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RESIDUES AND TRACE ELEMENTS

Development of an Accurate and Sensitive Analytical Method
for the Determination of Cadmium at Trace Levels Using
Dispersive Liquid-Liquid Microextraction Based on the
Solidification of Floating Organic Drops Combined with
Slotted Quartz Tube Flame Atomic Absorption Spectrometry

ILGIN AYDIN, DOTSE SELALI CHORMEY, TURKAN BUDAK, MERVE FIRAT, FATMA TURAK, and SEZGIN BAKIRDERE
Yildiz Technical University, Department of Chemistry, 34349 Istanbul, Turkey

A dispersive liquid-liquid microextraction (DLLME)
technique based on a solidification-of-floating-
organic-drop (SFOD) procedure was developed for
the determination of trace amounts of cadmium
(Cd) by using a flame atomic absorption
spectrometer (FAAS) fitted with a slotted quartz
tube (SQT). The extraction of Cd was achieved by
forming a complex with diphenylcarbazone.
Parameters affecting the formation of complex and
extraction outputs were carefully optimized to
obtain high-absorbance signals to achieve lower
LODs. An SQT was fitted on top of the flame burner
head to further enhance the absorbance of the
signals recorded by the FAAS. Coupling the
DLLME-SFOD procedure with SQT-FAAS produced
an enhancement factor of about 183. The LOD of
the method was 0.23 pg/L with an RSD of 3.8%.
Matrix-matching was used to overcome any low
recovery results obtained with tap water and
municipal wastewater.

rowth in urbanization and industrialization has been
Glinked with the release of heavy metals into the

environment (ie, into soil, water, and atmosphere;
1-3). Heavy metals have been a dominant topic because of
the risk of toxicity at elevated levels and their potential to
accumulate in the food chain and subsequently in human
organs (4, 5). Cadmium (Cd) is a typical heavy metal, and its
toxicology profile has been published by the Agency for Toxic
Substances and Disease Registry (6). The main routes of
exposure to Cd are oral (food and water), dermal contact, and
inhalation, which can result in chronic diseases of the kidneys,
liver, brain, lungs, or central nervous system (7-9). Cd usually
occurs in the environment at low concentrations, and its
determination, therefore, requires very sensitive analytical
methods (10, 11).

Inductively coupled plasma (ICP)-MS provides very sensitive
multielemental determination to the nanogram-per-milliliter
level (12). Cd has been determined in a variety of
environmental and biological samples by ICP-MS-optical
emission spectrometry, with LODs as low as 0.017 ng/g (13, 14).
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One major setback of the plasma technique lies in the high
operational cost (14, 15). Hydride generation atomic absorption
spectrometry has also been used for trace determinations of Cd
(16), but this technique is only limited to other elements, such as
lead, antimony, and selenium, which are capable of forming
metal hydrides (3, 17, 18). Other sensitive analytical techniques
used for Cd determination include graphite furnace atomic
absorption spectrometry (FAAS) and anodic stripping voltammetry
(19-21). Despite its low sensitivity for most metals, FAAS has
been extensively used due to its robustness and accurate
measurements obtained with appreciable precision (22). The
weakest point of an FAAS is the nebulization unit in which
about only 10% of the aspirated sample solution reaches the
flame for atomization (23, 24).

Sensitivity can, however, be improved upon by
preconcentrating analytes from sample solutions prior to
instrumental determination. Several extraction methods have
been used to preconcentrate metals, usually after complex
formation, but ligandless extraction methods have also been
reported (25, 26). The earliest reported liquid-liquid
extraction methods and other classical methods of separation
use large amounts of toxic solvents, are time-consuming, and
present low enhancement factors (27). These drawbacks have
been alleviated with the introduction of microextraction methods,
such as single-drop microextraction (28, 29), solid-phase
microextraction, and dispersive liquid-liquid microextraction
(DLLME; 30). Solidified floating organic drop microextraction
(SFODME) was first reported by Khalili Zanjani et al. (31), and it
involves adding a microdrop of low-melting-point organic solvents
(10-30°C) to the aqueous sample and agitating for extraction. The
sample after extraction is transferred to an ice bath or freezer to
freeze the organic phase into a floating solid, which melts upon
transfer into a new tube. The extractant is diluted with an
appropriate alcohol and sent for analyte determination (31).

