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Abstract 1-Hexylpyridinium hexafluorophosphate [C6py][PF6] ionic liquid (IL) was firstly used for

chemical modification of silica utilizing the acid-catalyzed sol–gel processing. The obtained pyrid-

inium IL-modified silica was employed as a solid phase extraction (SPE) sorbent for removal of

trace levels of Fe(III) ions from aqueous samples. The influence of different variables on the sepa-

ration efficiency, including the concentration of chelating agent, pH, sample flow rate and volume,

eluent type, concentration and volume, and interfering ions was investigated by flame atomic

absorption spectrometry (FAAS). In the optimum experimental conditions, the limit of detection

(3s), limit of quantification (LOQ) and pre-concentration factor were 0.7 lg L�1, 2.5 lg L�1, and
200, respectively. The relative standard deviation (RSD) for nine replicate determinations of

25 lg L�1 Fe was 3.2%. The calibration graph using the pre-concentration system was linear in

the range of 2.5–50 lg L�1 with a correlation coefficient of 0.9997. The developed method was val-

idated by the analysis of certified reference material and applied successfully to the separation and

determination of iron in several water samples.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

d="p0005">Iron is an essential and useful element for organ-
ism and an important part of tissue and blood in animal and
human being (Xiong et al., 2006). Iron deficiency anemia or

other hypochromic anemia can affect metabolism in muscles
and can as well influence oxygen delivery, which can reduce
the activity of iron dependent mitochondrial enzymes. How-
ever, if iron concentration exceeds the normal level it may be-

come potential health hazard. For example, high levels of iron
are associated with an increased risk for cancer, heart disease,
and other illnesses, such as endocrine problems, arthritis,

https://core.ac.uk/display/82697346?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2011.07.006&domain=pdf
mailto:h.abdol@azaruniv.edu
mailto:h_abdol@yahoo.com
http://dx.doi.org/10.1016/j.arabjc.2011.07.006
http://dx.doi.org/10.1016/j.arabjc.2011.07.006
http://www.sciencedirect.com/science/journal/18785352
http://dx.doi.org/10.1016/j.arabjc.2011.07.006


S588 H. Abdolmohammad-Zadeh et al.
diabetes, and liver disease. A sanitary security limit for iron

was restricted to 2 mg L�1 by World Health Organization
(WHO, 2003). Therefore, it is crucial to develop simple, rapid,
and efficient methods for monitoring of iron at trace levels in
environmental, biological, and food samples.

Direct determination of trace metal ions at low concentra-
tions in complex matrices is often a problem for analytical
chemists. In order to overcome this problem, a sample prepara-

tion step is often required. The sample preparation in analytical
processes typically consists of separation and pre-concentration
steps. Up to now, several techniques such as co-precipitation

(Tokalıoğlu et al.,2007; Elci et al., 2003), ion exchange (Pehlivan
and Altun, 2007; Jiang et al., 2005), liquid–liquid extraction
(LLE) (Wanga et al., 2005; Oliva et al., 2002), cloud point

extraction (CPE) (Manzoori et al., 2007a, b), solid phase extrac-
tion (SPE) (Chang et al., 2007; Divrikli etal., 2007; Ghaedi et al.,
2008a, b; Mashhadizadeh et al., 2008; Tu et al., 2009), and etc.,
have been developed for separation and pre-concentration of

metal ions prior to their determination. Among these methods,
SPE is one of themost common techniques used for pre-concen-
tration of analytes in water samples because of its advantages of

high enrichment factor, high recovery, rapid phase separation,
low cost, low consumption of organic solvents, and the ability
of combination with different detection techniques in the form

of on-line or off-line mode (Zang et al., 2010).
In SPE procedures, the choice of the sorbent is a key point

because it can control the analytical parameters such as selectiv-
ity, affinity and capacity. Many adsorption materials, such as

organic chelate resin, silica, titania, alumina and molecular-im-
printed polymers (MIPs), have been used as sorbents for SPE
(Zhang et al., 2007). In order to increase the adsorption capac-

ity, to enhance the removal efficiency, and to add selectivity to
the solid phase, modification and impregnation techniques of
solid phase have been employed (Ghaedi et al., 2009a).

