10−8 mol
L−1

Minerals and natural
water samples [24]

Poly(N-
(hydroxymethyl)methacylamide
0-1-allyl-thiourea) hydrogels

pH 0.5 0.8 mol L−1 thioura
in 3 mol L−1 HCl GFAAF 3 ng L−1 Anode slime and

geological samples∗ [25]

Dowex M 4195 chelating resin pH 4 2 mol L−1 H2SO4 +
2 mol L−1 NH3

FAAS 1.61 𝜇g L−1 Water, soil and sediment
samples [26]

Multi-walled carbon nanotubes pH 1-6 3% thiourea in 1
mol L−1 HCl FAAS 0.15 𝜇g L−1 Geological and water

samples [11]

2-pyridine-5-(4-tolyl)-1,3,4-oxadiazole
complex on Amberlite XAD-4

0.5 mol/L
HNO3

1 mol/L HCl in
acetone FAAS 1.03 𝜇g L−1 Environmental Samples [27]

Polyethylenimine coated on Al2O3 pH 5.7
0.5 mol L−1

thiourea then 1.0
mol/L HCl

FAAS 26.2 ng L−1 Water Samples [28]

Rubeanic acid complex on silica gel pH 3.5
0.5 mol L−1

thiourea then 1.0
mol L−1 HCl

FAAS 0.80 ng mL−1 Water Samples [29]

Silica gel (SG-CIPrNTf2) pH 2 ICP-OES Water Samples [30]

DEBT complex on Amberlite XAD-16 pH∼1 0.2 mol L−1 sodium
thiosulphate FAAS 0.025 𝜇g

mL−1 Cu and Au Ores This
study

D.M.: detection method, Ref.: references. ∗Matrix elimination method is used.

the found and certified values. The found values were in
good agreement with the certified ones and the difference
was found to be statistically insignificant (at 95% confidence
interval level).

4. Conclusions

Highly selective, reliable, and low cost method has been
proposed for preconcentration of gold ions from highly
interfering matrices, namely ores. The validity of the pro-
posed method was demonstrated by the analyses of two
geological samples: Cu-ore (supplied by CMC) and Gold Ore
(MA-1b) as a certified reference material. The results are in
good agreement with the given values. Comparison of the
proposed method with some similar studies in literature is
summarized in Table 4. Although there are more sensitive
methods applied to similar samples, such as ICP-MS and
GFAAS, these are much more expensive and sophisticated.
The gold ion at such a low concentration of 0.15 𝜇g mL−1
could be preconcentrated selectively and determined by the
proposed method without any matrix elimination processes.
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and M. Soylak, “Development of a new solid phase extraction
procedure for selective separation and enrichment of Au(III)
ions in environmental samples,” Journal of the Brazilian Chem-
ical Society, vol. 24, no. 10, pp. 1701–1706, 2013.

[28] D. Afzali, Z. Daliri, and M. A. Taher, “Flame atomic absorption
spectrometry determination of trace amount of gold after sep-
aration and preconcentration onto ion-exchange polyethylen-
imine coated on Al2O3,” Arabian Journal of Chemistry, vol. 7,
no. 5, pp. 770–774, 2014.

[29] F. Sabermahani, M. A. Taher, and H. Bahrami, “Separation
and preconcentration of trace amounts of gold from water
samples prior to determination by flame atomic absorption
spectrometry,” Arabian Journal of Chemistry, vol. 9, pp. S1700–
S1705, 2016.

[30] H.M.Marwani, A. E. Alsafrani, H.A.Al-Turaif, A.M.Asiri, and
S. B. Khan, “Selective extraction and detection of noble metal



8 International Journal of Analytical Chemistry

Based on ionic liquid immobilized silica gel surface using ICP-
OES,” Bulletin of Materials Science, vol. 39, no. 4, pp. 1011–1019,
2016.

[31] M. Schuster, B. Kugler, and K. König, “The chromatography of
metal chelates Fresen,” Journal of Analytical Chemistry, vol. 338,
no. 6, pp. 717–720, 1990.

[32] E. A.Moawed, I. Ishaq, A. Abdul-Rahman, andM. F. El-Shahat,
“Synthesis, characterization of carbon polyurethane powder
and its application for separation and spectrophotometric
determination of platinum in pharmaceutical and ore samples,”
Talanta, vol. 121, pp. 113–121, 2014.



Research Article
Determination of Trace Antimony (III) in Water Samples with
Single Drop Microextraction Using BPHA-[C4mim][PF6] System
Followed by Graphite Furnace Atomic Absorption Spectrometry

Xiaoshan Huang , Mingxin Guan, Zhuliangzi Lu, and Yiping Hang

School of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou 510640, China

Correspondence should be addressed to Yiping Hang; yphang@scut.edu.cn

Received 21 March 2018; Accepted 28 June 2018; Published 1 August 2018

Academic Editor: Marcela Z. Corazza

Copyright © 2018 XiaoshanHuang et al.This is an open access article distributed under theCreativeCommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A new sensitive method for antimony (III) determination by graphite furnace atomic absorption spectrometry (GFAAS) has
been developed by using N-benzoyl-N-phenylhydroxylamine (BPHA) and 1-butyl-3-methylimidazolium hexafluorophosphate
([C
4
mim][PF

6
]) single drop microextraction. The single drop microextraction (SDMM) system is more competitive compared

with other traditional extractionmethods. Under the optimized conditions, the limit of detection (signal-to-noise ratio is 3) and the
enrichment factor of antimony (III) are 0.01 𝜇g⋅L−1 and 112, respectively. The relative standard deviation of the 0.5 𝜇g⋅L−1 antimony
(III) is 4.2% (n=6). The proposed method is rather sensitive to determinate trace antimony (III) in water.

1. Introduction

Antimony (Sb) compounds have been extensively applied for
various industrial materials such as glass, semiconductors,
and pharmaceutical products [1–3]. As Sb can be easily
exposed to the surface water, it has been considered as a
priority pollutant in drinking water in the United States,
Canada, Europe, and Japan while their action levels are
ranged from 2 to 6 𝜇g⋅L−1 [4]. Sb has two kinds of valence
states including Sb (III) and Sb (V), and different chemical
forms of them have different levers of toxicity. In inorganic
chemistry, the compounds of Sb (III) are almost ten times
more poisonous than the compounds of Sb (V) [5–7]. Many
diseases including respiratory tract irritation, dermatitis,
conjunctivitis, suppuration of the nasal septum, gastritis, or
cellular damage in the lungs, heart, and kidneys will be
triggered by excessive exposure to Sb (III) [8, 9]. Thus, a
reliable and accuratemethod for the determination of Sb (III)
is very necessary.

Several techniques including UV-visible spectrophotom-
etry [10, 11], inductively coupled plasma mass spectrometry
[12, 13], hydride generation atomic fluorescence spectrometry
[14, 15], flame atomic absorption spectrometry [16–18], and
electrothermal atomic absorption spectrometry [19–21] have

been used for the determination of antimony species in
various samples. Considering the poor sensitivities of flame
atomic absorption spectrometry and UV-visible spectropho-
tometry, the more limited condition of hydride generation
atomic fluorescence spectrometry, and the expensive price
and analysis cost of inductively coupled plasma mass spec-
trometry, graphite furnace atomic absorption spectrometry
(GFAAS) is an efficient alternative to determinate trace and
ultratrace amounts of antimony. Besides the requirement of
a relatively small injection volume, a partially eliminated
matrix during the pyrolysis is another advantage of GFAAS.
Despite the high sensitivity of GFAAS, it is still necessary
to use separation techniques that allow preconcentration of
antimony species, due to the complex matrix interferences
and the low concentration of antimony species in water
sample.

Many miniaturized techniques such as homogenous
liquid-liquid microextraction [22, 23], solid phase extraction
technology [24–26], cloud point extraction [2, 27], single
drop microextraction [28–30], hollow-fiber liquid phase
microextraction [17, 31], and dispersive liquid phasemicroex-
traction [32, 33] have been used as the processing methods
of preconcentration. Also, these methods have been applied
to preconcentration of antimony species. Compared with
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Table 1: Graphite furnace atomizer temperature-rising program.

Steps Temperature Ramp time Hold time Argon flow rate
(∘C) (s) (s) (mL⋅min−1)

Drying 120 10 15 250
Pyrolysis 600 5 20 250
Atomization 2000 0 5 0
Cleaning 2400 1 3 250

othermethods, SDMM is a new and environmentally friendly
sample pretreatment technology. It has the advantages of
low cost, simple device, easy operation, very low amounts
of organic solvent, and high enrichment efficiency. For its
striking advantages, SDMM was selected as the precon-
centration methods in our study. Moreover, considering
the toxicity and flammability of organic solvents, the ionic
liquid of 1-butyl-3-methylimidazolium hexafluorophosphate
([C
4
mim][PF

6
]) has been employed in SDME because of its

environmental friendliness. As reported, ionic liquids have
been used as novel solvents for the extraction of metal ions
at room temperature [34–37]. Ionic liquid does not have
detectable vapor pressure and it can avoid environmental and
safety problems. Up till now, few analytical applications of
SDME method based on [C

4
mim][PF

6
] for extraction and

preconcentration of Sb (III) have been reported.Thus, further
studies into the use of [C

4
mim][PF

6
] in SDME are important

in order to improve existing methods.
In this study, amethod for Sb (III) determination in water

samples by SDME combined with GFAAS was proposed.
BPHA and [C

4
mim][PF

6
] were employed as complexing

agent and extraction solvent, respectively. The SDME system
was fully characterized through optimizations of the relevant
variables influencing the extraction of Sb (III).

2. Materials and Methods

2.1. Reagents. All the reagents were of analytical grade.
The experiment water was double distilled deionized water
purified by Millipore (Millipore, Bedford, MA, USA).
Potassium antimony tartrate was from Tianjin Kemiou
Chemical Reagent Co. Ltd., Tianjin, China. N-Benzoyl-
N-phenylhydroxylamine (BPHA), sodium thiosulphate, hy-
drochloric acid, ammonia solutions oxine, dpy, dichloro-
methane (CH

2
Cl
2
), and trichloromethane (CHCl

3
) were

bought from Aladdin (Aladdin Industrial Co., Shanghai,
China). 1-Butyl-3-methylimidazolium hexafluorophosphate
([C
4
mim][PF

6
]) was bought from J&K (J&K Scientific Ltd.,

Beijing, China). The 1000 mg⋅L−1 Sb (III) stock solution
was prepared by amounts of potassium antimony tartrate
dissolved in double distilled deionized water. The pH of
the Sb (III) stock solution was adjusted to 2.0 with 0.1 M
hydrochloric acid and 0.1 M ammonia solution. 1×10−3 M
BPHA was dissolved in methanol.

2.2. Instruments. Atomic absorption spectra were performed
by a Perkin-Elmer 900T atomic absorption spectrome-
ter (Perkin-Elmer, USA) equipped with transverse heated

graphite atomizer, pyrolytic graphite coated tubes (Beijing,
China), and an antimony hollow cathode lamp (Perkin-
Elmer, USA) recommended by the manufacturer. In the
whole operation, except for atomization mode, argon 99.99%
was used as protective and purge gas, and the flow rate was
250 mL⋅min−1. The pH of all solutions was performed by
pHB-3C (Shanghai Weiye Instrument Factory). And all the
stir in this study was performed by 85-2A magnetic stirrer
(ChangzhouAohua Instrument Co. Ltd.). Some instrumental
parameters of GFAAS were as follows: the lamp current was
10 mA, the wavelength was 217.6 nm, the spectral bandpass
was 0.7 nm, and the background correction was Zeeman.
Table 1 showed graphite furnace atomizer temperature-rising
program.

2.3. Preparation of Samples. All the water samples were fil-
tered through a 0.45 𝜇m pore size membrane filter to remove
the suspended particulate matters and the pH of all the water
samples was adjusted to 2.0 by using 0.1 M hydrochloric
acid and 0.1 M ammonia solution. Water samples including
bottled mineral water, river water (pH=6.2, Beijiang River,
Shaoguan, China), and tap water were collected locally. Each
of the treated water samples was preserved at 1.9 mL for the
later determination.

