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Abstract In this research, solidified floating organic drop
microextraction as an efficient sample preparation method
was used for trace monitoring of cadmium ions in envi-
ronmental samples. In this method, a free microdroplet of
1-undecanol is floated on the surface of aqueous solution
and agitated by a stirring bar placed on the bottom of the
sample vial. Cadmium ions were complexed with neo-
cuproine to obtain hydrophobic complex and extracted to
extraction solvent. The extracted target ions were deter-
mined by flow injection—flame atomic absorption spec-
trometry. The effect of important factors on the extraction
of target ions by the proposed sample preparation method
was evaluated and optimized. The limit of detection, rela-
tive standard deviation (%) and enrichment factor of the
method were 0.02, 3.7 and 98.5%, respectively. The vali-
dation of the method was examined by the analysis of
cadmium ions in the certified reference material (sea food
mix), and the obtained data can proof the reliability of the
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method for trace detection of cadmium ions. The method
was successfully applied for determination of cadmium in
the real food and water samples, and satisfactory relative
recoveries (97-102%) were achieved.
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Introduction

According to the toxicity of heavy metals for human health,
the monitoring of heavy metals at trace levels in environ-
mental samples is having more importance in recent years
[1-3]. Cadmium is among 13 toxic metal species on the
preference contamination list of the Environmental Protec-
tion Agency (EPA) [4]. Accurate analysis of trace amount
metal ions is a complex analytical process. Analysis of
trace metal ions present in various matrices such as natural
and wastewater, sediment and tissue with some analytical
techniques such as atomic absorption methods is not pos-
sible according to the matrix effect of potentially interfer-
ing ions and low concentration of metal ions in the sam-
ple, and therefore, for trace detection of heavy metals in
real samples it is a necessity to pre-concentrate the target
ions before their analysis to raise the concentration of the
analyte ions to be determined [5-11]. Different liquid-
phase microextraction methods (LPMEs) such as [12, 13]
dispersive liquid-liquid microextraction (DLLME) [14—
18], solid-phase extraction (SPE) [19-22] and cloud point
extraction (CPE) [23-25] have been widely used in analyti-
cal chemistry.

Recently, an easy and impressive sample prepara-
tion method based on LPME was initially used for the
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polycyclic aromatic hydrocarbons monitoring in water
samples by Yamini et al. [26]. In this method, a free
microdrop of the organic solvent (the melting point of
the organic solvent should be near room temperature
in the range of 10-30 °C) is placed to the surface of an
aqueous sample, while being rotated by a stirring bar
in the sample solution. Under the proper stirring condi-
tions, the suspended microdrop can remain in the top-
center position of the sample solution. After fulfill of the
extraction, the sample vial is cooled by placing it in an
ice bath for 4 min. The solidified extraction solvent is
then transferred into a conical vial, where it melts imme-
diately. Finally, the analytes detection in the extractant
can be performed by gas chromatography. This quanti-
tative LPME method is a green and suitable analytical
procedure, for which excellent validity and accuracy are
illustrated, being simpler and more convenient, com-
pared with the common sample preparation methods
[27-33]. After one year of presentation of solidified
floating organic drop microextraction (SFODME) tech-
nique for separation of organic substances, the feasibil-
ity of performance of SFODME in combinations with
electrothermal atomic absorption spectrometry for trace
monitoring of metal ions was considered and a SFODME
method for ultra-trace monitoring of lead was evaluated
[34]. The method was based on efficient extraction of
lead into 20 pL of 1-undecanol containing dithizone as
a chelating agent. In the next step, the extracted organic
solvent was solidified and transferred into a conical vial
where it melted promptly and was determined by graph-
ite furnace atomic absorption spectrometry. An enrich-
ment factor of 500 was obtained with 5-min extraction
time. Dadfarnia et al. [35] reported for the first time
trace detection of cadmium ions by SFODME accord-
ing to the extraction of an ion pair into 1-undecanol and
then analysis by flow injection—flame atomic absorption
spectrometry.