Ionic liquids (ILs) are a class of low melting point ionic com-
pounds containing relatively large asymmetric organic cations
and inorganic or organic anions, which have a variety of

properties allowing many of them to be sustainable ‘‘green sol-
vents’’ in chemical reactions. Due to their low volatility, high
stability, and good solubility for organic and inorganic com-
pounds, ILs have been successfully applied in many fields of

analytical chemistry such as sample preparation, organic syn-
thesis, solid-phase micro-extraction, liquid-phase micro-extrac-
tion, mobile phase additives or stationary phases in liquid

chromatography, electrolyte additives in capillary electropho-
resis and stationary phases in gas chromatography and elec-
tro-chromatography (Tian et al., 2009; Fang et al., 2010).

The application of immobilized ILs in separation and clean-
up procedures has recently aroused much interest. Ionic liquid-
modified silica has been successfully used as sorbent for solid

phase extraction of some organic compounds (Tian et al.,
2009; Fang et al., 2010; Li et al., 2008; Fontanals et al.,
2009). In the case of metal ions, one study has been reported
about the application of immobilized IL onto silica sorbent

for separation and pre-concentration of Cd ions (Liang and
Peng, 2010). However, it should be noted that in all procedures
modification of silica was performed using imidazolium ILs.

The attempt of our research group has currently focused on
the application of pyridinium ILs in sample preparation of me-
tal ions (Abdolmohammad-Zadeh and Sadeghi, 2009, 2010;

Abdolmohammad-Zadeh and Ebrahimzadeh, 2010). In this
work, ionic liquid-modified silica was synthesized employing
1-hexylpyridinium hexafluorophosphate [Hpy][PF6] ionic

liquid by acid-catalyzed sol–gel processing and characterized
by FT-IR spectroscopy and scanning electron microscope
(SEM). A new method using a column packed with pyridinium
ionic liquid-modified silica as a sorbent has been developed for

the separation and pre-concentration of a trace amount of
Fe(III). The effects of various experimental parameters on the
extraction efficiency were investigated and optimized. To eval-

uate the applicability of the proposed method, it was then ap-
plied to determine the amount of iron in real water samples
using air–acetylene flame atomic absorption spectrometry.

2. Experimental

2.1. Apparatus and instruments

A Varian model SpectrAA 220 (Mulgrave, Victoria, Australia)
flame atomic absorption spectrometer, equipped with a
100 mm burner head, deuterium lamp background correction
and an air–acetylene flame, was utilized. An iron hollow cath-

ode lamp (operated at 15 mA) was used as the radiation source
at the wavelength of 248.3 nm with 1 nm spectral band pass.
The acetylene and air flow rates were 1.5 and 3.5 L min�1,

respectively. For the signal readout, time-average integration
was used with an integration time of 0.1 s and three replicates.
A 2 mL polypropylene cartridge (30 mm · 7 mm i.d.) (Shafa

Co., Iran) packed with 0.2 g of pyridinium IL-modified silica
and fitted with small cotton beads at both ends to prevent mate-
rial losses, was used to pre-concentrate the analytes in SPE pro-

cedures. The flow rate of solution through the column was
controlled with an air-driven fluid pump model P34112 (Tai-
wan). Infrared spectra (4000–400 cm�1) in KBr were recorded
on a FT-IR Vector 22 (Bruker, Germany) spectrometer. A

scanning electron microscope (SEM), model P Scan Vega 2
(Czech), was additionally used to examine the morphological
characteristics of the sorbent. The pH values were measured

with a Metrohm pH-meter (model 827, Switzerland), supplied
with a glass-combined electrode. An electronic analytical bal-
ance (Mettler Toledo, PB303, Switzerland) was used for

weighting the solid materials.

2.2. Standard solutions and reagents

All chemicals used were of analytical-reagent grade and all
solutions were prepared with doubly distilled deionized water
(Shahid Ghazi Co., Tabriz, Iran). Stock solutions of iron and

those used for the interference study (1000 mg L�1) were pre-
pared by dissolving appropriate amounts of their respective
pure nitrate salts (Merck, Darmstadt, Germany) in deionized

water. Working standard solutions were obtained daily by suit-
able stepwise dilution of the stock solutions with deionized
water and shaking them just prior to use.

