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ABSTRACT

In this study, polyamine (pen-
taethylene hexamine) functional-
ized silica gel (PA-SG) was
prepared as a novel sorbent mate-
rial for on-line preconcentration
of Cd(II), Cu(II), and Ni(II) from
complex matrices. The PA-SG was
characterized by means of ele-
mental analysis and FT-IR spectro-
scopic techniques. The effective
parameters for on-line preconcen-
tration and separation of Cd(II),
Cu(II), Ni(II), and FAAS detection
were optimized by investigating
the effects of sample pH, type,
and concentration of eluent, flow
rate of sample and eluent, loop
volume, and matrix ions. The
linear range of the proposed
method was between10–200 µg
L−1 for each element, with enrich-
ment factors of 39.9, 30.4, and
43.6 and detection limits of 0.19,
0.73, and 0.91 µg L−1 for Cd(II),

INTRODUCTION

Heavy metals such as Cd(II),
Cu(II), and Ni(II) began to cause
greater damage to human health,
the environment, and aqueous
media with the development of
industry (1-5). Due to the well-
known toxic effects of these metal
ions for human beings, their deter-

Although some of them are very
sensitive for the determination of
low levels of metals, there is still
the need for a separation and/or
preconcentration procedure before
the measurement step due to
matrix effects and low levels of the
analytes in the samples (9-11).
Therefore, a preconcentration
and/or separation step should be
carried out before the measurement
step. The widely used preconcen-
tration methods include co-precipi-
tation (12), solid phase extraction
(13-19), cloud point extraction
(20), and solvent extraction (21).

Solid phase extraction (SPE) has
many advantages such as simplicity,
reliability, high concentration fac-
tor, ease of automation, rapid phase
separation, speed, environmental
friendliness, and short analysis time
compared with other preconcentra-
tion methods (22-27). SPE can be
carried out in the on-line and off-
line mode. The latter mode is a clas-
sical column technique based on
passing the sample through the col-
umn using a peristaltic pump, posi-
tive pressure, or under gravity. This
technique is very time-consuming
(e.g., 20 minutes) and requires a
high sample volume (100 mL). On-
line SPE creates a very powerful
technique for trace elements and
has a number of advantages includ-
ing high sampling frequency,
reduction of operator error due to
the use of a closed system, high
analytical efficiency, more reliable
results, short analysis time, low
cost, low consumption of sample
and solvents, effective separation

mination at trace levels in environ-
mental water samples, food stuffs,
and air, they are a very important
topic in analytical chemistry (6-8).

The detection techniques of
flame atomic absorption spectrome-
try (FAAS), graphite furnace flame
atomic absorption spectrometry
(GFAAS), inductively coupled
plasma optical emission spectrome-
try (ICP-OES), and inductively cou-
pled plasma mass spectrometry
(ICP-MS) are widely used for the
determination of metal ion levels.
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Cu(II), and Ni(II), respectively, by
loading 5.0 mL of sample solu-
tion.
The precision of the method

(evaluated as the relative standard
deviation obtained after analyzing
11 samples with three replicates
each) was determined as 3.2, 2.4,
and 4.0% for 20 µg L−1 of Cd(II),
0.1 mg L−1 of Cu(II) and Ni(II),
respectively, by loading 5.0 mL
of sample solution. The sorption
capacities of PA-SG were 41.4,
33.1, and 23.7 mg for Cd(II),
Cu(II), and Ni(II) per gram of
resin, respectively. The accuracy
of the proposed on-line precon-
centration procedure was evalu-
ated by analyzing reference
materials CTA-VTL-2 Virginia
Tobacco Leaves and NWTM-15.2
Water - Trace Elements. Applica-
tion of the proposed procedure
was successfully accomplished
for the analysis of natural water
and food samples.
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from matrices, high sampling rate,
and easy regeneration of the solid
phase (16,24,28,29).