2.4. Process of Single Drop Microextraction. The apparatus
of SDME was the same as what we studied before [39].
1.9 mL treated water sample or 1 𝜇g⋅L−1 Sb (III) standard
solution and 100 𝜇L 1×10−4 M BPHA solution were added
to a 5 mL vial. Microsyringe with 5 𝜇L of [C

4
mim][PF

6
]

was positioned above the vial, and the needle was inserted
through the septum. The tip of syringe needle was attached
to a flared polytetrafluoroethylene tube. Then, the needle tip
was immersed into the sample solution, and themicrosyringe
was pushed slowly in order to make the microdrop hang
under the needle tip steadily. The time of the extraction was
6 min under the stirring rate of 600 rpm. After extraction,
microdrop was inhaled into the microsyringe and injected
into the graphite furnace atomic absorption spectrometer for
analysis manually.

3. Results and Discussion

3.1. Chelating Agent and Extraction Solvent. A chelating agent
has a great influence on the extraction efficiency of Sb (III).
Thus, a suitable chelating agent is very important. Figure 1(a)
showed the pattern of the atomic absorbance of Sb (III) with
different chelating agents (BPHA, Oxine, and Dpy) and their
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Figure 1: (a) The atomic absorbance of Sb (III) with different chelating agents such as BPHA, Oxine, and Dpy and their background
absorbance. (b) The atomic absorbance of Sb (III) in different extraction solvents such as CH

2
Cl
2
, CHCl

3
, and [C

4
mim][PF

6
] and their

background absorbance; BG: background absorbance without Sb (III); Abs: absorbance.

background absorbance. It was found that the absorbance
signal of Sb (III) with the chelating agent of BPHA was
stronger than others. Although the absorbance signal of Sb
(III) with Oxine was good, it had the stronger background
interference. The absorbance signal of Sb (III) with Dpy had
weaker signal compared with BPHA and Oxine. As a result,
BPHA was selected as the chelating agent for SDME.

A suitable extraction solvent is also important for SDME.
The density of the extraction solvent can be supposed to
be higher than water so that it could keep the drop stable.

CH
2
Cl
2
, CHCl

3
, and [C

4
mim][PF

6
] that were used in liquid-

liquid extraction were evaluated as the extraction solvents.
Each extraction solvent was dealt with via three different
chelating agents, and then the method of SDME-GFAAS
was applied to determine the amounts of Sb (III), and the
results were shown in Table 2. Whatever the chelating agent
was, [C

4
mim][PF

6
] always had the strongest signal. Fig-

ure 1(b) described the atomic absorbance of Sb (III) in differ-
ent extraction agents (CH

2
Cl
2
, CHCl

3
, and [C

4
mim][PF

6
])

with BPHA as the chelating agent and their background
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Table 2: The atomic absorbance of three chelating agents in three different extraction solvents.

Chelating agent Extraction solvent
CH
2
Cl
2

CHCl
3

[C
4
mim][PF

6
]

Oxine 0.287 0.274 0.294
Dpy 0.158 0.143 0.176
BPHA 0.322 0.355 0.364
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Figure 2:The atomic absorbance of Sb (III) in solutions with the pH
value from 2.0 to 6.0.

absorbance. Therefore, [C
4
mim][PF

6
] was selected as the

extraction solvent for SDME.

3.2. Optimization of Single Drop Microextraction Conditions

3.2.1. pH. The pH of the solution played an important role
in the formation of metal chelate and the influence of the
stability of chemicals. Also, it could affect the extraction of
Sb (III) in the BPHA-[C

4
mim][PF

6
] system.The study of the

pH was ranged from 1.0 to 6.0 and the results were shown in
Figure 2.The absorbance signals of Sb (III) were high and less
volatile in the range of 1.0-6.0. Considering that there may be
interferences due to the competitive complexation reaction
of other metal ions when the pH value was at a high level,
pH=2.0 was chosen for the further study.

3.3. BPHA Concentration. It was also necessary to find
the minimal concentration of BPHA. The effect of BPHA
concentration on the extraction efficiency of Sb (III) was
investigated. The results were illustrated in Figure 3(a) and,
as can be seen from it, the absorbance signal of Sb (III)
increased with the BPHA concentration from 6×10−5 to
8×10−5 M and remained constant when the concentration
of BPHA was above 8×10−5 M. To make the treatment
easier, the value of 1×10−4 M was chosen for the further
study.

3.4. Solvent Drop Size. The effect of drop size was shown in
Figure 3(b), and it was found that the absorbance of Sb (III)

increasedwith the increase of the drop size from 2.0 to 6.0 𝜇L.
However, the drop size increasing usually resulted in the fall
of the microdrop. In general, the stability of the microdrop
depends on upward floating force, downward gravity, and
adhesion forces [18]. In order to enhance the adhesion force
of the microdrop, a flared polytetrafluoroethylene tube was
attached to the tip of syringe needle. All these things were
taken into account, and then 5.0 𝜇L was chosen as the drop
size for extraction.

3.5. Stirring Rate. It was well known that the stirring rate
could affect the extracting speed by changing the mass
transfer in the sample solution. The effect of stirring rates on
extraction efficiency was studied in the range of 200 to 800
rpm. The results in Figure 3(c) showed that the increasing
stirring rate of the sample greatly improved the absorbance
of Sb (III). However, the microdrop easily fell off the needle
of the microsyringe when the stirring rate was above 600
rpm. Increasing stirring rate could also cause a reduction of
[C
4
min][PF

6
] microdrop volume, because the dissolution of

ionic liquid was enhancing.Thus, 600 rpmwas selected as the
best stirring rate in this study.

3.6. Extraction Time. The extraction efficiency depended on
the length of the extraction time until the equilibrium was
reached. Although the maximum sensitivity was achieved
in equilibrium, complete equivalent was not necessary to
obtain accurate analysis. Thus, the effect of extraction time
on extraction efficiency had been studied from 2 to 10 min.
The results were illustrated in Figure 3(d).There were a sharp
increase from 2 to 6 min and a slow increase from 6 to
10 min. As the time went on, microdrop would fall into
solutions. In order to avoid it, 6 min was selected as the
extraction time which was enough for extracting Sb (III) for
determination.

3.7. Optimization of Graphite Furnace Atomic Absorption
Spectrometry. In order to reduce the chemical interference
and the background signal, the work investigated the influ-
ence of pyrolysis temperature from 400∘C to 800∘C and
atomization temperature from 1800∘C to 2200∘C. The 0.5
𝜇g⋅L−1 Sb (III) standard solutions were dealt with via the
pretreatment of SDME and determined by GFAAS. As shown
in Figure 4(b), background signals were stronger when the
pyrolysis temperature was lower because of the excessive
vaporization of BPHA and ionic liquid at atomization stage,
and the strongest signal appeared at 2000∘C. It was found
in Figure 4(a) that the matrix was sufficiently eliminated
and maximum absorbance was achieved at the pyrolysis
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Figure 3: (a) The atomic absorbance of Sb (III) in solutions with the concentration of BPHA from 6×10−5 M to 10×10−5 M. (b) The atomic
absorbance of Sb (III) in solutions with the drop size from 2.0 to 6.0 𝜇L. (c) The atomic absorbance of Sb (III) in solutions with the stirring
rate from 200 to 800 rpm. (d) The atomic absorbance of Sb (III) in solutions with the extraction time from 2 to 10 min.
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Figure 4: (a) The absorbance of Sb (III) with the pyrolysis temperature (PT) from 400∘C to 800∘C. (b) The absorbance of Sb (III) with the
atomization temperature (AT) from 1800∘C to 2200∘C.

temperature of 600∘C; however the absorbance decreased
with increasing of the pyrolysis temperature due to the loss of
Sb at higher temperature. In addition, the time of atomization
was 5 s. As the results showed in Figure 4, 2000∘Cwas chosen
as the atomization temperature and 600∘C as the pyrolysis
temperature.

3.8. Effect of Interferences. One of the interferences was other
metal ions reacting with chelating agents and the other
was coextraction. In order to validate the selectivity of Sb
(III) in microextraction system, different amounts of ions
were added to the 1.0 𝜇g⋅L−1 Sb (III) solutions, respectively.
After determination, coexisting ions were considered to have



6 International Journal of Analytical Chemistry

Table 3: Comparison of the proposed method with other methods for determination of antimony (III).

Method Linear ranges Limits of detection Enrichment factor Relative standard deviation References
(ng⋅mL−1) (ng⋅mL−1)

DLLME-ETAASa 0.05-5 0.05 115 4.5% [32]
CPE-ETAASb - 1.82 45 2.6% [38]
VASEME-ETAASc 0.4-8 0.09 53 5.4% [20]
HFSLME-TAFFAASd 5-200 0.8 160 7.8% [17]
SDME-GFAAS 0.02-50 0.01 112 4.2% This work
aDispersive liquid-liquid microextraction-electrothermal atomic absorption spectrometry.
bCloud point extraction- electrothermal atomic absorption spectrometry.
cVortex-assisted surfactant-enhanced emulsification microextraction-electrothermal atomic absorption spectrometry.
dHollow fiber supported liquid membrane extraction-thermospray flame furnace atomic absorption spectrometry.

Table 4: Determination of Sb (III) in water samples.

Samples Added (𝜇g⋅L−1) Found (𝜇g⋅L−1) Recovery (%)

Bottle mineral water
0 < Limits of detection -
0.1 0.102 ± 0.01 102±1
0.4 0.401 ± 0.008 100±2

River water
0 < Limits of detection -
0.1 0.104 ± 0.015 104±2
0.4 0.407 ± 0.012 102±3

Tap water
0 < Limits of detection -
0.1 0.098 ± 0.011 98±1
0.4 0.398 ± 0.009 99±2

interferences when the change of Sb (III) absorption value
was more than 5%. As shown in the Results, the tolerance
limit of coexisting ions including Na+, K+, Ca2+, Mg2+,
Cl−, SO

4

2−, and PO
4

3− was 2000 mg⋅L−1; of coexisting ions
including Co2+, Cd2+, Cu2+, Mn2+, Zn2+, and Ag+ was 200
mg⋅L−1; of coexisting ions including Al3+, Cr3+, Fe3+, Ni2+,
and Pb2+ was 50 mg⋅L−1.

3.9. Standard Analysis. As shown in the Results, the low
limit of detection (LOD, 3𝜎) was 0.01 ng⋅mL−1, the relative
standard deviation of 0.5 ng⋅mL−1 (n=6) was 4.2%, and the
linear value ranged from 0.02 to 5 ng⋅mL−1. The regres-
sion equation was A=0.6832C+0.0034 (A represented the
absorbance values and C represented the concentration of Sb
(III) whose unit was ng⋅mL−1). Linear correlation coefficient
was 0.999. A comparison of themain features of the proposed
method with other reported methods in the literatures was
shown in Table 3. This method was more effective for
detecting Sb (III) with lower limit detection and had better
precision than majority of the other reported methods.

3.10. Samples Analysis. A series of water samples were ana-
lyzed by the presented method. The results were shown in
Table 4. The recoveries were in the ranges of 98-104% with
the different standard of Sb (III) solutions spiked to the water
samples. So, it demonstrated a good accuracy of this method.

4. Conclusions

The optimization method, combined with single drop
microextraction using BPHA-[C

4
mim][PF

6
] system for

separation of impurities, detected by GFAAS was developed
to determinate trace Sb (III) in water samples. After a series
of analysis of optimization conditions, an excellent accuracy,
precision, and lower limit detection were obtained by this
method. The relative standard deviation of the 0.5 𝜇g⋅L−1 Sb
(III) was 4.2% (n=6). The detection limit (signal-to-noise
ratio of 3) and the enrichment coefficient of Sb (III) were 0.01
𝜇g⋅L−1 and 112, respectively. What is more, the introduction
of BPHA-[C

4
mim][PF

6
] system was not only ecofriendly

comparing with traditional organic solution but also efficient
for extraction. After the rapid extraction by SDME with
the system of BPHA-[C

4
mim][PF

6
], the samples could

be injected and detected directly. Thus, this method was a
simple, effective, and environment-friendly way to determine
the trace concentration of Sb (III) in water samples.
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The capacities of the p-t-butylcalix[8]arene (abbreviated as H8L) host to extract toxic divalent heavy metal ions and silver from
aqueous solution phases containing ammonia or ethylene diamine to an organic phase (nitrobenzene, dichloromethane, or
chloroform) were carried out. When the metal ions were extracted from an aqueous ammonia solution, the metal ion selectivity
for extraction was found to decrease in the order Cd2+ > Ni2+ > Cu2+ > Ag+ > Co2+ > Zn2+. When the aqueous phase
contained ethylene diamine, excellent extraction efficiencies of 97% and 90% were observed for the heavy metal ions Cu2+ and
Cd2+, respectively. Under the same conditions the extraction of octahedral type metal ions, namely, Co2+ and Ni2+, was suppressed.
The extraction of transition metal cations by H8L in ammonia and/or amine was found to be pH dependent. Detailed analysis of
extraction behavior was investigated by slope analysis, the continuous variation method, and by loading tests.

