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A B S T R A C T   

In this study, an eco-friendly and accurate analytical protocol was proposed for the determination of cadmium at 
trace levels. Prior to analysis in flame atomic absorption spectrophotometry (FAAS), an ultraviolet based 
photochemical vapor generation (PVG) method as a sample introduction system was employed to eliminate 
matrix effects. PVG system was combined with an online preconcentration technique called T-shaped slotted 
quartz tube-atom trapping (T-SQT-AT) for online preconcentration of cadmium in order to further increase 
analytical performance of the system. Hydrogen was used in the releasing of collected Cd atoms from the quartz 
surface. Under optimum conditions, limit of detection (LOD) and limit of quantitation (LOQ) of the developed 
method were specified as 2.5 ng/mL and 8.2 ng/mL, respectively. Percent recovery results for tap water and 
daphne tea samples were found to be between 87.6–105.3% and 90.9–103.3%, respectively.   

1. Introduction 

Cadmium as a transition metal in IIB group of the periodic table has 
carcinogenic and toxic properties for living organisms [1]. It is generally 
found as its metal ores and its mineral compounds such as cadmium 
oxide and cadmium sulfate in nature [2]. This element has been utilized 
in the production of batteries, plastics, metal containers, fertilizers, 
pigments and approximately thirty thousand tons cadmium are released 
to the ecosystem every year [2–4]. Therefore, human bodies can expo
sure to cadmium via water, air and food or industrial areas where cad
mium is used. Cigarettes are also one of the major cadmium exposure 
way for human metabolism [4]. Cadmium concentration in tobacco was 
reported between 0.77 and 7.02 µg/g [5,6]. It is clearly known that 
cadmium has toxic effects on some organs like kidney and liver [7]. It 
can cause to the production of reactive oxygen, DNA damage and inhi
bition of DNA repair system [7–9]. Moreover, acceptable maximum 
level for cadmium in drinking water is recommended as 5.0 µg/L by 
United States Environmental Protection Agency (US EPA) [10]. 

In analytical atomic spectroscopy, chemical vapor generation (CVG) 
is frequently employed as a sample introduction system. Nonvolatile 

metal species can be converted to their volatile forms (metal hydride, 
metal alkyl, metal halide and metal carbonyl etc.) by various pre- 
treatments of the sample [11]. CVG systems have several benefits such 
as the reduction of matrix effect, enhancement in detection power of 
analytical instruments and selectivity for analyte(s) [12]. In hydride 
generation systems, sodium borohydride is used as a reduction agent for 
the generation of volatile hydrides for favorable metals [13,14]. The 
reduction agent (NaBH4) has been used for the formation of cadmium 
volatile species and it has been observed that cadmium hydrides 
decompose at room temperature. Cadmium atoms are generated at room 
temperature and absorb it’s specific radiation without flame [15,16]. On 
the other hand, hydride generation method requires expensive and un
stable chemicals [11]. For this reason, a green alternative method called 
as ultraviolet based photochemical vapor generation (PVG) was devel
oped to produce the volatile species of metal analyte(s) via utilizing low 
molecular weight organic acids (LMWOAs) as a photochemical reagent 
[12]. In literature, volatile cadmium species occurred in LMWOA media 
under UV irradiation are not well identified, on the other hand; CdH2 
and Cd(CH3)2 for its volatile species are suggested [17]. In 2003, Stur
geon et al. reported the first study about the PVG system as a sample 
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introduction system for atomic absorption spectrometry [18]. This sys
tem has become a common analytical method to separate several metals 
from different matrices [19]. In literature, the PVG system was coupled 
to several analytical instruments such as atomic fluorescence spectro
photometry (AFS) [20], inductively coupled plasma-optical emission 
spectrometry (ICP-OES) [21], inductively coupled plasma – mass spec
trometry (ICP-MS) [22] and graphite furnace atomic absorption spec
trometry (GF-AAS) [23] for the determination of several analyte(s). 