The chelating agent, 8-hydroxyquinoline (oxine), acetone,
ethanol, acetonitrile, methanol, and all salts used were pur-
chased from Merck. 1-Hexylpyridinium hexafluorophosphate
(97%) (Acros organics, Belgium), tetraethylorthosilicate

(TEOS, sol–gel precursor) and formic acid (98–100%) were
used in synthesis of pridinium IL-modified silica as solid phase
extraction sorbent. Suprapur� HNO3 (65%), and H2O2 (30%)

were used for sample digestion.
A stock solution of 5.0 · 10�3 mol L�1 oxine was prepared

by dissolving appropriate amount of reagent in a 2 mL of



Table 1 Instrumental and experimental conditions for Fe

determination.

Unit

FAAS conditions

Wavelength (nm) 248.3

Lamp current (mA) 15.0

Spectral bandpass (nm) 1.0

Acetylene flow rate (L min�1) 1.5

Air flow rate (L min�1) 3.5

Integration time (s) 0.1

Solid phase extraction conditions

Working pH –– 4.0

Buffer concentration (mol L�1) 0.01

Fe(III) concentration (lg L�1) 25.0

Oxine concentration (mol L�1) 5.0 · 10�6

Amount of sorbent (g) 0.2

Sample volume (mL) 200.0

Loading flow rate (mL min�1) 2.0
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0.1 mol L�1 H2SO4 and diluting to 100 mL with deionized

water after adjusting to pH nearly 4 by adding diluted NaOH
solution. A stock buffer solution of (0.5 mol L�1) was
prepared by dissolving appropriate amount of sodium acetate
in deionized water and adjusting to pH 4 by adding diluted

H2SO4 solution. A standard reference material, SRM 1566b
(Oyster Tissue) (from National Institute of Standards and
Technology (NIST), Giathersburg, MD, USA) was used for

validation of the proposed method. The pipettes and vessels
used for the trace analysis were kept in 15% (v/v) nitric acid
at least overnight and subsequently washed three times with

deionized water prior to use.

2.3. Preparation of pridinium ionic liquid-modified silica

Acid-catalyzed sol–gel processing was performed for prepara-
tion of the solid phase extraction sorbent. For this purpose,
tetraethylorthosilicate (TEOS) was selected as the sol–gel

precursor. In a typical run, 25 mL of TEOS and 25 mL of for-
mic acid (0.05 mol L�1) were mixed with the deionized water
under mild magnetic stirring at room temperature for 6 h.

Then, 150 mg of the 1-hexylpyridinium hexafluorophosphate
[C6py

+]½PF�6 � ionic liquid was heated at 40 �C in ethanol until
melted and the resultant solution was added to the mixture.

The final mixture gelled during 5–10 min and in order to
remove the formed ethanol due to the hydrolysis of TEOS,
the resultant solid material was dried in vacuum at 40 �C for
24 h. After cooling down to room temperature, the resulting

material was washed with deionized water in order to eliminate
the remaining acid and it was kept dry in vacuum overnight,
leading to a white powder.

2.4. Column preparation

Pridinium IL-modified silica was employed to create the pre-
concentration column as follows: the column was prepared
by introducing 200 mg of IL-modified silica into an empty

2 mL polypropylene cartridge using the dry packing method.
Small portion of cotton was placed on both ends of the col-
umn. Before loading the sample, 2 mL of 0.8 mol L�1 H2SO4

solution and 2 mL of deionized water were passed through

the column to clean it. Then, the column was conditioned by
passing 2 mL of ethanol and 2 mL of the blank solution
through the column prior to each use. After the elution, the

sorbent in the column was washed with a 2 mL of the eluting
solution and 2 mL of deionized water, subsequently.