1. Introduction

Host–guest chemistry has attracted great attention in the field
of separation and/or extraction of alkaline, rare earth, and
divalent heavy metal ions with calixarenes and their ester
derivatives. Calixarenes have unusual capabilities to identify
and distinguish between different ions and molecules, which
makes them appropriate to use as specific receptors [1–
3]. Calixarenes are macrocyclic phenolic oligomers with
phenolic hydroxyl groups, which are able to coordinate the
metal ions very tightly. As a result, the aromatic phenolic
rings can form a cavity to integrate the guest metal ion.
Recently, Yusof et al. reported that the heavy metal ions
could be included into the host calix[4]resorcinarenes cavity
in water-chloroform extraction systems [4, 5]. Calix[6]arenes
can be also modified with a carboxylic acid as host in the

host–guest extraction of immunoglobulin G (IgG) [6]. In
fact, a precise affinity can be created for specific ions and/or
molecules by modification the hydroxyl functional group
and/or by creating a new cavity size [7]. In calixarenes, the
cavity size, position and type of donor groups, and molecular
flexibility lead to their high potential for the complexation
and extraction of metal ions. Ludwig et al. reported the
impact of calixarenes in analytical chemistry and chemical
separation technology in a review article [8].

The modification of p-t-butylcalix[n]arenes (n = 4, 6,
8) has been extensively investigated, facilitating the syn-
thesis of a variety of host compounds with varying shapes
and sizes that have been shown to be valuable in ion or
molecular recognition studies [9, 10]. In particular, p-t-
butylcalix[8]arene (abbreviated as H8L) has shown interest-
ing complexing properties towards C60-fullerene, cesium, or
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strontium cations.This means that new synthetic routes with
different functionalized derivatives of H8L could be more
versatile [11].

H8L can form host–guest complexes through hydropho-
bic and 𝜋–𝜋 interactions within the cavities of 𝜋-donors
composed of benzene rings, polycyclic aromatic hydrocar-
bons, anthraquinones, phenol regioisomers, and fullerene 𝜋-
systems, due to their considerable electron affinity [12]. From
a coordination standpoint, the reaction of H8L with metal
ions is more complex than that of H6L; however, already
few calix[8]crowns have been reported in the open literature
[13, 14]. Derivatives of calix[n]arenes could be formed by
inserting binding groups such as amines and/or alcohols
into the upper and lower rim positions of the calixarene
moiety [15]. It has been reported that proton transfer from
an OH-group of the parent calixarene to an amine might
occur during the reaction period, eventually resulting in a
new compound from the association and inclusion of the
amine into the cavity of the calixarene [16]. Finally, the
abovementioned studies have established that calixarenes
can effectively react with most metal ions and the new
organometallic compounds can be obtained in good yields
[8–10, 17].

H8L has been utilized in the separation of metallic
cations [18, 19], the extraction of methyl esters of some
amino-acids [20], uranium (VI) preconcentration [21], lan-
thanide complexes [22], and molecular recognition of 1,5-
diaminoantraquinone [23]. Erdemir et al. investigated the
extraction abilities of carboxylic acid andmethyl ester deriva-
tives of p-t-butylcalix[n]arenes (n = 6, 8) for carcinogenic
aromatic amines [24]. Other calixarenes and their derivatives
have been utilized in the fields of complexation, separation,
electroanalysis, spectroscopy, and chemometrics [25].

A larger ligand, i.e., H8L, can act as a ditopic receptor
for lanthanide and transition metal ions [26] and hence
in principle may bind to a single metal ion in various
ways. It is important to mention that solvent extraction of
transition metal ions, particularly toxic metal ions, using
H8L alone has scarcely been reported in the open literature.
Makrlik et al. studied the liquid–liquid extraction of Eu3+
trifluoromethanesulfonate into nitrobenzene in the presence
of H6L and H8L [27]. Sansone et al. reported the sepa-
ration of An3+/Ln3+ from radioactive waste using CMPO
(carbamoylmethyl-phosphine oxide) substituted H6L and
H8L [28]. Gutsche et al. synthesized aminocalixarenes com-
plexes of Ni2+, Cu2+, Pd2+, Co2+, and Fe2+ and determined
their spectral and chemical characteristics [10].Their findings
indicated that metal-aminocalixarenes are more flexible than
had previously been thought. It has also been reported that
H8L can be combined into a polymeric medium to produce a
material that shows a high sorption ability towards transition
metal ions (Cu2+, Fe2+, Zn2+, Ni2+, Co2+, Cd2+, and Pb2+) in
aqueous solution [29]. The authors also performed research
on the extraction behavior of transition metal ions with H4L
and H6L [30, 31].

An effective extractant with high selectivity formetal ions
is in high demand for analytical applications, recycling of
resources, and waste treatment purposes. Heavy metals such
as lead (Pb), copper (Cu), and nickel (Ni) are harmful to

humans. Obviously, the harmful impact of some ions, for
example, Cd2+ and As2+, is of great concern in such research.
Cd2+ is one of the most toxic elements for humans. At
high concentrations, it causes various debilitating conditions
such as painful bone disease, bone marrow disorders, kidney
problems, and “Itaiitai” or “ouch-ouch” disease [32]. How-
ever, calixarene derivatives may be useful binders for these
cations.

In this study, H8L has been investigated as host extractant
for divalent heavy metal ions and silver from ammonia and
amine solutions into various types of organic solvents. We
also synthesizedH8L ethyl ester derivatives and the extraction
behavior of transition metal cations from aqueous solution
was also investigated.

2. Experimental Section

2.1. Materials. H8L was purchased from the Sigma Aldrich
Chemical Company, USA. All transition metal nitrate solu-
tions were prepared according to the method in [30, 31].
Other reagents such as chloroform, dichloromethane and
nitrobenzene, and ethanol were purchased from Carlo Erba
Reagents, France. Ammonia, ethylenediamine and trimethy-
lene diamine, ethyl bromoacetate, NaH, and THF/DMF
were bought from Acros Organic, Belgium. The water was
deionized. All the remaining reagents were as pure as is
commercially available. Stock solutions were standardized by
potentiometric and EDTA titrations. Other metal salts were
guaranteed to be reagent grade.

2.2. Extraction Procedure. The hosts H8L and H8L-ester were
prepared by dissolving the appropriate amount in various
organic solvents followed by the dilution, typically to 1 × 10−4
M working solution; aqueous solutions of metal solutions
were made from analytical purity nitrates of Cd2+, Ni2+,
Cu2+, Ag2+, Co2+, and Zn2+. Extraction experiments were
typically performed by equilibrating 8 mL of a 5 × 10−5
M solution of the metal ions, 1 ml succinic acid (0.01M),
and 1 mL of a buffer solution with 10 mL of a 5 × 10−4
M solution of the H8L in 1,2-dichloroethane. The mixture
was placed in a stoppered 50 mL glass tube at a volume
ratio of 10:10 mL (organic phase to aqueous phase). The pH
was adjusted by three types of buffer solution: CH3COOH-
CH3COONa (acidic region), H3BO3-NaOH (neutral), and
NH3-NH4Cl (alkali). In the case of H8L-ester extractant,
picric acid [2.5 × 10−5 M] was used as the counter anion.
The extraction equilibrium was attained within 40 min of
shaking with nitrobenzene; the extraction into chloroform
reached equilibrium within 20 h of shaking. Therefore, the
shaking time was fixed at 2 h for nitrobenzene and at 20 h
for chloroform.The extractability was not affected by further
shaking, indicating that the equilibrium was attained within
12 h. All the experiments were performed in presence of
succinic acid to avoid emulsification during the extraction
process. The distribution experiments were performed at
room temperature.

Before shaking, the samples were left standing in the
water bath at 25∘C for 15 min to ensure that the extraction
solutions were maintained at the same temperature. Then,
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a shaker at 200 stroke min−1 at 25.0 ± 0.1∘C mixed the two
phases; a shaking time of 12 h was sufficient to reach the
extraction equilibrium. After shaking, the two phases were
centrifuged at 2000 rpm. for 10 min, which was sufficient for
complete separation. Before the measurement, the pH of the
aqueous and organic phases was adjusted to 2.5 using 5 M
HNO3 and 3 M LiOH. The amount of extracted metal ions
was calculated from the difference between the metal con-
centrations in the aqueous phase before and after the equi-
libration. The concentration of the metal ion in the organic
phase was determined by the back-extraction method; 5
cm3 of the organic phase was transferred into another glass-
stoppered tube and shaken with 4M hydrochloric acid. After
phase separation, the equilibrium concentrations of metal
cations in the aqueous phaseweremeasured by an inductively
coupled plasma atomic emission spectrometer (Seiko model
SPS 1200AR). The equilibrium pH in the aqueous solutions
was measured by a pH meter (Beckmann model ø45).

The extractability (Ex%) was determined from the
decrease in the metal concentration in the aqueous phase:

Ex% = { (Metal)]blank – [Metal]water )
(Metal)]blank } × 100, (1)

where [Metal]blank and [Metal]water denote the metal con-
centrations in the aqueous phase after extraction with
nitrobenzene and with the nitrobenzene solution containing
extractants, respectively, and [Metal]or denotes the metal
concentration extracted into the organic phase.

2.3. Analysis. Morphology of the product particles was
examined using scanning electron microscopy (SEM, JEOL
JSM6330F). Fourier transform infrared (FT-IR) spectra were
collected on a Bruker FT-IR spectrometer by using the KBr
pellet technique. 1H-NMR data were recorded on a JEOL
JNM-GX 61D FT-NMR spectrometer operating at 400 MHz
in CDCl3, using TMS as internal standard.

3. Results and Discussion

3.1. Effect of H8L Host Concentration. Experiments were
performed using H8L concentrations of 1 × 10−3 - 5 ×10−4
M and a metal ion concentration of 5 × 10−5 M; all other
conditions were kept the same. We found that the extraction
percentage increased with increasing H8L concentration.The
best extraction was achieved when 5 × 10−4 MH8L was used.
As H8L was soluble in nitrobenzene up to 4 × 10−2 M and up
to 1 × 10−2 M in 1,2-dichloroethane at room temperature, the
saturated solution was used as the stock solution.

3.2. Role of Extractant. Three organic solvents (nitrobenzene,
dichloromethane, and chloroform) were also tested as inert
diluents at a fixed pH for solutions containing an equal
amount of metal ions and H8L. The phase volume ratio
was maintained at 1:1 to avoid emulsion formation; this was
found to be the most effective ratio. This means that the
tendency for association is, in general, greater when the
solvent–solute interactions are weaker; however, chloroform
is the least effective. The exact cause of this type of behavior

Figure 1: Extractability of all tested transition metal ions as a
function of pH. Organic phase: H8L = 5 × 10−4 M; aqueous phase:
= (e) 5 × 10−5 M; succinic acid = 0.01 M; and buffer solution: 0.01
M; MES-NaOH (pH 5.0–7.0) and 0.1 M Tris-HClO4 (pH 7.0–9.0).
[Cd2+] = (◼)1 × 10−4 M, 0.2 M NaClO4. O/A = 1; T = 25∘C. O:A
represents the ratio between organic (O) and aqueous (A) volumes
in the experiments.

is not known. It was observed that the extraction percentage
increased with the diluent type in the order of chloroform >
dichloromethane > nitrobenzene.
3.3. Choice of Stripping Agent. After extraction of Cd2+ with
H8L, the metal ions were stripped with 7 mL of various
concentrations ofmineral acid reagents, specifically 4MHCl,
0.1–5MHNO3, or 2 MH2SO4; lower concentrations of nitric
acid (< 4.5 M) were not suitable as Cd2+ forms a stable
complex. Finally, it was observed that 4 M HCl was suitable
as a stripping agent.