Although many sorbents have
been reported for SPE of metal ions
such as activated carbon (30), poly-
meric resin (31), chelating resin
(32), carbon nanotubes (33, 34),
natural adsorbents (35), modified
silica gel (36, 37), and ion
exchange resins (38), many of them
have been tested in the off-line SPE
mode. The usability of the sorbent
in the on-line mode is dependent
on the metal uptake and the release
performance of the material. The
sorbent should have a fast kinetics
of metal uptake and elution of the
metal ions should be done with a
minimal volume of eluent. Hence,
the synthesis of a novel sorbent
material having the desired proper-
ties for the on-line SPE procedure is
very important.

Some sorbents, such as manganese
oxide particles dispersed in a silica
matrix (39), bond Elut Plexa™ PCX
polymer resin (40), SDS coated alu-
mina modified with dithizone (41),
Amberlite® XAD-4 resin impreg-
nated with nalidixic acid (42), 6-(2-
thienyl)-2-pyridinecarboxaldehyde
functionalized Amberlite XAD-4
resin (43), Toyopear® AF Chelate-
650 M resin (44), and magnetic
nanoparticles functionalized with
4′-aminobenzo-15-crown-5-ether
(45), have been tested recently for
on-line preconcentration of some
trace elements.

In this study, a polyamine
(pentaethylene hexamine) function-
alized silica gel (PA-SG) was synthe-
sized and characterized by CHN
elemental analysis and FT-IR spec-
trometry. The performance of the
PA-SG for on-line SPE of Cd(II),
Cu(II), and Ni(II) ions were evalu-
ated. The effects of the sample pH,
eluent, sample and eluent flow rate,
eluent volume, potentially interfer-
ing ions, and sorption capacity of
the resin were investigated and
optimized. Then, this system was

applied to water and food samples
and certified reference materials for
validation of this method.

EXPERIMENTAL

Instrumentation

The measurements of the metal
levels were performed with a Shi-
madzu AA6701F flame atomic
absorption spectrometer (FAAS)
(Shimadzu Corporation, Kyoto,
Japan). The FAAS instrumental and
operating conditions that provided
the best sensitivity for Cd(II), Cu(II),
and Ni(II) are listed in Table I. The
analytical signals were measured as
peak height. All experiments were
conducted in triplicate and the
averages of the results are presen-
ted in this study. The elemental
analyses of the modified silica gels
were determined using a LECO
elemental analyzer (LECO Corpora-
tion, St. Joseph, MI, USA). KBr pel-
lets were used for the FT-IR
measurements of the silica gel sam-
ples using the PerkinElmer® FT-IR
spectrometer (PerkinElmer, Shel-

ton, CT, USA). A Schott Model CG
840 pH meter (Schott AG, Mainz,
Germany) was used to adjust the
pH of the sample solutions. An
Ismatec peristaltic pump (Cole-
Parmer, USA) with four channels
connected with Tygon® and poly-
ethylene tubings was used to pass
the solutions through the minicol-
umn. The flow system had an
Omnifit® PVCs mini-column
(Omnifit, Cambridge, UK) (0.4 mm
i.d., 6.0 cm long) and 2 two-way
valves. The flow injection system
is shown in Figure 1. Digestion of
the certified reference materials
and the food were carried out by
microwave radiation using an Ethos
Plus microwave oven (Milestone,
Sorisole, Italy) which reaches an
output of 1000 W. A PerkinElmer®
NexION® 300D inductively cou-
pled plasma mass spectrometer
(ICP-MS) (PerkinElmer Inc., Shel-
ton, CT, USA) was used for the
determination of the Cd(II), Cu(II),
and Ni(II) levels in real water sam-
ples.
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TABLE I
FI-FAAS Conditions for Measurement of Cd(II), Cu(II), and Ni(II)

Cu(II) Ni(II) Cd(II)

Flame type Air/acetylene Air/acetylene Air/acetylene

Wavelength (nm) 324.8 232.0 228.8

Slit width (nm) 0.5 0.2 0.5

Lamp current (mA) 6 12 8

Measurement mode Peak height Peak height Peak height

Fig.1. The flow injection system used for the measurement of Cd(II), Cu(II) and
Ni(II) levels by FAAS.