Slotted quartz tubes (SQTs) are used in two mechanisms to
improve the LODs of FAAS. Firstly, the flame is confined within
the inner circumference of the quartz tube, which increases the time
atoms spend in the flame (23, 32). The increased interaction
between atoms and the hollow cathode lamp beam increases
absorption for lower detections. The second mechanism uses the
inner walls of the SQT to trap atoms or coats atoms with high-
melting-point metals to facilitate the adsorption of analyte atoms
using a lean flame (33). Low volumes of an appropriate organic
solvent that burn to release high temperatures are used to revolatize
and atomize analytes to obtain high and sharp signals (34).
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The aim of this study was to enhance the sensitivity of FAAS
for Cd determination by optimizing the DLLME-SFOD method
for the Cd—diphenylcarbazone complex. Sensitivity was sought
to be further enhanced by installing an SQT onto the flame burner
head of the atomic absorption spectrometer (AAS).

Materials and Methods
Apparatus

An Analytik Jena NovAA 300 flame AAS was used for the
determination of Cd. The Cd hollow cathode lamp was operated
using the manufacturer’s recommended current (2.0 mA). Cd
was detected at the 228.8 nm analytical line and 0.50 nm spectral
bandpass. Background correction for all readings was achieved
with a deuterium hollow cathode lamp (D). The entrance slot of
the quartz tube (16 mm id, 18 mm od, 13 cm) was cut to fit the
length of the burner flame opening (5.5 cm) and exit slot
(3.0 cm). The flame was generated from an acetylene—air
mixture, and the flow rate of the nebulizer unit was optimized
to obtain high absorbance values.

Chemicals

All working standard solutions were prepared from a
1000 mg-L™" Cd standard stock solution obtained from High
Purity Standards. Ultrapure water (18.2 {)-cm resistivity) was
used for aqueous dilutions and all cleaning purposes. Buffer
solutions in the range of pH 7.0—11 were prepared by adding an
acid/base adjuster solution to a primary salt solution of known
concentration and volume. Methanol was used for the
preparation of the diphenylcarbazone ligand (Riedel-de Haén).
Other reagents used included methanol, ethanol, isopropyl
alcohol, 1-chlorooctadecane, 1-bromohexodecane, 1-dodecanol,
1-undecanol, sodium chloride, potassium chloride, and potassium
nitrate, which were obtained from Merck (Germany).

Dispersive Liquid—Liquid Solidified Floating Single-
Drop Microextraction

To an 8.0 mL aqueous sample—standard solution, 1.0 mL
ligand and 0.50 mL buffer solutions were added and slightly
shaken. A methanol (1.0 mL)—1-dodecanol (150 pL) mixture was
prepared separately, injected into the aqueous solution, and
sonicated for 1.0 min. The solution was centrifuged for
2.0 min at 3461 x g and placed in a refrigerator for the
organic phase to solidify. The solidified organic phase was
transferred into a clean tube and diluted with 0.10 mL
methanol before being sent to the FAAS for Cd determination.

Samples

Municipal wastewater provided by an advanced biological
wastewater treatment plant was obtained from Environmental
Engeenering Department of Yildiz Technical University, and the
sample was stored at 4.0°C. Before the extraction/preconcentration
step, wastewater was filtered with a 125 mm filter paper to eliminate
solid particulates. It was then filtered through a 0.45 pum syringe
filter. Tap water, which was analyzed for its Cd content, was
obtained from Davutpasa (Istanbul, Turkey).

Results and Discussion

Optimum  parameters for the formation of the
Cd-diphenylcarbazone complex and SQT, reported by Firat
et al. (23), were adopted in this study. Stepwise optimization
of the DLLME-SFOD method was performed with 50 pg/L Cd
standard solutions. Optimum parameters were selected according
to the highest average absorbances recorded by the FAAS. All
the optimum parameters in this study are shown in Table 1.