3.4. Effect of Succinic Acid. Very small amounts of succinic
was added to the reaction media to inhibit emulsification
particularly in the case of Cd2+, Cu2+, and Cr3+ transition
metal cations. By keeping all other parameters the same,
experiments were performed using different concentrations
of succinic acid.Thebest extractionwas achievedwhen 0.01M
succinic was used. It is noteworthy to mention that upon
addition of the succinic acid into the highly basic buffer
solution, the extraction percentage was stabilized probably
due to the pH control.

3.5. Nature of the Extracted Species. At first, we studied the
effect of pH on the extraction of several transition metal ions
with H8L in nitrobenzene. Specifically, the solvent extraction
percentages of Cd2+, Ni2+, Cu2+, Ag+, Co2+, Zn2+, Cr3+,
and Mn2+ transition metal cations were examined. Figure 1
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Figure 2: Effect of the organic solvent (nitrobenzene,
dichloromethane, or chloroform) on the extraction percentage
of Cd2+ with H8L. H8L = 5 × 10−4 M; aqueous phase [metal ion]: =
(e) 5 × 10−5 M. O/A = 1; succinic acid = 0.01 M; and buffer solution,
T = 25∘C.

shows that the percentage of metal ions extracted increases
as the pH increases from 10.0 to 13.0. In the acidic or
neutral pH region, metal ions were not extracted with H8L,
whereas at pH 11.3 more than 60% of metal ions were
extracted with H8L. The maximum extraction percentage
was observed in the pH range of the 11.5 to 13.00 for all
tested samples. The extractability order is Cd2+ > Ni2+ >
Cu2+ > Ag+ > Co2+ > Zn2+. H8L has phenolic hydroxyl
groups which deprotonate at pH > ca.10 and deprotonated
H8L can extract the metal ions. Among the cations tested,
almost the same percentages of Cd2+ and Ni2+ ions were
extracted under the experimental conditions. By contrast, no
amounts of Cr3+ and Mn2+ were extracted, possibly due to
the formation of a precipitate with ammonia solution. The
results indicate that H8L has a good affinity for complexation
with transition metal ions. The study of pH effect indicates
that the extractionmechanismdepends on a proton exchange
mechanism together with hydrogen bonding. Petit et al. also
reported a dinuclear cobalt(II) complex of calix[8]arenes
compound, prepared by solvothermal reaction of cobalt(II)
acetate with p-t-butylcalix[8]arene and trimethylamine; the
compound was formed by hydrogen bond bridging [33].

The effects of three organic solvents, nitrobenzene,
dichloromethane, and chloroform, were examined for both
Cd2+ (Figure 2) and Ni2+ (Figure 3) in the pH range of 10-
13.5. Nitrobenzene was very effective as an extractant for
both Cd2+ and Ni2+ metal ions, extracting 96% of these
metal ions in the pH range of 11.50-12.70. Dichloromethane
was effective in the pH range 11.4-13 for Cd2+, whereas the
effective pH range for Ni2+ was 12–13. Chloroform was less
effective as an extractant at all pH values tested, showing

Figure 3: Effect of the organic solvent (nitrobenzene,
dichloromethane, or chloroform) on the extraction percentage
of Ni2+ with H8L. p-calix[8] = 5 × 10−4 M; aqueous phase [metal
ion]: = (e) 5 × 10−5 M. succinic acid = 0.01 M and buffer solution,
O/A = 1; T = 25∘C.

only 50% extraction of Cd2+ and Ni2+ combined and similar
extraction percentages for Cd2+ and Ni2+ individually. It
has been reported that the H6L complex could be obtained
as an adduct with chloroform (1 M); however, chloroform
could not be removed from the adduct after calcination
at 130∘C for 3 days under reduced pressure. This indicates
that the chloroform molecule might be encapsulated within
the cavity of the calixarene and particularly for p-t-butyl
calix[6]arene [H6L]molecule, whichmay account for the low
extraction percentage obtained in the chloroform solution
[25]. Three types of organic solvents were tested and the
nitrobenzene is found to be the most efficient. Two other
solvents, dichloromethane and chloroform, are least effective.
The exact cause of this type of behavior is not known.
Masuda et al. observed that the relative descending order of
extraction with other solvents is not the same with H6L and
the same order does not necessarily accord the order of their
dielectric constants [31]. Actually the extraction percentages
of Ce(III) with H6L were 95%, 27%, and 18% at pH 11.85 in
the case of organic solvents nitrobenzene, dichloromethane,
and chloroform. The dielectric contestants of nitrobenzene,
dichloromethane, and chloroform are 34.82, 7.77, and 4.80,
respectively. Therefore, it can be assumed that the dielectric
contestant of the medium has some contribution in the
extraction process. However, the main factor determining
the extraction efficiency in the extraction process must
be taken into account and a better term correlating the
relative extraction order is solubility parameter. Moreover,
Thuéry et al. reported that the reaction at room temperature
between H8L and an excess of trimethylamine in chloroform
provided a solid that could be recrystallized in methanol
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Figure 4: Plot of logD vs. log[HnL] for Cd
2+ and Ni3+ under the

same reaction condition of Figure 3.

to yield dark red crystals of new compound suitable for
X-ray crystallography. Therefore, we can conclude that the
chloroform solvents have some affinity and/or suitable for
complex formation with H8L ligand [34].

3.6. Slope Analysis. A traditional and effective means of
obtaining both stoichiometric and equilibrium constant
information about extraction processes, slope analysis, are
based on an examination of the logarithmic variation of the
distribution ratio, D, with relevant experimental variables.
The log-log plots of the extraction in the form of D vs.
a concentration variable indicate the stoichiometry of the
formation of the extractable complex and thus lead to the
derivation of a suitable equilibrium expression and then to
the calculation of equilibrium constants.

Since the extraction reagents exhibited high selectivity for
Cd2+ and Ni2+, detailed extraction behavior for Cd2+ and
Ni2+ was investigated by slope analysis, the continuous varia-
tionmethod, and by loading tests.The extractionmechanism
was studied by evaluating the composition of the extracted
Cd2+ and Ni2+ species. Figure 4 shows the effect of the initial
concentration of H8L in the organic phase on the extraction
of Cd2+ and Ni2+ from an aqueous ammonia solution. With
increasing initial concentration of H8L, straight lines with
a slope of 2 were obtained in the logD vs. log[H8L] plots
for Cd2+ and Ni2+, indicating that the binding ratio of H8L
with Cd2+ and Ni2+ is 2:1. Figure 5 shows the effect of the
initial concentration of ammonia in the aqueous phase on
the extraction of Cd2+ and Ni2+. The logD value increases
linearly with an increasing initial concentration of ammonia
with a slope of 2.These findings suggest that a 2:1 (H8L:metal)
complex was extracted into the organic phase by releasing
an equimolar amount of protons from H8L along with two
ammonia molecules.

Distribution experiments were carried out in order
to obtain information on the viability of the extraction
process, the stoichiometry and distribution equilibrium of
the extracted metal ions between phases, and the extent
of Cd2+ and Ni2+ extraction. During this experiment, the
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Figure 6: Plots of percentage extraction vs. molar ratio [L]/[M] for
the extraction of Cd2+ and Ni3+ with H8L under the same reaction
condition of Figure 3. O:A = 1:1. Symbol (empty green inverted
triangle), (filled green circle) (repeated) (filled red diamond) (filled
red circle) (repeated)-H8L; O/A = 1; T = 25∘C.

concentrations of Cd2+ and Ni2+ were kept constant at 1
× 10−3 M, while the concentration of the extractant was
varied from 1 × 10−4 to 2 × 10−3 M. This means that the
relative concentration of the extractant H8L (defined as the
molar ratio of the initial extractant concentration and the
concentration of the extracted metal) changed from 0.1 to 3.4
(Figure 6). A plot of the residual concentration of Cd2+ and
Ni2+ in the aqueous phase, against the relative concentration
of extractant, is presented in Figure 6. Initially, experiments
were completed three times to examine their reproducibility.
These results are also presented in Figure 6. As can be
seen, the extractionmethod showed good reproducibility. An
extraction percentage higher than 75% was obtained using
H8L at low concentrations of Cd2+ and Ni2+. For Cd2+ and
Ni2+ extracted by the same reaction condition, the higher Ex
% of Cd2+ must have a high extraction equilibrium constant.
That is why the slope of straight line after the inflection point
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in Figure 6 becomes more horizontal in green line (Cd2+)
than red line (Ni2+).

As mentioned above the molar ratio of H8L: metal was
2:1. These extraction studies suggest that the 2:1 (H8L: metal)
complex was extracted into the organic phase releasing 1
M protons from 1 M H8L, accompanying two ammonia
molecules [Figures 4 and 5]. The extraction equilibrium and
the extraction equilibrium constant Kex can be expressed as

M(NH3)i2+ + 2H8L(o) + 2NH3
= M(NH3)i+2H6L(o) + 2H+

(2)

Kex = [M (NH3)i+2H6L]o [H
+]2+

[M(NH3)i2+] [H8L]o2 [NH3]2
(3)

where (o) indicates the species in the organic phase. Equation
(3) can be simplified as follows using the distribution ratio of
the metal (D = [M(NH3)i+2H8L]o / [M(NH3)i2+]):

Kex = D [H]2
[H6L]o2 [NH3]2

(4)

logD = log Kex + 2 log [H8L]o + 2pH + 2log [NH3] (5)

From the above observations, it is suggested that the ammo-
nia molecules and amine complex participate in the extrac-
tion of transition metal ions with H8L.

The extraction of transition metal ions with H8L
from the aqueous phase, containing 0.1 M ethylenediam-
ine [C2H4(NH2)2] and 0.1 M trimethylenediamine
[(CH2)3(NH2)2] instead of ammonia, into the dichlo-
romethane solution was also examined. It is worth noting
that extraction of Co2+ and Ni2+ from the aqueous phase
containing ethylene diamine was suppressed (Ex% = 0). On
the other hand, Cu2+ and Cd2+ were extracted remarkably
well (Cu2+ = 100% and Cd2+ = 90%) from the aqueous phase
containing ethylene diamine. The interaction of calixarenes
and amines in the dichloromethane solution likely involves
the following two-step process: (i) proton transfers from
the calixarene to the amine to form the amine cation and
then (ii) the calixarene anion forms an endo-calix complex
by association with the amine cation [35]. However, we
think these reactions simultaneously take place and reach
equilibrium at certain conditions.

To understand complexation in the aqueous phase, the
distribution ratio of the M(en)2 andM(en)3 [(en)2= ethylene
diamine and (en)3 = trimethylene diamine] species in the
aqueous phase about each metal ion before extraction, using
the formation constant with ethylene di and triamine, was
calculated. Table 1 shows the distribution ratios of the
M(en)2 and M(en)3 species in the aqueous phase before
extraction and the extraction percentage for extraction with
H8L into dichloromethane. The distribution ratios for the
complexations with H8L are comparable and indicative of
high efficiency (Table 1). The values of the distribution ratios
of M(en)2 and M(en)3 species in the aqueous phase before
extraction are integers. As mentioned above, the extraction

Table 1: Extraction percentage (Ex%) of the transition metal ions
with H8L from ethylene diamine into dichloromethane at 25∘C and
distribution ratio ofM(en)2 andM(en)3 in the aqueous phase before
extraction. Uncertainties are given in parentheses as standard errors
of the mean (N = 3).