In the present work, a simple, selective, sensitive
and reliable sample preparation technique according to
the SFODME was designed for pre-concentration and
extraction of cadmium ions at trace levels in differ-
ent environmental real samples. The main parameters
impressing the extraction efficiency such as solution’s
pH, concentration of neocuproine, stirring rate, extrac-
tion time, solution’s temperature and salt concentration
on the extraction and determination of cadmium ions
by the applied sample preparation method were consid-
ered and optimized. The developed method (SFODME)
was applied for trace detection of cadmium ions in sev-
eral food and water samples, and the accuracy of the
proposed method was confirmed by standard reference
material.

@ Springer

Experimental
Chemical and reagents

All analytical-grade reagents including solvents (the
organic extractant was l-undecanol) was purchased from
Merck Company (Merck, Darmstadt, Germany). 2,9-Dime-
thyl-1,10-phenanthroline [neocuproine (high purity)] were
obtained from Merck (Darmstadt, Germany). Milli-Q puri-
fication system (Millipore, Bedford, MA, USA) was used
for the preparation of double-distilled water. Cd (II) stock
solution (100 mg L) was prepared by dissolution of the
proper amount of Cd(NO;), (Merck, Darmstadt, Germany)
in 3:1, HCI/HNO; (v/v) according to the standard methods
and then diluted with double-distilled water. Adequate dilu-
tion of the stock standard solutions was applied for prepar-
ing of the working standard solutions step by step.

Apparatus

Concentration of cadmium ions was determined by an
AA-680 Shimadzu (Kyoto, Japan) flame atomic absorp-
tion spectrometer (FAAS) in an air—acetylene flame (air
and acetylene flow rate 10 and 2.5 L min~', respectively),
according to the user’s manual provided by the manufac-
turer. A cadmium hollow cathode (lamp current 4.0 mA
for cadmium) with the radiation of 228.8 nm was used as
source. A variable flow-rate peristaltic pump was used to
pump carrier streams and the sample through the manifold
at a flow rate of 4.0 mL min~!. Manifold lines consisted
of 0.8 mm i.d. polyethylene tubing. The six-way injection
valve allowed the sample to be directly loaded into a 50 uL
loop and subsequently injected into the carrier stream. The
pH was measured at 25 + 1 °C with a digital Metrohm ion
analyzer (Herisau, Switzerland) equipped with a combined
glass—calomel electrode. Hettich centrifuge model EBA 20
(Oxford, England) was employed for phase separation.

Sample pre-treatment for cadmium analysis in food
and water samples

The analyzed food and agricultural products by the
applied sample preparation method were shrimp, fish, let-
tuce, apple, mushroom, kiwi, Citrus limetta, pomegranate,
wheat, tomato, potato, celery and olive. The mentioned
agricultural products were purchased from the supermar-
ket in Tehran (Iran). 1.0 g of dried and grounded samples
was placed into burning cup with 15 mL of pure HNO;.
The microwave (MARS 5) digestion conditions were used
as; 6 min for 250 W, 6 min for 400 W, 6 min for 550 W,
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6 min for 250 W, ventilation: 8 min. The resulted aque-
ous from digestion of food samples under the mentioned
condition was separated by Whatman No. 42. After filtra-
tion of digested samples, the obtained clear solution was
diluted to 10.0 mL (pH of 7.0) for cadmium analysis.

River (Siahrood River), sea (Caspian Sea) and tap
(Tehran, Iran) water samples, used for evaluation of the
proposed sample preparation method, were collected in
PTFE tubes from the north region of Iran, and their pH
were adjusted to 7.0 for further analysis.

Solidified floating organic drop microextraction
procedure

An optimized concentration of the ligand was added into
10 mL of sample solution containing 10 ug L~! of cad-
mium ions, and the resulted solution was stirred. Then,
30 pL of the l-undecanol as an organic extraction sol-
vent was placed on the surface of the sample solution by
a microsyringe. The primary experimental results showed
that 1-undecanol has the appropriate conditions for the
extraction of the target analyte [36]. Therefore, 1-unde-
canol was selected as extraction organic solvent in the
further experiments. As the sample solution flowed around
the organic drop continuously, the formed complex
between cadmium and neocuproine (ligand) was extracted
into the extraction organic solvent. After a desired period
of extraction, the cooling of extraction solvent was carried
out by placing the sample vial in a refrigerator for 5 min.
Then, the solidified solvent was transferred with a spat-
ula into the conical vial and melted quickly at the room
temperature. In the next step, the melted organic solvent
was diluted to 100 pL with ethanol. Finally, 50 pL of
the mentioned extracted target ions was detected by flow
injection—flame atomic absorption technique.