The detection limits of flame atomic absorption spectrophotometry 
(FAAS) are higher than some other spectrophotometric instruments 
(GFAAS, ICP-MS) due to low nebulization efficiency and short dwell 
time of atoms on the light path in FAAS systems [24]. There are several 
offline and online preconcentration methods to achieve lower detection 
limit for the analyte. Some offline methods such as dispersive liquid
–liquid microextraction (DLLME) [25], switchable solvent-based liquid 
phase microextraction (SSLPME) [26], solid phase extraction (SPE) [27] 
and ultrasound-assisted magnetic dispersive microsolid-phase extrac
tion (UA-M-D-µSPE) [28] have been used to extract and preconcentrate 
the analyte from several matrices. Another way to solve these problems 
is to employ slotted quartz tube (SQT) with conventional FAAS systems. 
There are two main purposes of slotted quartz tube used in FAAS system: 
(a) enhancement in residence time of the atoms in the light path of 
FAAS, (b) trapping of the atoms in the inner surface of SQT [29]. In atom 
trap (AT) studies, SQT is acted as an online preconcentration tool with 
two main steps: (1) analyte atoms are adsorbed onto the inner surface of 
SQT under lean flame conditions and (2) the analyte atoms are released 
from the inner surface of SQT using organic solvents [30] or hydrogen 
gas [31]. 

In this study, PVG system equipped with T-SQT-AT system prior to 
FAAS analyses was established to determine cadmium at trace levels in 
tap water and daphne tea samples. Univariate optimization approach 
was carried out to specify optimum conditions for all variables. Under 
the optimum conditions, method validation and recovery experiments 
were performed for the determination of cadmium in tap water and 
daphne tea samples. This study is part of a project [32] and this is the 
first study on PVG-T-SQT-AT-FAAS combination for cadmium. 

2. Experimental 

2.1. Chemical and reagents 

Cadmium, iron, selenium, lead, calcium and magnesium standard 
solutions (1000 mg/L) were purchased from High Purity Standards 
(North Charleston, USA). These solutions were used as stock solutions 
for the preparation of working standard solutions by diluting throughout 
the study. Formic acid (98–100% purity), acetic acid (>99.6% purity), 
propionic acid (99.0% purity), sodium chloride (99.0% purity), and 
potassium nitrate (≥99.0% purity) were purchased from Merck 
(Darmstadt, Germany). Elga 3 Water Purification System (High 
Wycombe, England) was utilized to obtain deionized water (resistivity 
of 18.2 MΩ.cm). High purity argon and hydrogen gases were attained 
from a gas supplier (İstanbul, Turkey). 

2.2. Instrumentation 

An atomic absorption spectrophotometer system (ATI UNICAM 929 
AA, UNICAM – England) with a burner head was used in the quantitative 
determination of cadmium. Slit width, emission wavelength and oper
ation current for cadmium hallow cathode lamp (HCL) were 0.5 nm, 
228.8 nm and 2.0 mA, respectively. A deuterium hollow cathode lamp 
was utilized for background correction. Dimensions of the T-SQT were 
16.0 cm length, 6.0 cm length of T part in T-SQT, 1.8 cm outer diameter, 
1.5 cm inner diameter, 5.8 cm entrance slot and 2.0 cm exit slot. 
Additionally, two air knives were placed at both edges of the T-SQT 
system in order to prevent horn-shaped flame extensions from damaging 
FAAS components. A peristaltic pump (MiniPuls3, Gilson, 

Massachusetts, USA) was used to transport the standard/sample solution 
throughout the sample line. A UV radiation photoreactor with a unique 
design was produced in laboratory and consisted of two parts: (1) one 
UV radiation source (Sylvania T5 type with G16W T5 HO product name, 
Feilo Sylvania, Turkey) and (2) one tubing line to treat sample solution 
with UV irradiation during its transfer into gas liquid separator (GLS). 
The source emits UV radiation in UV-C region (approximately 85%) with 
a peak at 253.7 nm. The tubing inside the reactor is made of quartz 
material, which has no absorption in UV region in order to maximize the 
light-analyte interaction. The quartz tubing was produced using eight 
equal quartz tube connected to each other in a zigzag pattern. The in
ternal volume of the tubing was approximately 15.2 mL. The UV source 
was placed to the center of the tubing part in order to enhance the 
photon permeation yield for the formation of the radicals from LMWOA. 
The inner surface of the container of the reactor was covered with 
aluminum foil to protect laboratory personnel. GLS has a spray chamber 
design with a spherical shape. The interior volume of GLS was about 65 
cm3. The nebulizer is concentric with the chamber to spray the liquid 
droplets to the inner walls. A cylindrical tube is extended towards the 
bottom of the chamber to prevent the liquid sample to be dragged by the 
argon gas to the atomizer. The dimensions of cylindrical tube were 40 
mm of height, 10 mm of outer diameter and 6 mm of inner diameter. 
Fig. 1 shows PVG-T-SQT-AT-FAAS system [32]. 