%E M(en)2
∗ M(en)3

∗∗

(%) (%)
Co(II) 0 0 100
Ni(II) 0 0 100
Cu(II) 97.0 (2) 100 40
Zn(II) 46.0 (3) 3 97
Ag(I) 52.7 (5) 99 35
Cd(II) 90.1 (1) 15 85
∗(en)2 = ethylene diamine,∗∗(en)3 = ethylene triamine.

of Co2+ and Ni2+ metal ions was suppressed. Thus, most of
the existing species in the aqueous phase are M(en)3, while
fewM(en)2 species were present, whereas in the case of Cu2+
most of the extracted species present in the aqueous phase
were M(en)2 species. These data suggest that the existence
of M(en)2 species diverts and/or controls the extraction with
H8L from the aqueous phase containing ethylene diamine
to some extent. This can be explained by steric factors
influencing the binding of the ligands to the metal ions. It
means that probably the small molecule are encapsulated
by larger molecular and steric barriers keep the guest from
escaping the host. From the above results, masking effects of
metal ionswith amines were also observed, particularlymetal
ions showing high affinity with amines.

We additionally studied the composition of the Cu2+ and
Cd2+ extracted species according to the molar ratio method.
A plot of logD vs. log[H8L] was constructed and a straight
line was found with a slope of 1, indicating a molar ratio of
H8L:metal = 1:1, which is different from the composition of
species in the case of the ammonia aqueous phase. The effect
of pH on the extraction of Cu2+ was also verified. As logD
increases linearly with an increase in pH, where a slope of 2
was obtained.

Thus, the extraction equilibrium can be expressed as (en=
H2N(CH2)2NH2)

M(en)2
2+ +H8L(O) = M(en)2H6L(O) + 2H+ (6)

Table 2 shows the elemental analysis data of the Cu2+-
H8L and Cd2+-H8L complexes. These data indicate that the
extracted species from the aqueous phase containing ethylene
diamine was M(en)2 not M(en)3, in agreement with our
initial assumption based on Table 1.

It has been reported that, in the extraction of metal ions
using calix[n]arenes, the metal ion selectivity is related to the
ring size of the calix[n]arene and to the radii of themetal ions
[9, 10]. The present extraction study using H8L accompanied
by amines indicated that size is key to the selectivity, as the
diameter of the H8L ring (4-4.4 Å) is sufficient to fit the
M(en)2 complex (where the distance between the both ends
of amino proton is ca. 4.0 Å). A possible structure of Cu2+-
H8L is given in Scheme 1. An X-ray results is essential to
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Table 2: Elemental analysis of Cu2+-H8L and Cd2+-H8L complexes and estimated chemical formula.

Cu2+: estimate chemical formula Cd2+: estimate chemical formula
Cu(en)2H6L.5H2O Cd(en)2 H6L.3H2O
H(%) C(%) N(%) H(%) C(%) N(%)

Obs. 8.37 70.89 3.56 Obs. 8.18 69.90 3.49
Calc. 8.73 70.40 3.57 Calc. 8.41 69.83 3.54

(a) [Cu(？Ｈ2]n-(（8，)n (b) Cu(？Ｈ)2-（8，

Scheme 1: Structure of Cu(en)2-H8L complex.

determine a compound structure. At present, our research is
now progressing in this direction.

As mentioned above Cd2+ is very toxic and inhaling
cadmium dust leads to kidney problems which can be fatal.
Therefore, complexation studies of Cd2+-H8L complexes
were also performed using FESEM, FTIR, and 1H NMR
spectroscopy for more information of Cd2+ extraction with
H8L. FESEM images of H8L and Cd2+-H8L showed very
unique surface morphology. The H8L had rod-like particles
with almost 10 𝜇m long and less than 1 𝜇mwide [Figure 7(a)].
However, the Cd2+-H8L morphology was totally changed in
compare with H8L alone. The Cd2+-H8L sample had two
types of particle sizes as shown in Figures 7(a) and 7(b),
respectively. The nanosize spherical particles were Cd2+ ions
and the square or bigger size particles were H8L as evidence
by EDX analysis. The EDX and elemental analysis showed
almost the same results. It is interesting that the Cd2+ ions
were homogeneously dispersed and/or distributed over the
H8L ligand. Figure 8(a) shows the EDX spectrum of big
particles marked by red arrow in Figure 7(b). The atomic
percentage of C was 69.26 for the big size particles. Very little
amount of Cd2+ was also obtained during EDX analysis of
big size particles. On the other hand, the spherical particles
had mostly Cd2+ ion and atomic percentage of Cd was 33.78
[Figure 8(b), the EDX spectrum of spherical particle was
based on Figure 7(c), marked by red arrow]. Almost the same

results were obtained for different location based on particles
size.The EDX results shown in Figures 8(a) and 8(b) indicate
the presence of Cd, C, Au, Cu, and O. The Au and Cu were
found due to gold coating over the sample and Cu substrate
was used.

The FTIR spectrum of H8L and Cd2+-H8L is shown
in Figures 9(a) and 9(b), respectively. In the FTIR spectra
of the complexes, the intensities or wave numbers of the
stretching vibration of the OH groups change drastically
with complexation by breakage of the especially strong
intramolecular hydrogen bonding existing in the free ligands
[30].The IR absorption bands at 3187 cm−1 due to 𝜐N-H: free
ethylene diamine [36] shifted to 3361 cm−1 upon extraction
of Cd2+ with H8L. This indicates that hydrogen bonding was
likely present in the M(en)2-H8L complex. The associated
natures of C(CH3)3, –CH2–, and hydroxyl group have been
reported previously [30]. The band C(CH3)3 gives a sharp
absorption band at ca. 2944 cm−1, and this peak intensity
was weakened after making a complex with Cd2+ cation. The
](C=C) vibration bands shift by about 30 cm−1 (i.e., from
1605 to 1638 cm−1) toward higher frequencies. It has been
also recorded that the –CH2– vibrations almost disappeared
and the very strong peak at 1489 cm−1 was disappeared. The
differences in the infrared spectramay be caused by hydrogen
bonding. As a whole, all the peaks of Cd2+-H8L composites
were shifted to higher energy direction, indicating the strong
interaction between Cd2+ and H8L.

The solution behavior of the complexes was determined
by 1H-NMR spectroscopy in CDCl3 at room temperature.
In the spectra of H8L [Figure 10(a)], and Cd2+-H8L [Fig-
ure 10(b)], each spectrum shows one singlet resonance for
protons of -C(CH3)3 at 𝛿 = 1.25. For H8L, singlet resonances
of Ar-H are observed at 𝛿= 7.12 and 7.14 ppm, respectively; for
Ar-OH these resonances are at 𝛿 = 9.63, respectively. A new
signal appeared at chemical shift of 𝛿 = 2.62 which was not
observed in the H8L. In our previous study, we also observed
one singlet at around 𝛿 3.00 for Ce3+-H8L and Ce3+-H6L
probably for the bridgingmethane groups due to the different
environments of the hydrogen atoms on themethylene group
[30]. In the 1H NMR spectra, peaks at 3.5 and 4.4 ppm were
observed (due to the nonequivalent methylene protons (Ar-
CHAHB-Ar) in the free H8Lwhich converge to 3.8 ppm in the
Cd(en)2-H8L complex after extraction.This indicates that the
cone conformation of H8L converts into the 1,3,5,7-alternate
conformation.

In this study, the H8L-ester compounds were also synthe-
sized according to published procedures [37]. The extraction
percentage of any metal ion was poor throughout the entire
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Figure 7: FESEM images of the samples: (a) H8L, (b) Cd
2+-H8L, and (c) sample (b) at high magnification.

(a) (b)

Figure 8: EDX spectra of (a) H8L and (b) Cd
2+-H8L. EDX spectra for the region marked by an arrow in (b), and (c) of Cd2+-H8L in Figure 7.

range of pH used. In fact, the liquid–liquid extraction ability
of transition metal ions with the H8L-ester/CH2COOC2H5
derivative was low in comparison with H8L alone. It is
thought that theH8L becomes an anion due to deprotonation.

The H8L-ester, which is modified from calix[8]arene, is more
flexible than both the calix[4]arene and calix[6]arene deriva-
tives; however, it did not show a good extraction capability
for Co2+, Ni2+, Zn2+, and Ag+, as shown in Figure 11.
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Figure 9: FTIR spectra of (a) H8L and (b) Cd2+-H8L.

(a) (b)

Figure 10: 1H NMR spectra of (a) H8L at 25∘C in CDCl3 and (b) Cd-H8L at 25∘C in CDCl3 at 400 MHz.

4. Conclusions

The host–guest extraction and/or complexation of divalent
heavy metal cations and silver by H8L and its ethyl ester
host was investigated by changing various experimental
parameters.The effect of the organic solvent on the extraction
procedure was examined. In the solvents, the affinity of H8L
to bind transitionmetal cations was found to be much higher
in the case of Cd2+ and Ni2+ when ammonia was used as
the aqueous phase. The results from the extraction study

suggested that, in the case of ammonia, the ratio of the
extracted species is 2:1 (H8L:metal), whereas in the presence
of ethylene diamine instead of ammonia, the composition
of the extracted species is 1:1, indicating selectivity towards
tetrahedral type metal ions. The ester-H8L compounds were
found to be not effective for the extraction of transitionmetal
cations under the present reaction conditions.The extraction
behavior of the metal ions was closely related to the pH at
equilibrium and the matrix and/or medium (i.e., ammonia
or amine) of the aqueous solution and organic phase.
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Figure 11: Metal ions percentage extraction (E%) at pH 11.5 by H8L-
ester. O/A = 1; T = 25∘C.
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[1] V. Böhmer and J. Vicens, “Special Calixarenes, Synthesis and
Properties,” in Calixarenes: A Versatile Class of Macrocyclic
Compounds, vol. 3 of Topics in Inclusion Science, pp. 39–62,
Springer Netherlands, Dordrecht, 1990.

[2] C. D. Gutsche, “Calixarenes,” The Royal Society of Chemistry,
Cambridge, p. 181, 1989.

[3] K. Ohto, M. Yano, K. Inoue et al., “Effect of coexisting alkaline
metal ions on the extraction selectivity of lanthanide ions with
calixarene carboxylate derivatives,” Polyhedron, vol. 16, no. 10,
pp. 1655–1661, 1997.

[4] N. N. M. Yusof, Y. Kikuchi, and T. Kobayashi, “Predominant
hosting lead(II) in ternary mixtures of heavy metal ions by
a novel of diethylaminomethyl-calix[4]resorcinarene,” Interna-
tional Journal of Environmental Science and Technology, vol. 11,
no. 4, pp. 1063–1072, 2014.

[5] N. N. M. Yusof, Y. Kikuchi, and T. Kobayashi, “Ionic
imprinted calix[4]resorcinarene host for Pb(II) adsorbent using
diallylaminomethyl-calix[4]resorcinarene copolymer,” Chem-
istry Letters, vol. 42, no. 10, pp. 1119–1121, 2013.

[6] M.Mart́ınez-Aragón, E. Goetheer, andA. deHaan, “Host–guest
extraction of immunoglobulin G using calix[6]arenas,” Separa-
tion and Purification Technology, vol. 65, no. 1, pp. 73–78, 2009.

[7] T. Oshima, M. Goto, and S. Furusaki, “Complex formation of
cytochrome c with a calixarene carboxylic acid derivative: A
novel solubilizationmethod for biomolecules in organicmedia,”
Biomacromolecules, vol. 3, no. 3, pp. 438–444, 2002.

[8] R. Ludwig, “Calixarenes in analytical and separation chemistry,”
Fresenius’ Journal of Analytical Chemistry, vol. 367, no. 2, pp.
103–128, 2000.

[9] C. D. Gutsche, B. Dhawan, K. H. No, and R. Muthukrishnan,
“Calixarenes. 4.The Synthesis, Characterization, and Properties
of the Calixarenes from p-tert-Butylphenol,” Journal of the
American Chemical Society, vol. 103, no. 13, pp. 3782–3792, 1981.

[10] C. D. Gutsche and K. C. Nam, “Calixarenes. 22. Synthesis,
Properties, and Metal Complexation of Aminocalixarenes,”
Journal of the American Chemical Society, vol. 110, no. 18, pp.
6153–6162, 1988.

[11] X. Chen, R. A. Boulos, A. D. Slattery, J. L. Atwood, and C.
L. Raston, “Unravelling the structure of the C60 and p-But-
calix[8]arene complex,” Chemical Communications, vol. 51, no.
57, pp. 11413–11416, 2015.