ValvePeristaltic Pump Column FAAS

Sample / Buffer

Solution

Loop

(Load/Injection Position)



Reagents and Standard
Solutions

The chemicals used in this study
were of analytical reagent grade.
Deionized water with a chemical
resistivity of 18 MΩ cm–1 was used
in all analyses without further
purification. The working standard
solution were prepared by stepwise
dilution from 1000 mg L−1 Cd(II),
Cu(II), and Ni(II) stock standard
solutions (Merck KGaA, Darmstadt,
Germany). These stock standards
were used to prepare the calibra-
tion standards by dilution before
use on a daily basis. A buffer solu-
tion was prepared from ammonium
acetate and ammonia (Merck KGaA,
Darmstadt, Germany) adjusted to
the appropriate pH of 7.0 and 8.0.
Other pH solutions were adjusted
by adding diluted hydrochloric acid
or sodium hydroxide (Merck KGaA,
Darmstadt, Germany) solution. Two
certified reference materials, CTA-
VTL-2 Virginia Tobacco Leaves
(Institute of Nuclear Chemistry and
Technology, Poland) and NWTM-
15.2 Water - Trace Elements (LGC
Standards, UK), were used in this
study for testing the accuracy of the
proposed method.

Synthesis of PA-SG

Five grams of silica gel were acti-
vated in concentrated hydrochloric
acid for four hours, then filtered
off and washed several times with
deionized water. Then, the silica
gel was dried at 150 oC for 24 hours.
The activated silica (5 g) was
reacted with 3-chloropropyl-
trimethoxysilane (5 mL) in 50 mL
of anhydrous toluene. The product,
3-chloropropyl bonded silica gel,
was filtered and washed with
toluene, ethanol, and diethyl ether,
respectively, and dried at 60 oC for
six hours. The 3-chloropropyl
bonded silica gel was mixed with
6 mL of triethylamine and 5 mL of
pentaethylene hexamine in 50 mL
of dry toluene, and mechanically
stirred for 24 hours under nitrogen
atmosphere. At the end, the prod-

uct of polyamine (pentaethylene
hexamine) functionalized silica gel
(PA-SG) was filtered off and washed
with toluene, ethanol, and diethyl
ether, and dried at 60 oC for four
hours (18,25,46). The proposed
structure of the modified silica is
given in Figure 2.

On-line SPE Operating
Procedure

The on-line SPE system consists
of a peristaltic pump fitted with
Tygon® tubes, a glass mini-column,
and a valve with a load and inject
position. The mini-column was
loaded with PA-SG. The on-line sys-
tem is directly connected to the
nebulizer of the FAAS. Firstly, the
valve was set to the loading posi-
tion. Then a buffer solution (ammo-
nium acetate and ammonia) was
passed through the mini-column at
5 mL min-1 for 30 seconds, and the
sample solution at pH 8.0 was then
passed through at 5 mL min-1 for
60 seconds. In this process, Cd(II),
Ni(II), and Cu(II) were retained on
the mini-column. Then, deionized
water was passed through the mini-
column at 5 mL min-1 for 30
seconds in order to eliminate the
matrix ions. After sample loading
and cleaning, the eluent solution
was loaded into the loop. The valve

was shifted to the inject position
and the eluent passed through the
column at 5 mL min-1. The eluent
containing the analyte was pumped
directly into the flame atomic
absorption spectrometer for deter-
mination of the metal ions. After
this cycle, the mini-column was
cleaned with deionized water for
30 seconds and the other operation
for the next sample was started.
This procedure is given in Table II.
In these studies, flow rates higher
than 5 mL min−1 were not studied
because the maximum operating
limit of the pump using this tubing
and PA-SG was 5 mL min−1. Larger
I.D. tubing and/or large-grained sil-
ica could provide an opportunity to
test higher flow rates.