2.5. Sample preparation

Water samples including tap water, bottled mineral water, and
underground water were chosen for the analysis. The bottled

mineral water was purchased from local market. Underground
water and tap water were collected in PTFE container from
local sources. On arrival at laboratory, water samples were

stored in a dark place at 4 �C and aliquots of 200.0 mL from
each sample solution were analyzed within 24 h of collection
without previous treatment or filtration.

An accurately measured amount (25 mg) of standard refer-
ence material (NIST SRM 1566b, Oyster Tissue) was heated
on a hot plate at a fairly low temperature in the glass beaker

containing mixture of concentrated nitric acid 65% (10 mL)
and hydrogen peroxide 30% (5 mL) to dryness. After that,
the sample was cooled down to room temperature and the res-

idue was dissolved in a 1.0 mL of 0.1 mol L�1 HNO3 (Silva
et al., 2008). After dilution with deionized water, the pH was
adjusted to nearly 4 by adding diluted NaOH solution. Then,
the solution was transferred into a 250.0 mL volumetric flask

and after dilution to the mark with the deionized water, the
concentration of iron in 200.0 mL of the final sample solution
was then determined as described in Section 2.6.

2.6. General procedure

For solid phase extraction and pre-concentration of Fe(III)
ions, a 200.0 mL portion of aqueous standard or sample solu-
tion containing Fe(III) in the range of 2.5–50 lg L�1,

0.01 mol L�1 acetate buffer solution (pH 4) and 5.0 · 10
�6 mol L�1 oxine solution (chelating agent) was passed
through the pyridinium ionic liquid-modified silica adsorbent
in a micro-column at a flow rate of 2.0 mL min�1. Afterward,

the analyte retained on the micro-column was eluted with
1.0 mL of 0.8 mol L�1 H2SO4 solution at an elution rate of
1.0 mL min�1 and its concentration in the eluted solution

was determined by FAAS. A blank solution was run under
the same conditions without adding Fe(III). The column could
be used repeatedly after regeneration with 0.8 mol L�1 H2SO4

solution and deionized water, respectively. The optimized
conditions are listed in Table 1.

3. Results and discussion

In order to optimize the sorption conditions for the retention of
the iron ions, several experimental variables affecting the pre-

concentration efficiency such as the pH, concentration of the
chelating agent, sample flow rate, and eluent type, concentra-
tion and volume, and sample volume were evaluated and opti-

mized. A 25 lg L�1 Fe solution was used for all the
measurements and in the impact parameters optimization pro-
cedure, the limits marked on the figures were obtained from

three independent experiments that repeated under the same
conditions.
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3.1. Acid-catalyzed sol–gel formation mechanism and spectral
characteristics

Acid-catalyzed sol–gel processing was used for preparation of

the solid phase extraction sorbent. A possible mechanism for
the sol–gel formation in the presence of ionic liquid has been
reported in the literature (Dai et al., 2000). The sol–gel reac-

tion can be described by Eq. (1):

2HCðOÞOHþ ðCH3CH2OÞ4Si
! SiO2 þ 2CH3CH2OHþ 2HCðOÞOCH2CH3 ð1Þ

Formic acid initiates the formation of the sol particles, which

effectively aggregate in the ionic liquid into a sol–gel network.
A long aging time implemented enhances the stability of the
sol–gel network and the homogeneity is retained throughout

the entire aging process. This indicates that the ionic liquid
forms a homogeneous solution with sol–gel precursors. There-
fore, this technique allows sol–gel synthesis under mild chem-

ical conditions and eliminates the risky supercritical drying
process. A scanning electron micrograph (SEM) of the
[C6py][PF6] ionic liquid-modified silica sorbent is given in
Fig. 1A that shows the good homogeneity of the synthesized

sorbent.
Fig. 1B highlights the FT-IR spectrum of [C6py][PF6] ionic

liquid-modified silica. As can be seen, the absorption peaks at
Figure 1 (A) SEM image, (B) FT-IR spectrum
the interval 1404–1652 cm�1 could be attributed to the C‚C

vibration of pyridinium ring. In addition, the bands around
3100 and 2900 cm�1 could be assigned to C–H vibration of
aromatic cycle and saturated hydrocarbon, respectively. Con-
sequently, the above experimental results suggest that silica

is successfully modified by [C6py][PF6] ionic liquid.