[12] J. L. Atwood, L. J. Barbour, M. W. Heaven, and C. L. Raston,
“Controlling van derWaals Contacts in Complexes of Fullerene
C60,” Angewandte Chemie International Edition, vol. 42, no. 28,
pp. 3254–3257, 2003.

[13] C. Geraci, G. Chessari, M. Piattelli, and P. Neri, “Cation encap-
sulation within a ten-oxygen spheroidal cavity of conforma-
tionally preorganized 1,5-3,7-calix[8]bis-crown-3 derivatives,”
Chemical Communications, no. 10, pp. 921-922, 1997.

[14] C. Redshaw, “Coordination chemistry of the larger calixarenes,”
Coordination Chemistry Reviews, vol. 244, no. 1-2, pp. 45–70,
2003.

[15] T. Kajiwara, N. Iki, and M. Yamashita, “Transition metal
and lanthanide cluster complexes constructed with thia-
calix[n]arene and its derivatives,” Coordination Chemistry
Reviews, vol. 251, no. 13-14, pp. 1734–1746, 2007.

[16] R. Ludwig andN. T. K. Dzung, “Calixarene-basedmolecules for
cation recognition,” Sensors, vol. 2, no. 10, pp. 397–416, 2002.

[17] C. J. Liu, J. T. Lin, S. H. Wang, J. C. Jiang, and L. G. Lin,
“Chromogenic calixarene sensors for amine detection,” Sensors
and Actuators B: Chemical, vol. 108, no. 1-2, pp. 521–527, 2005.

[18] R. M. Izatt, J. D. Lamb, R. T. Hawkins, P. R. Brown, S. R. Izatt,
and J. J. Christensen, “Selective M+-H+ Coupled Transport of
Cations through a LiquidMembrane byMacrocyclic Calixarene
Ligands,” Journal of the American Chemical Society, vol. 105, no.
7, pp. 1782–1785, 1983.

[19] S. R. Izatt, R. T. Hawkins, J. J. Christensen, and R. M. Izatt,
“Cation Transport fromMultiple Alkali Cation Mixtures Using
a Liquid Membrane System Containing a Series of Calixarene
Carriers,” Journal of the American Chemical Society, vol. 107, no.
1, pp. 63–66, 1985.

[20] L. Mutihac and R. Mutihac, “Liquid-liquid extraction and
transport through membrane of amino acid methylesters by
calix[n]arene derivatives,” Journal of Inclusion Phenomena and
Macrocyclic Chemistry, vol. 59, no. 1-2, pp. 177–181, 2007.

[21] S. Ayata and M. Merdivan, “P-tert-Butylcalix[8]arene loaded
silica gel for preconcentration of uranium(VI) via solid phase
extraction,” Journal of Radioanalytical and Nuclear Chemistry,
vol. 283, no. 3, pp. 603–607, 2010.

[22] L. N. Puntus, A.-S. Chauvin, S. Varbanov, and J.-C. G. Bünzli,
“Lanthanide complexes with a calix[8]arene bearing phosphi-
noyl pendant arms,” European Journal of Inorganic Chemistry,
no. 16, pp. 2315–2326, 2007.

[23] G. Suganthi, C. Meenakshi, and V. Ramakrishnan, “Molecular
recognition of 1,5 diamino anthraquinone by p-tert-butyl-
calix(8) arene,” Journal of Fluorescence, vol. 20, no. 5, pp. 1017–
1022, 2010.

[24] S. Erdemir, M. Bahadir, and M. Yilmaz, “Extraction of
carcinogenic aromatic amines from aqueous solution using
calix[n]arene derivatives as carrier,” Journal of HazardousMate-
rials, vol. 168, no. 2-3, pp. 1170–1176, 2009.



International Journal of Analytical Chemistry 11

[25] I. Yoshida, S. Fujii, K. Ueno, S. Shinkai, and T. Matsuda, “
Solvent Extraction of Copper(II) Ion with ,” Chemistry Letters,
vol. 18, no. 9, pp. 1535–1538, 1989.

[26] E. Tashev, M. Atanassova, S. Varbanov et al., “Synthesis
of octa(1,1,3,3-tetramethylbutyl)octakis(dimethylphosphinoyl-
methyleneoxy) ca lix[8]arene and its application in the synergis-
tic solvent extraction and separation of lanthanoids,” Separation
and Purification Technology, vol. 64, no. 2, pp. 170–175, 2008.
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A novel nanocomposite of nanoporous gold nanoparticles (np-AuNPs) functionalized with 2,2,6,6-tetramethyl-1-piperidinyloxy
radical (TEMPO) was prepared; assembled carboxyl groups on gold nanoporous nanoparticles surface were combined with
TEMPO by the “bridge” of carboxylate-zirconium-carboxylate chemistry. SEM images and UV-Vis spectroscopies of np-AuNPs
indicated that a safe, sustainable, and simplified one-step dealloying synthesis approach is successful. The TEMPO-np-AuNPs
exhibited a good performance for the electrochemical detection of H2O2 due to its higher number of electrochemical activity sites
and surface area of 7.49 m2g-1 for load bigger amount of TEMPO radicals. The TEMPO-functionalized np-AuNPs have a broad pH
range and shorter response time for H2O2 catalysis verified by the response of amperometric signal under different pH and time
interval. A wide linear range with a detection limit of 7.8 × 10-7 M and a higher sensitivity of 110.403 𝜇A mM-1cm-2 were obtained
for detecting H2O2 at optimal conditions.

1. Introduction

Hydrogen peroxide (H2O2) is the smallest and simplest
peroxide, which could be generated in many biological
processes and cause severe oxidative damage [1–3]. It has
been applied in many biosynthetic reactions and also plays
an important role in various fields, especially in immune cell
activation, vascular remodelling, apoptosis, stomatal closure,
root growth, and so on [1, 4]. Because of this, many practical
explorations have been done in the detection andmonitoring
of H2O2 in pharmaceutical [1–6], biological [5, 6], clinical
[1, 3, 7], chemical, textile [1, 2, 8–10], and food industries
[1–6, 10]. The dynamic equilibrium of the production and
consumption of H2O2 is closely interlinked with the quality
of our life; therefore, the development of new materials and
techniques for quantitative detection of H2O2 at a trace level
has presented a significant role in the fundamental studies
of diagnostic and monitoring applications. However, most
existing techniques suffer from many drawbacks, such as
inherent instability, time consuming, poor selectivity, low
activity, complicated, and costly immobilization procedures

[1–3, 9–11]. Thus, it is necessary to develop new electrochem-
ical sensors overcoming those drawbacks for accurate and
sensitive detection of H2O2.

A number of new materials such as metals nanomateri-
als, carbon nanotubes, quantum dots, nanocomposites, and
redox substances have been employed for the detection of
H2O2 [1–9]. In recent studies, nanoscale hollow materials
have attracted scientists’ attention for their unique porous
structural and versatile properties. There have been some
reports already about its applications in fuel cell and remark-
able catalytic oxidation activities to CO,methanol, hydrazine,
and so on [12–15]. Particularly, nanoporous gold nanoparti-
cles (np-AuNPs), one of themost important nanoscale hollow
materials, combining their high surface areas with tunable
surface plasmon resonance (SPR) features, can serve larger
immobilized surface and excellent catalytic sites in chemical
reactions and also provide a substrate material to manu-
facture functionalized nanocomposite [12, 15]. Meanwhile,
TEMPO plays a key role in chemistry and biology as an
organic redox catalyst for alcohol, aldehydes, and ketones
[16–21] and has shown its catalytic oxidation potential to
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H2O2 due to the electrochemical oxidation of stable nitroxyl
radical [22, 23]. Recently, the nitroxyl radical of TEMPO
has been reported to attach to solid surfaces by chemical
routes to form supramolecular assemblies with high coverage
of catalytic radicals [24, 25]. Based on considerations above,
in order to take full advantage of their inherent catalytic
oxidation activity of the np-AuNPs and the TEMPO, we
explore the synergistic effect of TEMPO-functionalized np-
AuNPs for the peroxidase-like activity response and use this
feature for H2O2 detection.

Most nanoporous materials are prepared by using tra-
ditional dealloying, template, electrochemical methods, and
directed self-assembly [9, 10, 26], and the dealloying approach
is mostly adopted to synthesize various nanoporous hol-
low structures [12–15], using AgCl templates to get the
nanoporous gold [12, 26, 27]. However, this traditional
dealloying approach is limited by its harsh cumbersome and
high-heat conditions [12, 28]. In this work, we prepared the
zero-dimensional hollow np-AuNPs via an improved one-
step dealloying synthesis in moderate conditions instead
of traditional two-step dealloying methods. To improve
the peroxidase-like activity of the np-AuNPs and TEMPO,
we assembled mercaptoacetic acid (MA) on the surfaces
of np-AuNPs/GCE, and then the 4-carboxy-TEMPO was
connected to the mercaptoacetic acid through Zr4+ as
the bridge bond. The np-AuNPs were characterized by
scanning electron microscopy (SEM) and UV-Vis spec-
troscopy, and the TEMPO-contained nanocomposites char-
acterized its electrochemical active area by cyclic voltamme-
try in different electrolytic buffer. Finally, its amperometric
response of TEMPO-np- AuNPs/ GCE to detect H2O2 was
exploited.

2. Experimental

2.1. Chemical Reagents. Silver nitrate (99%), HAuCl4⋅3H2O
(>99.9%), hydroquinone (>99%), H2O2 (30wt% aqueous),
and mercaptoacetic acid (MA) were obtained by Sinopharm
Chemical Reagent Co., Ltd. (Beijing). The polyvinylpyrroli-
done (PVP, MW 1,300,000) was purchased from J&K
Scientific Ltd. Zirconium dichloride oxide octahydrate
(ZrOCl2⋅8H2O) and 4-carboxy-2,2,6,6-tetramethylpiperi-
dine-1-oxyl free radical (4-carboxy-TEMPO) came from
Sigma-Aldrich (St. Louis, MO) and TCI (Shanghai) Develop-
ment Co., Ltd., respectively. 0.1 M PBS supporting electrolyte
was prepared by orthophosphoric acid and its salts (0.1 M
Na2HPO4, 0.1 M NaH2PO4), pH=4.0-9.0. All reagents were
of analytical grade.

2.2. Apparatus. A scanning electron microscopy (SEM,
Hitachi S-4800, Japan) was employed to study the morphol-
ogy of nanoporous gold nanoparticles and TEMPO-MA-np-
AuNPs on the electrode. The UV-Vis absorption peak was
carried on a UV-3600 spectrophotometer (SHIMADZU). All
data of electrochemical studies were obtained with an elec-
trochemical workstation (CHI 760D, Chenhua, Shanghai) at
the room temperature. A platinumwire auxiliary electrode, a
saturated calomel reference electrode, and a modified glassy

carbon electrode (GCE, Φ=3 mm, as the working electrode)
are included in a standard three-electrode cell. All ultrapure
water (≥18.25 MΩ) for experiments was obtained from a
Millipore Milli-Q water purification system.

2.3. Preparation of Nanoporous Gold Nanoparticles. The
nanoporous gold nanoparticles (np-AuNPs) were prepared
according to the literature with some modification [12].
Briefly, 160 𝜇L solution of hydroquinone (28 mM) and 10
mM AgNO3 aqueous solution (60 𝜇L) were mixed firstly
into 4.5 mL PVP solution (90 mM) in sequence. Then the
mixed system came to an equilibrium stirring for 5s, 650
r.m.p. Next, 40 mM HAuCl4 (100 𝜇L) was added dropwise
into the system at room temperature under gentle stirring.
After 3 min standing, the color of the reaction liquid turned
to stable (reddish brown), and then the residual AgCl, which
is formed during the reaction, was removed by the additional
concentrated NH4OH (1 mL). Finally, the resulting solution
was centrifuged and washed repeatedly with ultrapure water,
7,000 r.p.m. 5 min, to collect the np-AuNPs. Finally, 1.0 mg of
np-AuNPs sample was fully suspended in a mixed solution
(1.0 mL ethanol, 1.0 mL of 90 mM PVP) by ultrasonica-
tion.