Results and discussion

The performance of the proposed sample preparation
method combined with FI-FAAS was examined for trace
detection of cadmium ions in this work. Several factors
which affect the extraction process comprise concen-
tration of ligand, solution’s pH, stirring rate, extraction
time, the concentration of salt and solution’s tempera-
ture were examined and optimized. In this experiment,
10.0 mL of double-distilled water spiked with 10 ug L™!
of cadmium ions was used to optimize the extraction fac-
tors under various experimental conditions. All the exper-
iments were monitored in triplicate, and the mean of the
results were used for optimization of parameters.

Effect of pH

In this work, the pH value plays an essential role in cad-
mium-neocuproine complex formation and subsequent
extraction with organic extraction solvent (1-undecanol).
Thus, the influence of pH of solution on the extraction effi-
ciency of cadmium ions was evaluated in the pH range of
2.0-9.0. The other parameters were: volume of extraction
solvent (1-undecanol), 30 pL; concentration ratio of neo-
cuproine to cadmium, 10; NaCl, 3% (w/v); stirring rate,
400 rpm; temperature, room temperature; extraction time,
15 min. According to the obtained data, the maximal sig-
nal for cadmium ions determination was obtained in the pH
of 7.0. The interaction of cadmium ions with neocuproine
increased from pH 2.0 to 7.0 but decreased from pH 7.0
to 9.0. By decreasing the pH of the solution, the extraction
of target ions was also decreased due to electrostatic repul-
sion of the protonated active sites of ligand with the posi-
tively charged cadmium species. Meanwhile, the observed
decrease in extraction of cadmium ions at the pH values
higher than 7.0 is most probably due to the precipitation
of target ions in the hydroxide form, which ends up to
decrease in the concentration of free cadmium ions in the
sample. Thus, pH of 7.0 was chosen as the optimum pH for
further experiments.

Effect of amounts of neocuproine

The influence of the concentration ratio of ligand (neocu-
proine) to target ions [Cd(II)] on the extraction efficiency
of cadmium ions was also investigated. According to the
obtained data, the absorbance signal of Cd(Il) increased
with the increase in Cd(II)-to-neocuproine ratio of 1-10
(Fig. 1) and kept constant with subsequent increasing to
the ratio of 15. According to the obtained data, the con-
centration ratio of 10 was used in the other experimental
parameters.

Effect of salt addition

By increasing of ionic strength in the extraction solu-
tion, several effects can be occurred. The diffusion
rate of the target analytes into the extraction solvent
reduce by changing the Nernst diffusion film [28]. On
the other hand, salting out effect led to an increase
on the extraction efficiency of target ions [the cations
and anions of the solvent (H,O) interact with cations
and anions of the salt (salting out effect)]. Therefore,
in this condition the cadmium ions are free and can
interact completely with applied ligand. Salt addi-
tion can be used to assist the completly extraction of
target ions to organic solvent according to the salting
out effect. To evaluate the influence of ionic strength
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Fig. 1 Effect of amounts of neocuproine on the absorbance of Cd(Il)
by SFODME. Conditions: sample volume: 10 mL, volume of extrac-
tion solvent (1-undecanol), 30 wL; Cd(Il) concentration: 10 pg L%
pH of solution, 7.0; salt amounts, 3 (w/v %); stirring rate, 400 rpm;
temperature, room temperature; extraction time, 15 min (number of
replicate = 3)

on the efficiency of the applied sample preparation of
cadmium ions, various experiments were applied by
adding varying NaCl amounts from 0 to 5% (w/v) and
other extraction parameters were constant. Accord-
ing to the absorbance signal for cadmium ions, with
increasing of salt concentration in the range of 0-3%
(w/v) the extraction yield gradually increases (Fig. 2).
Thus, the next extraction experiments were carried out
with a NaCl concentration of 3% (w/v).
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Fig. 2 Effect of salt addition on the absorbance of Cd(II) by
SFODME. Conditions: sample volume: 10 mL, volume of extrac-
tion solvent (I1-undecanol), 30 wL; Cd(II) concentration: 10 pg L™';
pH of solution, 7.0; concentration ratio of neocuproine to cadmium,
10; stirring rate, 400 rpm; temperature, room temperature; extraction
time, 15 min (number of replicate = 3)
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Effect of stirring rate