3.2. Effect of pH

The acidity of a solution has two effects on metal adsorption.
First, protons in an acidic solution can protonate the binding

sites of the chelating molecules. Secondly, the hydroxide in a
basic solution may complex and precipitate many metals
(Cui et al., 2007). Therefore, in solid-phase extraction tech-

nique, an important parameter for obtaining quantitative
adsorption and recovery of trace elements is pH. In this exper-
iment, the effect of pH upon the adsorption of Fe(III) ions was
studied within the range of 2–10. The pH was adjusted using

either 0.1 mol L�1 nitric acid or sodium hydroxide solutions
and the recommended procedure was followed. As shown in
Fig. 2, quantitative adsorption was found for Fe in the pH

range of 3.5–4.5. Therefore, the pH 4 was selected as the work-
ing value and in order to maintain a constant working pH that
allows complex formation and stability, pH was adjusted at 4

by a 1.0 · 10�2 mol L�1 acetate buffer solution in subsequent
experiments.
of [C6py][PF6] ionic liquid-modified silica.



Figure 2 Effect of pH upon the adsorption of Fe on [C6py][PF6]

IL-modified silica. Fe concentration: 25 lg L�1; oxine concentra-

tion 5.0 · 10�5 mol L�1; sample volume: 50 mL; flow rate:

2.0 mL min�1.

Figure 3 Effect of sample flow rate upon the adsorption of Fe on

[C6py][PF6] IL-modified silica. Fe concentration: 25 lg L�1; pH
4.0; oxine concentration 5.0 · 10�6 mol L�1; sample volume:

50 mL.
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3.3. Effect of chelating agent concentration

The influence of the concentration of oxine, as chelating agent,
on the adsorption process was investigated in the range from
2.5 · 10�8 to 2.5 · 10�5 mol L�1. Based on the obtained results,

the adsorption percentage increases by increasing the oxine
concentration from 2.5 · 10�8 to 2.5 · 10�6 mol L�1, and then
remains constant up to an oxine concentration of 2.5 · 10
�5 mol L�1. Therefore, an oxine concentration of 5.0 · 10
�6 mol L�1 was employed as the optimum.

3.4. Effect of flow rate

The sample flow rate through the packed column is a very
important parameter, since the retention of analyte on the

adsorbent depends on the flow rate of sample solution. In fact,
the sample flow rate not only affects the adsorption percentage
of analyte but also is one of the variables that controls the

analysis time. The influence of the sample loading rate on
the adsorption percentage was investigated between 0.5 and
6.0 mL min�1. Fig. 3 shows that the sample solution flow rate
in the interval 0.5–2 mL min�1 had no significant influence on

the adsorption of Fe. However, at flow rates higher than
2 mL min�1 the recovery of Fe(III) ions reduced. Thus, all sub-
sequent experiments were performed at a sample flow rate of

2.0 mL min�1.

3.5. Effect of elution parameters

In order to obtain the best analyte recovery, an eluent should
effectively elute the retained metal ions on the solid phase. The

type and concentration of eluting agents have a significant
effect on the elution process. As could be seen from Fig. 2,
the adsorption of Fe ions is negligible at low pH; therefore,
the acidic eluents are the best solutions for extraction of ad-

sorbed Fe ions. For this reason, various mineral acids such
as hydrochloric acid, sulfuric acid, and nitric acid were tested
at different concentration levels and volume at a flow rate of

1.0 mL min�1. Based on the obtained results, the quantitative
recovery could be achieved when sulfuric acid was used as elu-
ent, and 0.8 mol L�1 H2SO4 was sufficient for complete elution

of the retained Fe ions from the column.
The effect of eluent volume on the recovery of Fe was also

studied by keeping the H2SO4 concentration of 0.8 mol L�1. It

was found that quantitative recovery could be obtained with
1.0 mL of 0.80 mol L�1 H2SO4. Therefore, optimum volume
of the eluent was chosen as 1.0 mL. The flow rate of eluent
was 1.0 mL min�1.