Sample Preparation

The proposed method was
employed for the determination of
the Cd(II), Cu(II), and Ni(II) levels
in some food and environmental
water samples and includes river,
stream, lake, and tap water. River
water was collected from the
Sakarya River, tap water from a
house in Sakarya, and seawater
from the Zonguldak coast on the
Black Sea and the Izmit Gulf in the
Marmara Sea, Turkey. The water
samples were acidified with HNO3
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Fig. 2. Synthesis of 3-chloropropyl and polyamine bonded silica gel.



RESULTS AND DISCUSSION

Characterization of PA-SG
Sorbent

The FT-IR transmittance spectra
of the activated silica gel, 3-chloro-
propyl-bonded silica gel, and PA-SG
are shown in Figure 3. In activated
silica gel, the peak in the spectral
range at 3476 cm-1 is –OH stretch-
ing, around 1642 cm-1 it is –OH
deformation, while 1092 cm-1 and
796 cm-1 correspond to the stretch-
ing and bending of the Si-O-Si
bonds, and 960 cm-1 is stretching
of Si-OH, respectively. In the FT-IR

to a pH of 1.0 and then quickly fil-
tered using a 0.45 µm cellulose
acetate membrane. Then, the level
of Cd(II), Cu(II), and Ni(II) in the
samples was determined by the
proposed method.

Food samples such as chicken
and tea were purchased from vari-
ous supermarkets in Sakarya,
Turkey. Digestion of these samples
was performed by a microwave
digestion technique. About 0.5 g
of food samples were treated with
7 mL of 65% (v/v) nitric acid solu-
tion and 1 mL of 30% (v/v) H2O2
solution. The mixtures were
weighed into Teflon flasks and kept
at rest for 20 minutes, followed by
digestion with microwave radiation
in four stages under the following
conditions: Stage 1: power of 250 W,
temperature 180 oC for 1 minute,
Stage 2: power of 0 W, temperature
180 oC for 1 minute, Stage 3:
power of 250 W, temperature
200 oC for 5 minutes, and Stage 4:
power of 400W, temperature 210 oC
for 5 minutes. After digestion, the
solutions were cooled at room tem-
perature and the concentrations of
Cd(II), Cu(II), and Ni(II) in the
obtained solutions were determined
using the proposed method. The
certified reference material CTA-
VTL-2 Virginia Tobacco Leaves was
prepared in the same way as the
food samples.

Synthetic seawater that
contained specific amounts of
sodium, magnesium, potassium,
and calcium was prepared by
adding the necessary amounts of
chloride salts of these elements.
The synthetic seawater was com-
posed of 10,500 mg L−1 sodium,
1350 mg L−1magnesium, 400 mg L−1

calcium, and 380 mg L−1 potassium
(47).

transmittance spectra of the
3-chloropropyl-bonded silica gel,
the C-H stretching bands of the
bonded alkyl groups are at 2857
cm-1, the aliphatic C-H deformation
bands of these groups and C-C
stretching weak bands are within
the range at 1500–1350 cm-1, and
stretching of Si-O is at 1100 cm-1.
In the FT-IR transmittance spectra
of PA-SG, the bands at 2953 and
2855 cm-1 are C-H stretching at
CH2CH2NH2 and at1649 and 1478
cm-1 are C-H deformation bands of
these groups.
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TABLE II
Experimental Parameters for On-line Preconcentration
of Cd(II), Cu(II) and Ni(II) Using PA-SG-loaded Column

Buffer flow rate 5 mL min−1

Buffer flow time 30 s
Sample flow rate 5 mL min−1

Sample flow time 60 s
Washing rate 5 mL min−1

Washing time 30 s
Eluent 2 HNO3 mol L-1

Eluent flow rate 5 mL min−1

Eluent volume for Cu and Ni 250 µL

Eluent volume for Cd 500 µL

Fig. 3. FT-IR spectra of (a) activated silica gel; (b) 3-chloropropyl bonded silica gel;
(c) PA-SG.