2.4. Electrode Fabrication of Tempo-Np-Au NPs/GCE. The
bare glassy carbon electrode (GCE) was polished with
0.30𝜇MAl2O3 slurries on the chamois leather until a mirror-
like surface is obtained. Next, it was ultrasonically cleaned
with absolute ethanol and ultrapure water, dried with N2.
Then, the electrodewas subjected to cyclic voltammetry (CV)
in 0.1MKClwith the potential of -0.4V and 1.6V, at a scan rate
of 100 mVs-1, until the reproducible cyclic voltammograms
were obtained.

A quantity of 1𝜇L of the prepared np-AuNPs suspen-
sion was dropped on the surface of freshly pretreated
bare GCE above. After the GCE was air dried at room
temperature, 20 𝜇L of 0.2 mM MA solution was added
onto the np-AuNPs/GCE surface and incubated for 1.0 h
at room temperature; by so doing, a MA self-assembled
monolayer formed on the surface of np-AuNPs (MA-np-
AuNPs/GCE) via chemisorption and the chemistry of for-
mation of MA-SAM on the np-AuNPs surface; a procedure
probably involves the oxidative addition to form the S-
Au bond by losing the hydrogen as H2 or H2O [29, 30].
Subsequently, the TEMPO-np-AuNPs/GCE was prepared by
carboxylate- zirconium-carboxylate chemistry [31–33]. After
washing the MA-np-AuNPs/GCE with ultrapure water to
remove the remaining MA, the electrode was immersed in
ZrOCl2⋅8H2O 60% ethanol solution (5.0 mM) for 30 min.
The modified electrode was taken out and then washed with
absolute ethanol, dried with N2. Next, the electrode was
incubated in 20𝜇L of 0.2mM4-carboxy-TEMPO solution for
30 min, followed by rinsing with ultrapure water to remove
remaining reactants. TEMPO-functionalized nanoporousAu
nanocomposite electrode was prepared. The establishment
of this sensor for H2O2 detection is depicted in Fig-
ure 1.



International Journal of Analytical Chemistry 3

HAucl4-

hydroquinone

AgNO3

np-AuNPS
HS COOH

(MA)

S
HOOC COOHS

SHOOC
S COOH

COOH

S

HOOC

S

COOH
S

COOHS
S

HOOC
np-AuNPS

N

N N

N

N

N

N

N

N

N

HOOC

np-AuNPS

GCE

GCE

GCE

np-AuNPS np-AuNPS/GCE MA-np-AuNPS/GCE TEMPO-MA-np-AuNPS/GCE

PVP

O·

O·
O·

O·

O·

O·

O·
O· O·

O·

Zr�ퟒ+

Zr�ퟒ+

Zr�ퟒ+
Zr�ퟒ+Zr�ퟒ+

Zr�ퟒ+

Zr�ퟒ+ Zr�ퟒ+

Zr�ퟒ+
Zr�ퟒ+

COO-

COO- COO-

COO-

COO-
COO-COO-

COO-

COO-

COO-
COO-

COO-

COO-

COO-

OOC-

OOC-

OOC-

OOC-

np-AuNPS

N
O.

C
O

O-
S

C

O

-O
Zr 4+

MA-np-AuNPSTEMPO

Figure 1: Preparation of TEMPO-MA-np-AuNPs/GCE for the electrochemical determination of H2O2.

3. Results and Discussion

3.1. Characterization of Modified Electrode by SEM and UV-
Vis. By following procedures above, we successfully synthe-
sized the free-standing np-AuNPs under moderate condi-
tions by using a one-step aqueous solution-based approach,
which circumvents the limits of stringent and harshmultistep
protocols of traditional dealloying approaches. As shown
in Figures 2(a) and 2(b), SEM images indicate that the as-
synthesized np-AuNPs have a shape of spherical and exhibit
an extremely roughened surface, which is consistent with the
result of Srikanth’s report [12].

As it has been known to all, AgNPs and AuNPs includ-
ing np-AuNPs are attractive due to their surface plasmon
resonance (SPR) properties. Ag+ AuNPs and np-AuNPs
often exhibit different spectral absorptions in the UV-Vis
wavelength region [26, 34]. Therefore, we can use absorption
spectroscopy to monitor the process of reaction; the UV-
Vis spectral absorptions of the as-prepared np-AuNPs are
shown In Figure 2(c). A peak appeared at 324 nm, which
is the typical UV-Vis absorbance peak of Ag+ [34]. After
100𝜇LHAuCl4 solution was added in the system, a significant
increase of signal appeared at 530 nm, which is caused by
the grown of AuNPs on the surface of AgCl templates in the
kinetic-controlled process [35]. Subsequently, with NH4OH
added to stop the reaction, the surface plasmon resonance
(SPR) peak of 530 nm underwent a red shift to 596 nm-700
nm with longer and broader profile, which belongs to the
characteristic peak of porous gold nanoparticles. The typical
SPR peak of AuNPs always exhibited around 530 nm; the Ag∘
broad peak maximum usually occurs at 410 nm, in solution
[34]. It was found that, after the centrifuge step to remove
residual AgCl, the absorbance peak at 324 nm disappeared,
indicating the formation of the np-AuNPs.

3.2. Characterization of Modified Electrode by Cyclic Voltam-
metry. To characterize the modified electrode TEMPO-np-
AuNPs, the typical cyclic voltammetry was performed. The
cyclic voltammogram (CV) curves of different modified
electrodes in the absence of oxygen in 0.1 M PBS supporting
electrolyte (pH = 7.0), at 50 mVs-1, are shown in Figure 3(a).
For the bare GCE, there are no redox peaks (A). With the
np-AuNPs added on the GCE surface, a broad peak arose at
1.2-1.5V (B) due to the increased effective electroactive area
of np-AuNPs. What is more, when MA self-assembled on
the np-AuNPs, an obvious peak increase was observed due
to the S-Au bond formation (C). By comparing the CVs of
C and D, a new pair of well-behaved redox peaks of 0.38
V (cathodic peak) and 0.82 V (anodic oxidation peak) was
obtained after 4-carboxy-TEMPO was finally attached to the
former-electrode surface. In addition, the decreases of a pair
of peaks at -0.1 V/1.2-1.5 V due to the steric hindrance also
indicted that 4-carboxy-TEMPO was successfully connected
with MA-np-AuNPs via carboxylate-zirconium-carboxylate
chemistry.

Further, we characterized the formed np-AuNPs with
electroactive activity through CV at different scan rates
from 10 mVs-1 to 200 mVs-1. As shown in Figure 3(b), the
intensities of the electric current increased linearly along
with the increase of scan rates (𝑘1 = 3.934 (± 0.122)), which
confirmed that the electroactive np-AuNPs attached on the
GCE electrode surface by adsorption according to the theory
of homogeneous redox catalysis [22], rather than other inter-
actions. As mentioned above, the CV of TEMPO-np-AuNPs
has a new pair of redox peak (0.38 V/0.82 V), while the CV of
np-AuNPs did not. As displayed in Figure 2(c), with the scan
rates increasing, the current intensity of this redox couple
enhanced with a slight redshift; both the Ipa (black spots) and
Ipc (red spots) peak currents were linearly proportional to
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Figure 2: SEM images (a and b) of nanoporous gold nanoparticles (np-AuNPs) and typical UV-Vis absorption spectra (c) of the reactions
during the prepared process of np-AuNPs.

the scan rate. Their slopes, respectively, were 𝑘pa = 0.290 (±
0.005) and 𝑘pc = -0.456 (± 0.011). Those behaviors illustrate
that the modified np-AuNPs (TEMPO-np-AuNPs) had the
adsorption with the GCE electrode surface, which are in
accordance with the np-AuNPs and literatures [42, 43].

3.3. ElectrochemicalMeasurement of Np-AuNPs Active Surface
Areas. The effective areas of different surface modification
were estimated by CV method. As shown in Figure 3(d), the
anodic oxidation current of the three curves all rose at about
1.2 V and had a typical reduction peak around 0.75 V, which
is caused by the reversible redox reaction in 0.5 M H2SO4.
However, theMA-np-AuNPs (B) exhibit a higher peak at 0.75
V and sustain a large redshift as compared with np-AuNPs
(A), indicating that it is hard to be oxidized with H2SO4 due
to the increased impedance of charge transfer after MA is

immobilized on the surface of np-AuNPs.When the TEMPO
is chemically modified on MA-np-AuNPs (C), the cathodic
peak (around 0.75 V) had an obvious enhancement, which
may be caused by the diffusion layer of TEMPO⋅ and is a
three-dimensional steady-state. Besides, the rough porous
surface of np-AuNPs contributed to generate the multimodal
of the curve (e.g., 0.20 V-0.45 V of curve C).

For each experiment, the amount of np-AuNPs used
was the same; CV of np-AuNPs in 0.5 M H2SO4 (A) were
measured to calculate their electroactive surface areas via
integrating the area of the gold oxide reduction curve. An
electroactive surface area of 7.49 m2g-1 for np-AuNPs is
obtained by Randles-Sevcik equation and assuming a specific
charge of 450 𝜇C cm-2 for the gold oxide reduction [12, 44].
Notably, the active surface areas of np-AuNPs are higher than
that of the commercial Au electrodes, Au nanoparticle, Au
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Figure 3: (a) Different modified GCE in 0.1 M PBS (pH = 7.0) under N2. Scan rate: 50mVs-1. (A) Bare GCE, (B) np-AuNPs/GCE, (C) MA-
np-AuNPs/GCE, and (D and inset) TEMPO-np-AuNPs/GCE. CVs of np-AuNPs (b) and TEMPO-np-AuNPs (c) on the GC electrode surface
under N2, 0.1 M PBS (pH = 7.0) at different scan rates from 10mVs-1 to 200mVs-1. Inset: (b) the linear relationship between the scan rate and
the currents at a potential of 0.55V. (c) The linear relationship between anodic (black spots, at 0.95 V) and cathodic (red spots, at 0.38 V)
peak currents and scan rate. (d) CVs of different electrodes in 0.5 M H2SO4 under N2, 0.1 M PBS (pH = 7.0) at a scan rate of 100 mVs-1.(A)
np-AuNPs, (B) MA-np-AuNPs, and (C) TEMPO-np-AuNPs.

nanocoral, and other kinds of Au electrodes [45], near 49
times high according to report. The large surface-to-volume
ratio of metal nanoparticles is closely related to its high
electrical conductivity, catalytic ability, and surface reaction
activity such as for the detection of H2O2 [2, 45].

3.4. Electrochemical Detection of H2O2. As we have known
already, the electrochemical behavior of np-AuNPs modified
GCE electrode for H2O2 was studied by CV. As shown
in Figure 4(a), when 3 mM H2O2 was added to 0.1 M
phosphate buffer saline (pH=7.0) under N2, compared to

the bare GCE, distinct increases of the AuNPs/GCE and
np-AuNPs/GCE response currents were observed. Interest-
ingly, the np-AuNPs/GCE had a significant advantage in
the difference of the current intensity (ΔI) under the same
condition in the presence of H2O2. As one of the most
famous catalytic materials, Au nanomaterials with different
shapes and structures have been suggested good responses
for electrocatalytic H2O2 [1–3].The current responses toward
H2O2 concentration over the range of 0.5 𝜇M-100 𝜇M on
the np-AuNPs/GCE (Figure 4(b)) were studied. The current
intensity had a steady rise with the increasing of H2O2
concentration. The HO⋅ radical resulted from H2O2 would
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Figure 4: (a) CVs of electrodes in the absence (A-C) and presence (D-F) of H2O2 (3mM) in N2-saturated 0.1 M PBS (pH = 7.0). Scan rate:
20mVs-1. (A and E) Bare GCE (curves B and F) AuNPs/GCE (curves C and D) np-AuNPs/GCE. (b) CVs of np-AuNPs/GCE in 0.1 M PBS
(pH = 7.0) with N2 toward different concentrations of H2O2 over the range of 0.5 𝜇M to 100 𝜇M. Applied potential: 0.55 V. Inset: plot of
electrocatalytic current of H2O2 versus its concentrations.

be stabilized by the np-AuNPs [3, 46]. The surface property
of np-AuNPs may influence the catalytic ability of H2O2 and
the charge-transfer processes. When the H2O2 concentration
is below 26 𝜇M, it exhibited a linear correlation of I (𝜇A)
= 0.14749 C (𝜇M) +14.77624 (R2 = 0.99057, RSD = 4.2%)
between 0.5 𝜇M and 26 𝜇M. With the increase of stable
surface charge transfer for the continuous regeneration of
charge-transfer complex [47], it may fill the concave surface
of np-AuNPs, and the slope (𝐾b) of the oxidation catalytic
linear response grew to 0.3305 (R2 = 0.9973) in the range
of 26 𝜇M-100 𝜇M. Results of np-AuNPs /GCE show a good
catalytic detection activity to H2O2.