3.6. Sample volume and pre-concentration factor

When real samples are analyzed by pre-concentration tech-
niques, sample volume is one of the most important parame-
ters to be studied. In order to obtain a higher enrichment

factor, a large amount of volume of sample solution is
required. Thus, the effect of sample solution volume on the
iron adsorption was investigated by passing 10–250 mL sample

solutions containing 5 lg of Fe at a flow rate of 2.0 mL min�1

according to the recommended procedure. It was found that
the maximum sample volume of 200 mL could be passed
through the column with quantitative recovery. Above

200 mL, the percent of adsorption decreased for the analyte.
So, an enrichment factor of 200 was achieved by this method
using 1.0 mL of 0.80 mol L�1 H2SO4 as eluent at the flow rate

of 1.0 mL min�1.

3.7. Adsorption capacity

The adsorption capacity is one of the important factors,
because it determines how much sorbent is required to quanti-
tatively concentrate the analytes from a solution and given by

milligram of metal per gram solid phase. The adsorption
capacities of various metal ions probably differ due to their
size, degree of hydration and the value of their binding con-

stant with the ligand immobilized onto matrix (Zhu et al.,
2007). The adsorption capacity was tested following the batch
procedure; 100 mg of the [C6py][PF6] IL-modified silica was

added to 25.0 mL of solution containing 5.0 mg of Fe(III) ions



Table 2 Tolerance limits of interfering ions in the adsorption of 25 lg L�1 Fe.

Ions Foreign ion to analyte ratio Change in signal (%)

Li+, Na+, K+, Ca2+, Ba2+, NHþ4 1000 �3.3, �2.4, �2.1, �3.5, �3.5, �2.7
Cl�, Br�, NO�3 , CH3COO�, SO2�

4 , CO2�
3 1000 �3.3, �1.2, �2.4, �3.1, �1.0, �3.9

Pb2+, Ag+, Sr2+ 800 �3.2, �3.4, 1.1
Mg2+ 700 �3.1
Al3+ 600 �3.7
I� 500 �3.2
Cd2+, Co2+ 300 �2.1, �1.9
Bi3+ 50 �3.3
V(V) 5 �2.8
Mo(VI) 1 �4.9

Table 3 Comparison of the some recent published solid phase extraction methods for the pre-concentration of Fe with the proposed

method.

Adsorbent Pre-concentration

factor

Adsorption capacity

(mg g�1)

Extraction time

(min)

Sample volume

(mL)

LOD

(lg L�1)

Reference

Functionalized silica 75 25.21 150 150 0.34 Chang et al.,

2007

Triton X-100-coated

PVC

90 2.7 80 450 0.95 Ghaedi et al.,

2008a

Modified silica gel 75 0.46a 150 150 0.15 Zhu et al.,

2007

Modified alumina 292 6.3 437.5 1750 0.68 Ghaedi et al.,

2008b

Functionalized

activated carbon

100 77.8 100 200 0.27 Tu et al., 2009

SDS-coated alumina 63 15.7 90 500 2.6 Ghaedi et al.,

2009b

Pyridinium IL-

modified silica

200 11.8 100 200 0.7 This work

PVC: Polyvinyl chloride.

SDS: Sodium dodecyl sulfate.
a mmol g�1.

S592 H. Abdolmohammad-Zadeh et al.
and stirred for 60 min under optimized conditions. After filtra-
tion of the mixture, the iron ions were eluted from the adsor-
bent by 0.8 mol L�1 of H2SO4 and the amounts of the Fe(III)
ions adsorbed to the IL-modified silica were determined by

FAAS after dilution. The capacity of IL-modified silica for
Fe(III) ions was found to be 11.8 mg g�1.

3.8. Column reuse

The potential regeneration and stability of the column were

also investigated. The column could be reused after regenerat-
ing with 2.0 mL 0.8 mol L�1 H2SO4 and 2.0 mL deionized
water, respectively. Moreover, it was observed that sorbent
understudy stable up to at least 250 adsorption–elution cycles

could be repeatedly used without significant loss of uptake
capacity. In fact, this is one of the advantages of the
[C6py][PF6] IL-modified silica as a solid phase extraction

sorbent.