Sample stirring is another significant parameter having a
great role in its capability to increase extraction efficiency
and to decrease extraction time [34]. In the proposed sam-
ple preparation technique, the agitating speed has an impor-
tant influence on both the form of the droplet and the mass
transfer characteristic in the aqueous sample solution. The
evaluation of the stirring rate on the extraction efficiency of
cadmium ions was performed in the range of 0-1250 rpm.
The obtained data are summarized in Figure 1S (ESM),
and as can be seen from this figure, the analytical signal
increased with increasing agitating rate from 0 to 400 rpm
and then remained constant with further increase in a stir-
ring rate up to 800 rpm. Higher stirring rates made a
decrease in extraction, probably because of splashing and
damaging of the droplet. Thus, 400 rpm was selected for
the next extraction experiments.

Effect of temperature

The investigation of temperature effect on the extraction
efficiency of target ion was carried out by varying the tem-
perature between 25 and 60 °C. The results are illustrated
in Fig. 3. It was observed that the extraction yield is fixed in
the temperature range of 2540 °C; but subsequent increase
in temperature causes a decrease in analytical signal, which
might according to the increase solubility of extraction sol-
vent (organic phase) at higher temperatures or may be due
to the decreasing of distribution ratio of cadmium—neocu-
proine complex at higher temperatures. Therefore, room
temperature was used for further experiments.
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Fig. 3 Effect of temperature on the absorbance of Cd(II) by
SFODME. Conditions: sample volume: 10 mL, volume of extrac-
tion solvent (1-undecanol), 30 nL; Cd(II) concentration: 10 pg L
pH of solution, 7.0; concentration ratio of neocuproine to cadmium,
10; salt amounts, 3 (wW/v %); stirring rate, 400 rpm; extraction time,
15 min (number of replicate = 3)
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Effect of extraction time

The extraction of target ions at a given time is affiliate on
the mass transfer of cadmium ions from aqueous solution
to the organic solvent drop. A period of time is required for
equilibrium of this procedure. The dependence of extrac-
tion efficiency to extraction time was investigated within a
range of 5-30 min under the constant experimental condi-
tions. The results in Figure 2S (ESM) showed that with the
increase in time up to 15 min, the absorbance increased and
then remained fixed. So, 15 min was selected as the extrac-
tion time for the proposed sample preparation method.

The effect of the potentially interfering ions

To investigate the effect of potentially interfering ions, the
potentially interfering ions that are present in food samples
were added to 10 mL of solution including 10 pug L™! of
cadmium ions. The tolerance degree for analysis of cad-
mium ions in the presence of potentially interfering ions is
summarized in Table 1S (ESM). According to the tolerance
data, the potentially interfering ions have no significant
effect on extraction and pre-concentration of cadmium ions
by the proposed sample preparation method at optimum
conditions.

Analytical performance

A calibration curve was sketched for the detection of cad-
mium ions according to the extraction procedure at opti-
mum conditions. Linearity was obtained between 0.1 and
50 ug L™! for cadmium ions in the aqueous solution. The
correlation of determination (%) was 0.99. In the limits of

detection (C;op = 3Sb/m), Sb is the standard deviation
of eight replication of blank signals and m is the tilt of
the calibration curve after pre-concentration for a sample
volume of 10 mL. The obtained LOD for the proposed
sample preparation method was found to be 0.02 ug L™'.
The relative standard deviation for 6 separate extraction
experiments for the monitoring of 1 and 10 ug L~ of tar-
get ions was 3.7 and 2.9%, respectively. The correspond-
ing relative standard deviation (RSD), limit of detection
(LOD), dynamic linear range (DLR), regression equation
and correlation of determination (%) at optimized condi-
tions are presented in Table 1. Furthermore, the enhance-
ment factor calculated as the ratio between the slopes of
the calibration curves acquired by the proposed method
and through the direct analysis of cadmium standards
by FAAS was found to be 97.5 (38.26/0.388 = 98.5).