The optimum flow rate of the sam-
ple selected for further experiments
was 5 mL min−1.

Effect of Eluent Flow Rate

The eluent flow rate is another
important parameter for separation
of the analytes from the mini-col-
umn. In order to obtain maximum
absorbance, different eluent flow
rates between 1 and 5 mL min−1

were attempted. The maximum
absorbance was obtained at 5 mL
min−1 of the eluent flow rate.

Effect of Eluent Volume

In order to observe the effect
of the eluent volume on the
absorbance of the metal ions, the
HNO3 volume was changed from
68 to 500 µL. The maximum
absorbance was observed at 250 µL
for Cu(II) and Ni(II), and 500 µL
for Cd(II). These volumes were
selected as the optimum eluent vol-
umes in subsequent experiments.

The elemental analysis of the
modified silica gel (Table III)
proved the modification of the
silica surface. The amount of PA
functional group per gram of the
modified silica was calculated to be
0.53 mmol based on the N content.

Effect of pH

The pH of the sample solutions
is a highly important factor for the
preconcentration, adsorption, and
recovery of the trace metal ions.
In order to obtain maximum
absorbance, the effect of pH on the
sorption of the metal ions was
investigated in the pH range of
1.0–9.0 using suitable buffer solu-
tions. The pH values for the sample
solutions containing 20 µg L−1

Cd(II), 0.1 mg L−1 Cu(II), and 0.1
mg L−1 Ni(II) were adjusted to the
desired values using suitable acid,
base, and buffer solutions. Then,
5 mL of the sample solutions were
passed through the mini-column
packed with PA-SG resins at a flow
rate of 5.0 mL min−1. The adsorbed
metal ions were eluted with HNO3
(2.0 mol L-1) at a flow rate of 5.0 mL
min−1.

According to the results shown
in Figure 4, the absorbance signals
were at a pH below 5. At a pH from
5 to 8, the absorbance values
increased and maximum absorbance
and sorption efficiency was
achieved at a pH of 8.0. Therefore,
the pH of 8.0 was selected as the
optimum pH for subsequent experi-
ments. In addition, the same experi-
ment was repeated using pure
silica. It was found that the metal
ions were not retained on the col-
umn and thus their absorbance was
not observed in the FAAS system.
This fact indicates that the reten-
tion mechanism of the metal ions
is a formation of the chelate at pH
8.0, not of precipitation.

Effect of Eluent

In order to determine the most
suitable eluent for the elution of
the metal ions, HCl and HNO3 solu-

tions were used at different concen-
trations ranging from 0.5 to
2.5 mol L-1. When 2 mol L-1 HNO3
was used, the highest absorbance
signal was obtained. Therefore,
2 mol L-1 HNO3 was selected as an
optimum eluent solution. The acid
caused a protonation of the PA-SG
resin, resulting in a loss of its metal
adsorption ability. The protonation
of the resin is favored at high con-
centrations of the acid. Hence, a
higher concentration of HNO3 pro-
vided a higher absorbance than its
dilute concentrations.

Effect of Sample Flow Rate

The sample flow rate is one of
the most important parameters in
on-line preconcentration systems.
In order to obtain the maximum
absorbance value, 5 mL of the sam-
ple was passed through the mini-
column at different flow rates from
1 mL min−1 up to 5 mL min−1. It
was found that the same absorbance
was obtained for all flow rates.
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TABLE III
Elemental Analysis of 3-Chloropropyl

and Polyamine Functionalized Silica Gel

Compound C (%) H (%) N (%)

3-chloropropyl bonded silica gel 2.11 1.12 -

PA-SG 9.71 2.31 4.49

Fig. 4. Effect of pH on the sorption of solutions containing 0.1 mg L-1 Cu(II),
0.1 mg L-1 Ni(II) and 20 µg L-1 Cd(II) (sample flow rate: 5 mL min−1;
loading time: 60 s; eluent: 2 mol L−1 HNO3; eluent flow rate: 5 mL min−1).
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Effect of Potentially Interfering
Ions