3.9. Study of interferences

For demonstrating the selectivity of the developed pre-concen-
tration system, the solid phase extraction of iron ion was
examined in the presence of spiked known amounts of interfer-
ing ions. In these experiments, different amounts of ions were
added to the test solutions containing 25 lg L�1 of iron and
then followed according to the general procedure. The toler-

ance limits of the coexisting ions, defined as the maximum con-
centration of the foreign ion causing a change in the analytical
signal no higher than ±5%, when compared with the signal of

25 lg L�1 iron alone, are given in Table 2. As can be seen,
those commonly encountered concomitant ions such as alkali
and alkaline earth elements do not interfere at high concentra-

tions. Whereas, some of species tried such as Bi3+, V(V) and
Mo(VI) probably interfered with the determination of Fe(III).
However, the concentrations of these ions in water and biolog-
ical samples are commonly lower than iron. Therefore, the

proposed method is relatively selective for the determination
of iron.

3.10. Analytical figures of merit

The calibration graph was obtained by applying the general

procedure for different concentration of iron under the opti-
mum conditions. A linear calibration graph was obtained in
the range of between 2.5 and 50 lg L�1 of iron in the initial



Table 4 Determination of iron in water samples (results of recoveries of spiked samples and certified reference material analysis).

Samples Added Fe (lg L�1) Found Fea (lg L) Recovery (%)b

Tap waterc –– 18.57 ± 0.45 ––

10.0 29.11 ± 0.37 105.4

20.0 38.37 ± 0.51 99.0

Mineral waterd –– 5.83 ± 0.39 ––

10.0 16.27 ± 0.56 104.4

20.0 25.40 ± 0.57 97.8

Underground watere –– 48.57 ± 0.52 ––

NIST SRM 1566b Certified values (lg g�1) Assayed values (lg g�1) Relative error (%)

205.6 ± 6.8 202.8 ± 6.3 �1.4
a Mean of three experiments ± standard deviation.
b Recovery (%) = [(found�base)/added] · 100.
c From drinking water system of Tabriz, Iran.
d From Zam Zam Co. Tabriz, Iran.
e Collected from underground water of Azarshahr, Iran.
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solution, with a correlation coefficient of 0.9997. The linear
regression equation was A ¼ 0:0139 CðFeÞ þ 0:0231, where A
is the absorbance and C(Fe) is iron concentration in lg L�1,
respectively. The limit of detection (LOD) of this method, eval-

uated as the concentration corresponding to three times the
standard deviation of nine replicate measurements of blank
solution using the pre-concentration method, was found to

be 0.7 lg L�1 for the pre-concentration of 200 mL of sample
solution. The relative standard deviation (R.S.D.) resulting
from the analysis of nine replicates of 200 mL solution con-

taining 25 lg L�1 Fe was 3.2%. Comparative information
from some recent studies on solid-phase extraction of Fe(III)
by various adsorbents for the figure of merits is given in Table
3. In comparison with other reported methods, the proposed

method has good LOD, adsorption capacity and pre-concen-
tration factor. The method developed in this work is proposed
as a suitable alternative to more expensive instruments for Fe

determination at trace levels.

3.11. Analysis of real samples

To test the reliability of the proposed procedure, the method
was employed to determine the trace amounts of Fe in dif-

ferent water samples i.e., bottled mineral water, tap water
and underground water. In order to verify the accuracy of
the established procedure, recovery experiments were also
carried out by spiking the samples with different amounts

of iron before any pretreatment. Table 4 shows the obtained
results. As can be seen, recoveries between 97.8% and
105.4% were obtained, which confirm the accuracy of the

proposed method. Additionally, the accuracy of the pro-
posed methodology was evaluated by analyzing a standard
reference material, NIST SRM 1566b Oyster Tissue. The

analytical value (202.8 ± 6.3 lg g�1) was in good agreement
with the certified value (205.6 ± 6.8 lg g�1). It can be con-
cluded that the proposed method is accurate and free from
systematic errors.
4. Conclusions