Extraction Solvent Type and Amount

In DLLME-SFOD, it is essential to select extraction solvents
that have low freezing points and can undergo rapid
solidification for the separation of the extracted analyte from
the aqueous solution. It is more convenient to use extraction
solvents that have lower densities than water because the floating
organic phase after solidification can be easily obtained for
analysis (31). For this reason, 200 pL each of 1-dodecanol,
1-undecanol, 1-bromohexadecane, and 1-chlorooctadecane were
tested for extraction efficiencies of the Cd complex. The fine
distribution of extraction solvents throughout the aqueous
solution due to the use of dispersive solvents results in a
reduction of final solvent volume. The degree of reduction
increases according to a solvent’s relative solubility in water.
The test using 1-chlorooctadecane ended with no phase
separation, but a cloudy solution (with white precipitates) was
observed. A more prominent precipitation was observed for
1-bromohexadecane, with white precipitates settling at the
bottom of the tube after centrifugation. Both 1-dodecanol and
1-undecanol resulted in well-separated upper phases, which were
solidified, taken out, and dissolved for Cd determination. Phase
separation was easier with 1-dodecanol in comparison with
l-undecanol, which required a long waiting period for
solidification. For this reason and for the recording of a
relatively higher absorbance value, 1-dodecanol was selected
as the extraction solvent for this method. Optimization of the
extraction solvent amount is important because a low amount
could be insufficient for the collection of analytes and a high
amount could further dilute the analyte after extraction. The
optimum extractor amount was determined by testing 150, 200,
250, 300, and 350 pL volumes of 1-dodecanol. The average
absorbance of 150 pL was higher than other tested volumes,

Table 1. Optimized parameters of DLLME-SFOD-SQT-
FAAS
Parameter Value

pH 10 (0.50 mL)
0.05% (w/v)

1.0 min
1-Dodecanol (150 pL)
Methanol (1.0 mL)
Potassium nitrate (0.50 g)

pH of buffer solution (amount)?
Ligand concn?

Mixing time (complex formation)®
Extraction solvent (amount)
Dispersive solvent (amount)

Salt type (amount)

Mixing type (time) Sonication (1.0 min)

Sample flow rate? 7.2 mL/min
Acetylene flow rate® 60 L/h
SQT height? 2.0 mm

@ Parameters obtained from Firat et al. (23).
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indicating that it was a sufficient amount for the extraction
without too much dilution.

Dispersive Solvent Type and Amount

Dispersive solvents play an assistive role in enlarging the
surface area of contact between an extraction solvent and an
aqueous solution, thereby enhancing analyte extraction. The
rapid distribution of extraction solvent throughout an analyte
solution results in complete extraction in a matter of seconds. For
this purpose, methanol, ethanol, and isopropyl alcohol were
studied due to their solubility in both water and 1-dodecanol,
as the optimum extractor solvent. Methanol and ethanol gave
very similar absorbance values, but methanol was selected
because it was also used in the dilution of the extracted
solution before being sent to the FAAS. The optimum
methanol amount was tested for with 1.0, 2.0, 3.0, and
4.0 mL volumes. The absorbance values decreased sharply
after 1.0 mL and did not significantly change at higher
volumes. High dispersive solvent amounts resulted in the
overdispersion of extraction solvent and a subsequent
reduction in the final volume. The optimum methanol amount
was, therefore, maintained at 1.0 mL.

Salt Type and Amount

The effect of salt addition on the DLLME-SFOD method was
investigated by adding 0.50 g potassium chloride, sodium
chloride, and potassium nitrate to the aqueous analyte
solution. These were extracted and their absorbance values
were compared with the results obtained with no salt addition.
The high solubility of salt in an aqueous solution facilitates the
movement of analytes into the organic solvent. The highest
absorbance signal was recorded for potassium nitrate, and the
percentage difference compared with no salt addition was about
29%. Even though the absorbance of Cd increased with
potassium nitrate addition, increasing the amount can result in
reduced signals. A saturated salt solution can hinder the free
movement of analyte through the extraction solution. Salt
addition can significantly alter the density of an aqueous
solution, which may in turn affect the position (upper or
lower phase) of an organic solvent after extraction. The salt
amount is a critical balance for extraction and, as such, 0.10,
0.20, 0.50, and 1.0 g potassium nitrate were examined. The
absorbance signals of 0.20 and 0.50 g potassium nitrate were
very similar, but 0.50 g was selected because it gave more
reproducible results.

Mixing Type and Period

Even without mixing, dispersive extractions are rapid and
produce high-extraction outputs. However, mixing can further
enhance the mass transfer of an analyte from an aqueous solution
into an organic solvent, thus increasing extraction output. Four
different mechanisms were applied to the extraction method and
compared with a no-mixing test. The mixing types used were
hand-shaking, mechanical shaking, mixing on a vortex mixer,
and ultrasonication, all done for 1.0 min. Ultrasonication was
selected because it recorded marginally higher absorbance values
and had lower RSDs than the other mixing types. It can be said
that sonication significantly increased the kinetic energy of the

extractant molecules for a more effective extraction. For the
optimum mixing time, 30 s and 1.0, 5.0, and 10.0 min were
studied. The lowest absorbance was recorded at 30 s, and there
was no significant difference between the absorbances of the
other times. For this reason, 1.00 min was selected for further
optimizations.