The effect of various potentially
interfering ions on the absorbance
of the Cd(II), Cu(II), and Ni(II) was
examined using 5 mL of sample
solutions containing 20 µg L−1 Cd(II),
0.1 mg L−1 Cu(II), and 0.1 mg L−1

Ni(II). The potentially interfering
ions were spiked into the sample
solution and the developed on-line
SPE procedure was applied. The
obtained results are listed in Table
IV. The findings showed that the
absorbance of Cd(II), Cu(II), and
Ni(II) using the on-line SPE method
was not significantly affected at the
studied levels and that this on-line
SPE procedure can be used for the
determination of Cd(II), Cu(II), and
Ni(II) ions in highly saline samples
such as seawater.

Sorption Capacity of the PA-SG
Sorbent

In order to investigate the sorp-
tion capacity of the resin for the
analyte ions, 50 mg of the PA-SG
and 50 mL sample solution contain-
ing 50 mg L−1 Cd(II), Cu(II), and
Ni(II) were placed in polyethylene
flasks and shaken for four hours at
ambient temperature. The pH of
the solutions was adjusted to 8.0
with the ammonia-ammonium
acetate buffer. After this procedure,
the suspensions were filtered off
and the amounts of Cd(II), Cu(II),
and Ni(II) in the supernatant were
quantified by FAAS. The adsorption
capacity of PA-SG was calculated
at 41.4, 33.1, and 23.7 mg g-1 for
Cd(II), Cu(II), and Ni(II), respec-
tively.

The stability of PA-SG is very
good. The adsorption and desorp-
tion properties of PA-SG did not
change up to 100 cycles of usage.
Thus, its long and useful lifetime is
of definite advantage for the pro-
posed method. Some sorbents, for
example silica gel modified with
the sinapinaldehyde group (48),
can be utilized for a limited use
period.

Analytical Characteristics of the
Developed On-line SPE Method

A linear calibration graph was
plotted by the obtained absorbance
for each metal ion from the on-line
SPE experiments under the opti-
mized conditions: sample volume
5.0 mL, preconcentration time of
60 seconds, sample flow rate of
5.0 mL min-1, eluent flow rate of
5 mL min-1, and eluent volume of
250 µL for Cu(II) and Ni(II), and
500 µL for Cd(II).

The analytical figures of merit
for the analytes are shown in Table
V. The limit of detection (LOD) and
the limit of quantification (LOQ)
were calculated as the amount of
analyte necessary to yield a signal
equal to three times (3σ) and 10
times (10σ) the standard deviation
of the blank signals (n = 11),
respectively. The enrichment factor
(EF) was determined as the ratio of
the slopes of the linear section of
the calibration graphs before and
after preconcentration.

A comparison of the performance
of the proposed method with some
of the reported procedures based
on the on-line preconcentration
method is summarized in Table VI.
The proposed on-line preconcentra-
tion procedure has proven to be a
suitable method for the determina-
tion of trace levels of Cd(II), Cu(II),
and Ni(II) because of its simple
automated operation, high repro-

TABLE IV
Change in Absorbance of Potentially Interfering Ions

of Cd(II), Cu(II), and Ni(II) Ions by FI–FAAS Using PA-SG

Matrix Compounds Concentration (%) Change in Absorbance
Ions (mg L-1)

Cd(II) Cu(II) Ni(II)

Cl– NaCl 20,000 1.40 -0.18 -0.66
SO42– MgSO4 4000 -1.55 -0.27 -1.32
NO3– Ca(NO3)2 3100 0.15 -1.70 -1.32
PO43– K2HPO4 100 -0.30 -2.23 -1.10
Na+ NaCl 12,957 1.40 -0.18 -0.66
Ca2+ Ca(NO3)2 1000 0.15 -1.70 -1.32
K+ KCl 1000 -0.37 -0.45 -0.88