This paper describes a pioneering study of the synthesis and
application of pyridinium IL-modified silica as SPE sorbent,
which effectively extracts Fe(III) ions from aqueous samples.
The preparation of the sorbent using the acid-catalyzed sol–
gel processing is simple and its reusability is as high as greater
than 250 cycles without any loss in its sorption behavior. As
far as we know, this is the first time that the pyridinium IL-

modified silica have been used as packing material for the
selective solid-phase extraction of Fe(III) ions from aqueous
solutions. Based on the obtained results, the new sorbent

has high analytical potential for pre-concentration of trace
Fe(III) ions from water samples. The presented procedure
shows good LOD, adsorption capacity, pre-concentration fac-

tor and precision with reasonable eluent volume and sample
loading flow rate over other SPE off-line pre-concentration
methods. Moreover, this methodology is a reproducible, sim-
ple and low cost technique and does not require further

instrumentation and it can be used with regular FAAS
equipment.
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Tokalıoğlu, S�., Oymak, T., Kartal, S�., 2007. Coprecipitation of lead

and cadmium using copper(II) mercaptobenzothiazole prior to

flame atomic absorption spectrometric determination. Microchim.

Acta. 159, 133–139.

Tu, Z., He, Q., Chang, X., Hu, Z., Gao, R., Zhang, L., Li, Z., 2009. 1-

(2-Formamidoethyl)-3-phenylurea functionalized activated carbon

for selective solid-phase extraction and preconcentration of metal

ions. Anal. Chim. Acta 649, 252–257.

Wanga, J., Lia, C., Sakanishia, K., Nakazatob, T., Taob, H.,

Takanohashia, T., Takaradac, T., Saitoa, I., 2005. Investigation

of the remaining major and trace elements in clean coal generated

by organic solvent extraction. Fuel 84, 1487–1493.

WHO, 2003. Rolling revision of the WHO guidelines for drinking

water quality, Nutrient minerals in drinking-water and the

potential health consequences of long-term consumption of demin-

eralized and remineralized and altered mineral content drinking-

waters.

Xiong, C., Jiang, Z., Hu, B., 2006. Speciation of dissolved Fe(II) and

Fe(III) in environmental water samples by micro-column packed

with N-benzoyl-N-phenylhydroxylamine loaded on microcrystal-

line naphthalene and determination by electrothermal vaporization

inductively coupled plasma-optical emission spectrometry. Anal.

Chim. Acta 559, 113–119.

Zang, Z., Li, Z., Zhang, L., Li, R., Hu, Z., Chang, X., Cui, Y., 2010.

Chemically modified attapulgite with asparagine for selective solid-

phase extraction and preconcentration of Fe(III) from environ-

mental samples. Anal. Chim. Acta 663, 213–217.

Zhang, N., Hu, B., Hung, C., 2007. A new ion-imprinted silica gel

sorbent for on-line selective solid-phase extraction of dyspro-

sium(III) with detection by inductively coupled plasma-atomic

emission spectrometry. Anal. Chim. Acta 597, 12–18.

Zhu, X., Chang, X., Cui, Y., Zou, X., Yang, D., Hu, Z., 2007. Solid-

phase extraction of trace Cu(II) Fe(III) and Zn(II) with silica gel

modified with curcumin from biological and natural water samples

by ICP-OES. Microchem. J. 86, 189–194.


	Sol–gel processed pyridinium ionic liquid-modified silica as a new sorbent for separation and quantification of iron in water samples
	1 Introduction
	2 Experimental
	2.1 Apparatus and instruments
	2.2 Standard solutions and reagents
	2.3 Preparation of pridinium ionic liquid-modified silica
	2.4 Column preparation
	2.5 Sample preparation
	2.6 General procedure

	3 Results and discussion
	3.1 Acid-catalyzed sol–gel formation mechanism and spectral characteristics
	3.2 Effect of pH
	3.3 Effect of chelating agent concentration
	3.4 Effect of flow rate
	3.5 Effect of elution parameters
	3.6 Sample volume and pre-concentration factor
	3.7 Adsorption capacity
	3.8 Column reuse
	3.9 Study of interferences
	3.10 Analytical figures of merit
	3.11 Analysis of real samples

	4 Conclusions
	Acknowledgment
	References