Dilution Solvent Amount

Before the read-out of the analyte by the FAAS system, the
organic phase amount collected after solidification was <150 pL.
Organic phase was diluted to reduce the viscosity of
1-dodecanol. Methanol was used for the dilution, and its
optimum amount was tested using 100, 150, 200, 250, and
300 pL volumes. Dilution beyond 150 pL resulted in lower
absorbance values but high repeatability (a lower RSD). The
highest absorbance value was obtained for 100 pL, which was
used for further experiments.

Analytical Figures of Merit

In Table 2, the analytical performance of conventional FAAS
is compared with the optimized method of this study and other
related studies. The calibration plot of the optimum method
showed good linearity (R* = 0.9998) from 1 to 60 pg/L. The
LODs and LOQs were calculated from the expressions 3(s/m)
and 10(s/m), respectively, where s = SD of six measurements of
the lowest concentration; and m = slope of the calibration plot.
The attachment of the SQT to the flame unit resulted in about
4 times the increase in sensitivity, confirming an increase in
atom-light interaction. The coupling of DLLME-SFOD with
FAAS gave a sensitivity increase of about 17 times over the
FAAS. Combining both enhancement methods gave an optimum
sensitivity increase of about 183 times, which corresponded to an
LOD of 0.23 pg/L. This limit is comparable with the LOD
(0.21 ng/mL) reported for a ligandless-SFODME method that
was coupled with a flow-injection FAAS (35).

Recovery Tests

Recovery studies were performed on tap water and wastewater
to further validate the developed method. Environmental and
biological samples tend to have complex matrixes, and analytes
of interest may not be readily extracted for analysis. The amount
of Cd that can be extracted from these samples when present was
tested by spiking different concentrations within the linear
calibration range. Blank determinations were also done to
ensure Cd was not present or were used as blank corrections
when detected. A five-point calibration plot was developed

Table 2. Analytical performance of the different FAAS
systems under study

System LOD, ug/L LOQ, ug/L Range,ug/L RSD, %

FAAS 42 140 100-2000 9.6

SQT-FAAS 11.9 39.6 50-1000 6.3

DLLME-SFOD-FAAS 25 8.2 7.0-80 10.2

DLLME-SFOD-SQT- 0.23 0.77 1.0-60 3.8
FAAS
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Table 3. Percent recoveries of spiked tap water and
wastewater?

Sample 20 pg/L 40 pg/L
Wastewater, % 1002 +11.4 1005+ 1.1
Tap water, % 99327 98.8 + 1.1

a

Uncertainties (+) are shown as the SD (n = 3).

between 10 and 50 pg/L standard solutions prepared in deionized
water and used to determine the percent recoveries of the
samples. Low recovery results (<70%) were obtained for the
different spiked concentrations, suggesting that the sample
matrixes greatly hindered the recovery of Cd. Methods, such
as standard addition, have been used to overcome matrix-related
setbacks. For the purpose of this work, however, the matrix-
matching method was applied with the aim of overcoming the
rather low Cd recovery. The five-point standard calibration plot
was developed again, but this time the standards were prepared in
similar water media to match the samples under study. The
percent recoveries were greatly improved upon, as shown in
Table 3. Close to a 100% recovery was obtained for all spiked
sample standards. The low recovery results could have resulted
from poor complexing, ineffective extraction, or the incomplete
separation of extraction solvent from the aqueous solution due to
the complex matrix of the samples. Because the matrix effect
posed on the spiked sample matches those of the standards, the
effects were cancelled out to produce high percent recoveries.

Conclusions

This study presents the successful combination of DLLME-
SFOD and SQT-FAAS as a sensitive method for the
determination of Cd at trace levels. DLLME-SFOD gave a
significant enhancement factor, and the method uses low
amounts of organic solvents. SQT is a simple component that
can be custom cut to fit the burner head of an FAAS. Low RSDs
indicated good precision for bothextraction procedure and
instrumental measurements. Matrix-matching was used to
alleviate the low percent recoveries obtained for Cd from tap
water and wastewater. It can be concluded that the DLLME-
SFOD-SQT-FAAS method is simple, green, accurate, precise,
and applicable to real samples.
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