Mg2+ MgSO4 1000 -1.55 -0.27 -1.32

TABLE V
FI-FAAS Performance for the Determination of Cd(II), Cu(II), and Ni(II)

Metal Preconcentration Method Direct Method
Ions LOD LOQ Working Calibration LOD LOQ Calibration EF

Range Equation Equation
(µg L–1) (µg L–1) (µg L–1) (µg L–1) (µg L–1)

Cd(II) 0.19 0.61 10–200 Abs=3.244C+ 8.5x10-2 7.44 24.85 Abs=0.0813C+1.3x10-3 39.90
Cu(II) 0.73 2.40 10–200 Abs=1.105C+1.6x10-3 16.67 55.65 Abs=0.0363C+8.2x10-4 30.44

Ni(II) 0.91 3.02 10–200 Abs=0.445C+ 4.9x10-3 39.55 131.37 Abs=0.0102C+1.1x10-3 43.63

EF = Enrichment Factor.
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ducibility, larger enrichment factor,
and lower detection limits.

Accuracy of the Proposed
Method

The accuracy of the proposed
method was analyzed by measuring
the Cd(II), Cu(II), and Ni(II) levels
in certified reference material CTA-
VTL-2 Virginia Tobacco Leaves and
NWTM-15.2 Water - Trace Elements.
The results given Table VII show
that the concentration of Cd(II),
Ni(II), and Cu(II) was accurately
determined and is in close agree-
ment with the certified values. The
Student’s t-test (at p <0.05) was
applied to the obtained and the
certified results. It was found that
there is no significant difference
between the obtained results and
the certified values of the samples.

The accuracy of the on-line SPE
method was also checked by per-
forming a spiking and recovery test
of the Cd(II), Cu(II), and Ni(II) ions
in a synthetic seawater sample. The
obtained results (Table VIII) indi-
cate that using the proposed
method they were in good agree-
ment with the concentrations of
the synthetic seawater values.

Application of the Proposed
Method

The proposed on-line SPE
method was used for the determi-
nation of Cd(II), Cu(II), and Ni(II)
levels in environmental water sam-
ples such as river, gulf, lake, and
tap water. The concentrations of
Cd(II), Cu(II), and Ni(II) in these
water samples were also measured
with the ICP-MS for comparison
and with the on-line SPE method.
The results obtained are listed in
Table IX. The Student’s t-test (at
p <0.05) was applied to the values
obtained by the on-line SPE method
and the ICP-MS technique. The
results of the Student’s t-test
showed that there is no significant
difference between the results
obtained by the proposed method
and those obtained by ICP-MS.

Thus, it can be concluded that the
proposed method is reliable and
suitable using the conditions as pro-
vided above.

The FI-FAAS method was also
applied to solid food samples such
as chicken and tea for measure-

ment of their Cd(II), Cu(II), and
Ni(II) concentrations. The results
(Table X) demonstrate the applica-
bility of the proposed method for
the determination of Cd(II), Cu(II),
and Ni(II) also in food samples.

TABLE VI
Comparison of Analytical Performance of Proposed Method With
Other Techniques in which FAAS is Used as Detection Technique

Sorbent Enrichment LOD Ref.
Factor (EF) (µg L-1)

Cu(II) Cd(II) Ni(II) Cu(II) Cd(II) Ni(II)

Nb2O5–SiO2 34.1 33.0 - 0.4 0.1 - (2)
Dithizone Immobilized
Silica Gel 42.6 - - 0.2 - - (49)
1,10-Phenanthroline 32.0 32.0 - 0.3 0.5 50
Dimethylglyoxime - - 21.0 - - 3 (51)
ToyopearlAF-Chelate
650 M - - - 0.017 0.0014 0.028 (52)
Al2O3/MWCNT - - 20.9 - - 4.1 (28)
AG50W-X8 resin 23.0 46.0 18.0 0.1 0.08 3 (53)

Polyamine Silica 39.9 30.4 43.6 0.19 0.73 0.91 This
work

EF=Enrichment Factor. Ref. = Reference.