Table 3 Comparison between measured values of cadmium ions by
the proposed method and the certified values in sea food mix

Sample Sea food mix

Cadmium
476 + 0.03 mg g~!
4,64 +0.04 mg g~!

Element
Certified value (Ccgyy)
Laboratory measurement (C,,)

UcrMm 0.03/2 =0.015

Uy, 0.04/5 = 0.008

AL 14.76 — 4.641 = 0.12

Uy V0.015% + 0.0087 = 0.017
Uy=2u, 0.24

Upy> A, The measured mean value is not

significantly different from the
certified value

Table 1 Figure of merits
of SFODME method for

Method

Regression equation

»  DLR(ugL™") RSD(%) LOD (ugL™"

determination of cadmium ion SFODME-FI-FAAS

Y =38.26C (mg L™') + 0.0005 0.99 0.1-50

3.7 0.02

Table 2 A comparison between the proposed sample preparation method and previously published articles for trace detection of cadmium ions

Method LOQ (ugL™h RSD (%) ET® (min) or flow rate (mL min™") EF’; sample volume (mL) Refs.
Cd(D)-1IP 0.5 42 7 60; 150 [37]
MWCNT/P2AT 1.0 2.4 6 mL min~! 100; 500 [38]

CPE® 6.0 2.1 25 23;10 [39]
DLLME? 1.0 0.9 Fast 13; 40 [40]
SFODME 1.0 47 10 205; 100 [41]
SFODME 0.1 3.7 15 98.5; 10 This work

@ Extraction time (in the sample preparation method)
® Enhancement factor
¢ Cloud point extraction

4 Dispersive liquid—liquid microextraction
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Table 4 Analysis of cadmium in different food (A) and water (B) samples

Element Real sample (ug kg™ Added (ug kg™ Founded (ug kg™!) RSD (%) RR (%)
Inter-day Intra-day
(A) Food sample
Citrus limetta Cadmium 35 5.0 8.4 3.8 4.1 98.0
10.0 13.2 39 43 97.0
20.0 23.1 4.1 4.5 98.0
Apple Cadmium 4.2 5.0 9.1 4.2 5.1 98.0
10.0 14.2 4.2 4.8 100.0
20.0 24.3 3.5 43 100.5
Fish sample Cadmium 7.8 5.0 12.9 4.3 4.5 102.0
10.0 17.5 4.5 4.9 97.0
20.0 27.3 3.8 44 97.5
Shrimp sample Cadmium 8.4 5.0 13.2 4.4 4.9 96.0
10.0 18.5 4.8 5.1 101.0
20.0 28.1 4.2 49 98.5
Celery Cadmium 1.9 5.0 7.1 4.6 4.8 104.0
10.0 12.1 44 4.8 102.0
20.0 22.1 4.6 5.1 101.0
Mushroom Cadmium Not detected 5.0 4.9 4.6 4.9 98.0
10.0 9.9 5.1 5.2 99.0
20.0 19.8 4.8 5.1 99.0
Lettuce Cadmium Not detected 5.0 5.1 4.9 4.9 102.0
10.0 9.8 53 5.2 98.0
20.0 19.6 4.6 5.1 98.0
Kiwi Cadmium 1.7 5.0 6.6 39 4.7 98.0
10.0 11.6 4.5 5.0 99.0
20.0 21.5 4.0 43 99.0
Tomato Cadmium 1.5 5.0 6.5 4.3 4.6 100.0
10.0 11.7 5.1 4.7 102.0
20.0 21.7 4.5 4.9 101.0
Wheat Cadmium Not detected 5.0 4.9 4.1 4.5 98.0
10.0 9.9 39 4.7 99.0
20.0 19.7 44 4.9 98.5
Olive Cadmium 1.3 5.0 6.3 4.4 4.8 100.0
10.0 11.5 4.3 4.5 102.0
20.0 21.5 5.1 4.9 101.0
Potato Cadmium 5.8 5.0 10.6 4.7 5.1 96.0
10.0 15.5 4.5 4.9 97.0
20.0 253 5.1 4.9 97.5
Pomegranate Cadmium 2.8 5.0 7.7 4.9 4.7 98.0
10.0 12.9 4.2 5.1 101.0
20.0 22.5 4.8 55 98.5
(B) Water sample
Tap water Cadmium - 5.0 4.9 4.1 5.1 98.0
10.0 9.9 3.7 44 99.0
20.0 19.7 32 4.8 98.5
River water Cadmium 1.2 5.0 6.2 4.1 49 100.0
10.0 114 35 4.5 101.8
20.0 20.9 39 4.6 98.5
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Table 4 continued
Element Real sample (ug kg™}) Added (g kg™ Founded (ug kg™!) RSD (%) RR (%)
Inter-day Intra-day
Seawater Cadmium 1.8 5.0 6.9 3.1 4.2 102.0
10.0 11.5 4.1 4.5 97.5
20.0 21.5 39 4.8 98.6