CV voltammograms of different product onGC electrode
in the absence and presence of hydrogen peroxide were
shown in Figure 5(a). When H2O2 was put into 0.1 M PBS
electrolyte buffer, an obvious increase of the peak current
at 0.95 V in the CV of TEMPO-np-AuNPs is observed
unlike that of smooth curves in other CVs. To ascertain the
synergistic peroxidase-like activity between the TEMPO and
np-AuNPs, we compared the net current strengths (ΔI) of
TEMPO-np-AuNPs and np-AuNPs, where theΔI refers to the
difference strength value within H2O2 in and without it. The
nitroxide mediator can improve the free diffuse state, which
is adjacent to the electrode surface [22, 23]. The ΔI of np-
AuNPs sharply rose to 403 𝜇A after it was modified with the
TEMPO. All of these manifest that TEMPO-np-AuNPs have
a higher potential peroxidase-like activity to H2O2. Usually,
the H2O2 biosensor is constructed via the transfers of the two
consecutive single electron transfers (Scheme 1) [22]. First
of all, the TEMPO-np-AuNPs undergo a stable reversible
one-electron oxidation to produce the intermediate at the
TEMPO-functionalized electrode. Finally, the intermediate

provides an electrocatalytic electron transfer way to detect
H2O2.

3.5. Factors Influencing Detection. We all know that time and
pH can directly affect the stability of the reaction proceeding
and catalytic of enzymes. The analytical performance of
the sensor is usually closely linked with the stability of the
materials on electrode, which was partially influenced by
the time and pH of electrolyte solution. So the pH and
time were tested for their electrical catalytic activity to an
optimal condition in this work. Firstly, the effect of pH on
the potential of electrocatalytic activity on the TEMPO-np-
AuNPs was tested at the range of 2.0 to 9.0 under the presence
of 5 mMH2O2.

As can be seen in Figures 5(b) and 5(c), there is
a slight negative shift in the potential catalytic site due
to the reversible anodic oxidation of nitroxide deriva-
tives and the inherent peroxidase-like activity response to
H2O2 of np-AuNPs. Besides, the current intensity at 0.95V
has an obvious enhancement under acidic environment
and a distinct reduction followed when it was substituted
with alkaline buffer (pH > 7.0). Briefly, TEMPO-np-AuNPs
can reach the highest catalytic activity to H2O2, which
is consistent with the result of the one-electron behav-
ior of TEMPO/TEMPO+ [22], under similar physiolog-
ical conditions (0.1 M PBS, pH 7.0). Results show that
pH can inappreciably influence the catalytic activity of
TEMPO-np-AuNPs at the range of 5.0 to 8.5. Compared
with the pH decided enzyme-modified electrode detec-
tion methods, this sensor can advance the application of
TEMPO-np-AuNPs to detect H2O2 in vivo measurements
[1].
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Figure 5: (a)CVs of different GCE under the absence (A and B) and presence (C andD) of 5mMH2O2 inN2-saturated 0.1MPBS (pH= 7.0) at
a scan rate of 50mVs-1. (A) Bare GCE (B and C) np-AuNPs/GCE, and (D) 4-carboxy-TEMPO-np-AuNPs/GCE. Optimization of experimental
conditions: (b) CVs of the TEMPO -np-AuNPs/GCE in different pH values at the range of 2.0∼9.0 and (c) the relationship between the net
current at 0.95V with different pH. (d) CVs of TEMPO-np-AuNPs/GCE in 0.1 M PBS (pH = 7.0), in the presence 5 mM H2O2, in different
times from 0 min to 60 min, N2-saturated, 50mVs

-1. Inset: the changes of the electric current (1.6 V) with the time increasing.

Further, we investigated the time factor in the presence
of 5 mM H2O2. Figure 5(d) shows TEMPO-np-AuNPs can
catalyzeH2O2 to produceO2, immediately, which then comes
to an equilibrium state with a maximum current strength
in 40 min. By comparing the current strength at 1.6 V, we
found that the floating electric potential of 40 min only takes
13.64% in the whole catalytic oxidation process. It is possible
that this remaining increase is closely related to the irregular
gaps and surface of the np-AuNPs, which may lead to the
time retardation to the reversible one-electron behavior of
the redox couple TEMPO/TEMPO+ [46]. So we selected 40
min stirring constantly after H2O2 was added to the 0.1 M
PBS with the buffer system of pH=7.0 to ensure the sufficient
current response in the following measurements.

3.6. Steady-State Amperometric Response of H2O2. To eval-
uate the applied potential of TEMPO-MA-np-AuNPs/GCE
as peroxidase-like. We investigated the response of the
amperometric signal under the optimal condition with the
0.95 V as the applied potential (𝐸app). As shown in Figure 6,
the TEMPO-np-AuNPs/GCE not only can achieve a quick
steady-state current within 10 s, but also has a stronger
response (C) compared to the np-AuNPs/GCE (B).

Moreover, with the addition of same amount H2O2 in
every interval of 100 s, the TEMPO- np-AuNPs nanocom-
posite on the GCE exhibited a good linear chronoampero-
metric response to H2O2 from 2.0 𝜇M to 500 𝜇M, which
is shown in Figure 6. As what we have seen, when the
concentration of H2O2 is below 10.0 𝜇M, the slope of the
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linear (𝐾𝑏= 0.66608, R2=0.98185) is lower than that in a
higher concentration range. In other words, the sensitivity
of electrocatalytic oxidation activity to H2O2 is improved
with the concentration of H2O2 increased in the solution
and there are no substrate inhibition effects occurring at
high concentration of H2O2. With successive addition of
H2O2 (n = 5) as shown in Figures 6(b) and 6(c), we can
obtain two linear regression equations: (1) below 10.0 𝜇M,
y = 0.66608x+4.51516 (R2 = 0.98185); (2) 10.0 𝜇M to 500
𝜇M, y = 0.1078x+0.6047(R2 = 0.9998). Error bars represent
the standard deviations of five independent measurements.
The repeatability of the system is assured by a relative
standard deviation (RSD) of 2.8%.We use conventional three
times the standard deviation of [LOD = 3(RSD/slope)] to
estimate the limit of detection (LOD) of H2O2, which is 0.78
𝜇M in our work and lower than some Au nanomaterials
and nitroxide derivatives for H2O2 detection as listed in
Table 1. The results of the stability measurements indicated
that np-AuNPs still keep its stable original roughened sur-
face and porous structure after 30 days of storage at 4∘C.
Moreover, compared with previous results, the TEMPO-np-
AuNPs/GCE can retain 98.6% of its initial current response
results in the same measurement conditions. Therefore,
the TEMPO-np-AuNPs nanocomposite has a remarkable
superiority for the electrochemical detection of H2O2 over

the conventional electrochemical sensing materials and most
of the reported Au nanomaterials and nitroxide derivatives
probes (Table 1).

3.7. Interference Study. Some coexisting potential electroac-
tive species may affect the sensor response, such as sucrose
(SC), glucose (GC), dopamine (DA), and ascorbic acid (AA)
[3, 48]. Good selectivity is crucial to ensure and facilitate
the accurate assessment for biosensor in a particular appli-
cation. For better detection in vivo, the interference study of
TEMPO-np-AuNPs/GCE for the electrochemical detection
of H2O2 was carried out to evaluate its practical feasibility.
Results were shown in Figure 6(d); a discernible slight fluctu-
ation is hard to see after the abundant successive addition of
each interfering species (SC/GC/DA/AA), while no obvious
interference signal was observed. Notably, the TEMPO-np-
AuNPs/GCE had an 18𝜇A response (𝐸app = + 0.95 V) as soon
as another 0.1mMH2O2 was injected into the complex system
of interference.The initial small responses caused by SC, GC,
DA, andAA belong to normal current fluctuations, which is a
deductible interference compared with that caused by H2O2.
TEMPO-np-AuNPs/GCE exhibited an acceptable selectivity
towards the practical in vivo electrochemical detection of
H2O2.
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Table 1: Comparison of recent Au nanomaterials and nitroxide derivatives for H2O2 detection.

Electrode design L. R. (M) D.L. (𝜇M) Stability Reference
HRP/Cys/AuNP/ITO 8.0×10-6∼3.0×10-3 2.00 83% (12 weeks) [6]
HRP/CaCO3-AuNPs/ATP/Au 5.0×10-7∼5.2×10-3 0.10 96.4% (30 days) [36]
HRP-nano-Au 1.2×10-5∼1.1×10-3 6.10 75% (5 weeks) [37]
HRP/AuNPs/poly(St-co-AA) 8.0×10-6∼7.0×10-3 4.00 97.8 % (60 days) [38]
Au/CeO2 nanocomposite 0∼3.0×10-4 5.00 --- [9]
AuNPs-N-GQDs/GC 2.5×10-5∼1.3×10-2 0.12 89%, 3 weeks [10]
Poly(BCB)/Au-NPs/GCE 6.0×10-5∼1.0×10-2 0.23 95 %(2 week) [39]
GC/MTMOS-Au73Ag27 1.0×10-5∼7.0×10-5 1.00 --- [40]
Hb/Au nanoflowers/CNTs/GCE 1.0×10-6∼6.0×10-4 7.30 --- [41]
TEMPO/GCE 1.0×10-7∼1.0×10-8 0.05 100%,3 months [22]
ChOx/TEMPO/GCE 2×10-5∼ 2.5 ×10-3 20.0 --- [23]
TEMPO-MA-np-AuNPs/GCE 2.5×10-6∼5.0×10-4 0.78 98.6%(30 days) �is work
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Figure 6: (a) Chronoamperometric responses observed at (A) bare GCE, (B) np-AuNPs/GCE, (C) TEMPO-np-AuNPs/GCE, and (D)
TEMPO-np-AuNPs/GCE after successively injecting H2O2, in 0.1 M PBS (pH=7.0). Applied potential: 1.10 V and the calibration plot
between the oxidation current and the H2O2 concentration (b and c). (d) Amperometric response of H2O2 and interferants at TEMPO-
np-AuNPs/GCE at 1.10V in PBS (0.1 M, pH = 7.0). Injection sequence: 0.1mMH2O2, 100 mM SC, 100 mMGC, 100 mMDA, 100 mMAA, and
0.2 mMH2O2.
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4. Conclusions

In this work, we demonstrated a strategy for producing
large specific surface area nanoporous gold nanoparticles
and manufactured the TEMPO-functionalized np-AuNPs
nanocomposite; the electrooxidation to H2O2 with a high
density of radicals on the TEMPO-np-AuNPs surface was
also investigated. It is worth noting that this new nonen-
zymatic H2O2 probe is prepared under a gentle, secure,
low-cost, and simple procedure. When the np-AuNPs are
combined with 4-carboxy-TEMPO, the advantages of their
unique properties for the electrochemical detection of H2O2
come to a double effective enhancement. Compared the
peroxidase-like activity based on the direct electron trans-
fer of the TEMPO-np-AuNPs/GCE to the electrochemical
hydrogen peroxide biosensors of TEMPO-based ligand, we
obtained awide linear range forH2O2 detection.The enzyme-
like activity with low detection limit, high sensitivity, low-
cost, anti-interference, good reproducibility, and stability
of this nanocomposite with TEMPO-based ligand make
a contribution to improve the detection current signal of
H2O2. Furthermore, this TEMPO-functionalized np-AuNPs
nanocomposite study plays a significant role in facilitating
the research of biosensors, gold nanomedicine, catalysis, or
cancer therapy.
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