TABLE VII
Determination of Cd(II), Cu(II), and Ni(II) Levels

in Standard Reference Materials Using Proposed FI-FAAS Method

Metal Ions CTA-VTL-2 NWTM-15.2
Virginia Tobacco Leaves Water - Trace Elements
Certified Observed Certified Observed
(µg L-1) (µg L-1) (µg L-1) (µg L-1)

Cd(II) 1.52±0.17 1.5±0.1 13.0±1.1 12.8±0.3

Cu(II) 18.2±0.9 17.6±0.7 17.3±1.6 17.0±0.4

Ni(II) 1.98±0.21 1.9±0.3 17.7±1.7 16.9±0.5

TABLE VIII
Spiking/Recovery Test of Cd(II), Cu(II), and Ni(II) Ions

From Synthetic Seawater Using Proposed FI-FAAS Method

Added Measured Recovery
(µg L-1) (µg L-1) (%)

Cd(II) Cu(II) Ni(II) Cd(II) Cu(II) Ni(II)

10 9.7±0.2 9.6±0.4 9.5±0.5 97.0 96.0 95.0
20 19.5±0.4 19.3±0.7 19.7± 0.6 97.5 96.5 98.5

30 29.6±0.5 29.2±0.3 29.1±0.2 98.7 97.3 97.0
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CONCLUSION

In this study, PA-SG as a novel
sorbent material was prepared and
characterized. The PA-SG sorbent
showed good affinity to Cd(II),
Cu(II), and Ni(II) ions at a pH of 8.0
in an on-line preconcentration sys-
tem. The resin can be used at high
flow rates of sample solution
enabling high frequency sample
analysis. Another advantage of the
PA-SG is its long useful lifetime
with at least 100 cycles. PA-SG has
a high sorption capacity of Cd(II),
Cu(II), and Ni(II) ions. PA-SG exhib-
ited fast adsorption and desorption
properties which are the main fea-
tures required for a superior sor-
bent. The developed on-line

preconcentration method is very
efficient for use in the determina-
tion of Cd(II), Cu(II), and Ni(II)
owing to its simplicity, automation,
ease of use, low detection limits,
high speed, accuracy, and good
selectivity. Consequently, PA-SG
can be successfully used for the on-
line preconcentration and determi-
nation of Cd(II), Cu(II), and Ni(II)
in natural water and food samples.

The possible use of PA-SG for
other elements such as As, Pb, and
Hg could be studied for the solid
phase extraction and determination
in different samples such as water,
food, and ores in further research
studies.
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TABLE IX
Comparison of Proposed FI-FAAS Method and ICP-MS Technique

for the Determination of Cd(II), Cu(II), and Ni(II) Levels
in Various Water Samples

Sample Element Found Value (µg L–1)
FI-FAAS ICP-MS

Sakarya River Cd(II) <LOQ 0.52±0.02
Cu(II) 10.82±0.96 9.98±0.14
Ni(II) 21.33±0.84 23.59±0.57

Izmit Gulf Cd(II) <LOQ 0.02±0.006
Cu(II) 12.42±0.25 11.84±0.70
Ni(II) 42.24±1.29 40.86±0.99

Seawater Cd(II) <LOQ 0.03±0.003
Cu(II) 6.4±0.14 6.69±0.21
Ni(II) 13.91±0.22 14.43±0.31

Tap Water Cd(II) <LOQ 0.06±0.003
Cu(II) 2.38±0.08 2.47±0.25

Ni(II) 1.9±0.16 1.86±0.06

TABLE X
Determination of Cd(II), Cu(II), and Ni(II) Levels

in Chicken and Tea Samples Using Proposed FI-FAAS Method

Metal Ions Chicken (µg g-1) ± s Tea (µg g-1) ± s

Cd(II) <LOQ 1.08±0.02

Cu(II) 1.21±0.03 14.2±1.3

Ni(II) 1.27±0.04 16.3±1.1
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