However, the EF (98.5) was close to the maximum EF
100 (10 mL sample: 100 uL analytical solution) obtained
by exhaustive extraction. The reason of observation may
be that the matrix of Cd>" standard solution (water) and
analytical solution (ethanol) was different, which resulted
in the difference of the slopes. Table 2 provides a com-
parison between the proposed sample preparation method
and previously applied sample preparation method for
trace detection of cadmium ions [37-41].

Validation of the method

The concentration of cadmium ions obtained by the applied
sample preparation method was compared to the certified
reference material. For this reason, the concentration of
the cadmium ions was monitored at optimized conditions
in sea food mix (standard reference material) which was
reported by the food Survey of Iran. The standard reference
material was digested with 6 mL of HCI [37% (v/v)] and
2 mL of HNOj; [65% (v/v)] in a microwave digestion sys-
tem. Digestion was carried out for 2 min at 250 W, 2 min at
0 W, 6 min at 250 W, 5 min at 400 W and 8 min at 550 W
followed by venting for 8 min. The digestion residue was
then diluted with double-distilled water [42]. According
to the data in Table 3, the measured mean value is not sig-
nificantly different from the certified value [43]. Therefore,
SFODME can be used as a reliable sample preparation
method for separation and trace detection of cadmium ions
in food samples.

Determination of cadmium in food and water samples

For accessing the applicability of the proposed method for
trace detection of cadmium ions in the real samples with
different matrices containing varying amount of potentially
interfering ions, the method was applied to pre-concentra-
tion, extraction and trace monitoring of cadmium ions in
10 mL of food and water samples. The results are shown
in Table 4. The obtained results indicated that the applied
sample preparation method can be reliably used for the
trace detection of cadmium ions in different matrices.
Furthermore, to evaluate the efficiency of the proposed
method for analysis of cadmium ions in water samples,
three types of water samples including tap water, seawater

and river water were evaluated. The result is presented in
Table 4.

We check the accuracy of the method by spiked addition
method, and after analysis of target ions by the proposed
method, the closeness of quantity value obtained by meas-
urement and the true value in real samples was presented
by relative recovery (RR%).

RR is calculated as follows:

RR (%) = (Cfound_ Creal/ Cadded) x 100

where Ciyingeds Crea a0d Cogeq are the concentrations of
analyte after addition of a known amount of standard in the
real sample, the concentration of analyte in real sample and
the concentration of a known amount of standard, which
was spiked to the real sample, respectively.

To evaluate the precision of the obtained data for real
samples analysis, we used from RSD %. All analysis of real
samples to determine of RSD was monitored in triplicate.

Conclusions

The coupling of SFODME with FI-FAAS was applied for
pre-concentration and trace determination of cadmium ions
in food samples. The proposed procedure is low cost, very
simple and benefits from a very low limit of detection. The
short extraction time is related to the infinitely large sur-
face area between organic solvent and aqueous phase after
formation of cloudy solution. Therefore, complex forma-
tion/transfer from aqueous phase to organic solvent is fast.
Moreover, it uses extraction solvent with lower toxicity
instead of solvent with high toxicity in DLLME (chlorin-
ated solvents) [44]. The limit of detection, relative stand-
ard deviation (%) and enrichment factor of the method was
0.02, 3.7 and 98.5%, respectively. In summary, the main
benefits of the system were enhancement of instrument
sensitivity, minimum organic solvent consumption, remov-
ing of matrix constituent, low cost and high enrichment
factor. Finally, the present study may provide a reliable and
simple method for cadmium ion detection at trace levels in
different food and water samples.
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