2.3. Procedure 

The standard/sample solutions were acidified with 8.0 M propionic 
acid for the initial step. Next, each acidified sample/standard solution 
was sent to the PVG system for 6.0 min using the peristaltic pump. The 
flow rate of the sample/standard solutions was fixed at 3.8 mL/min with 
help of the peristaltic pump. The acidified solution was exposed to UV 
radiation for 4.0 min via fixing the peristaltic pump at a certain flow 
rate. When the first drop of the acidified solution entered the GLS, the 
valve for the carrier gas (argon) was rapidly turned on in order to 
transfer volatile species of the analyte into the T-SQT system. The vol
atile analyte species were trapped onto the T-SQT surface at a lean flame 
for a period of 6.0 min. The carrier gas valve was turned off after the 
sample was dripped to GLS completely. Finally, the hydrogen gas was 
sent into the T-SQT system to release all trapped analyte atoms from the 
T-SQT inner surface and sharp analytical signals for target analyte were 
obtained. The optimum conditions for the PVG-T-SQT-AT-FAAS system 
are represented in Table 1. 

2.4. Samples 

Tap water sample was taken from the Davutpaşa Campus of Yıldız 
Technical University located in İstanbul, Turkey. The sample was filled 
into a pre-cleaned polypropylene bottle. Next, sample portions were 
separately taken into volumetric flasks and 30.1 mL of 13.3 M propionic 
acid was added into each flask. Then, tap water samples were individ
ually spiked to 50, 100 and 200 ng/mL of Cd and then filled to 50 mL 
with deionized water. 

A commercial brand of daphne tea sample was purchased from a 
local market in İstanbul, Turkey. Daphne tea leaves (2.50 g) was 
weighed into a volumetric flask and diluted to 250 mL with drinking 
water. Then, the mixture was boiled for 15 min and cooled to room 
temperature. The same spiking procedure was followed for daphne tea 
solution spiked in the range of 60–180 ng/mL. 

In interference studies, selenium, iron, lead, calcium, magnesium, 
sodium, potassium, nitrate and chloride were selected as possible 
interferants for the developed method. Two cadmium standard solutions 
(0.67 µM/75 µg/L) were spiked with interferants to 1:1 and 1:10 ana
lyte/interferent molar ratios. Selenium, iron, lead, calcium and mag
nesium solutions were prepared by diluting their individual standard 
solutions while sodium chloride and potassium nitrate salts were used 
for their individual ions. 
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3. Result and discussions 

3.1. T-SQT-AT system optimizations 

In this section, system parameters including flame type, T-SQT-AT 
height, hydrogen flow rate, carrier gas flow rate and trapping period 
were systematically optimized to lower the detection limit. All param
eters were evaluated by univariate optimization and optimum values 
were determined with respect to the highest mean of triplicate mea
surements. The experimental conditions for PVG method were opti
mized in our previous work and optimum conditions were used 
throughout this study [33]. Although the optimum UV irradiation 
period for cadmium was determined as 9.0 min, it was too long for a 
single analysis and would negatively affect sample throughput, hence; 
4.0 min was chosen as optimum value instead. 

The composition of flame is of importance for the efficient adsorp
tion of atoms onto the inner surface of T-SQT as the adsorption of atoms 
is inversely proportional to the temperature of flame [30]. Hence, the 
composition of flame was investigated as fuel-lean flame (8.0 L/h), 
stoichiometric flame (12.0 L/h) and fuel-rich flame (16 L/h) with 
respect to acetylene flow rate to attain the optimum flame composition. 
As expected, lean flame had the highest absorbance values; therefore, it 
was determined as optimum flame type. No absorbance signals were 
observed with the experiments conducted with stoichiometric and fuel 
–rich flames. 

The analyte atoms after the atomization process were trapped onto 
the inner surface of T-SQT to concentrate the analyte atoms in the light 
path. The distance between the T-SQT and burner head can affect flame 
motion and amount in the T-SQT system. Therefore, the T-SQT height 

values from the burner head were tested in the range of 0.0 and 2.0 mm. 
As a result of this optimization, the highest signals were obtained at 0.0 
mm which had also lower standard deviation than other height values. 

Hydrogen gas was used to release the trapped cadmium from the 
inner surface of quartz tube. Hence, optimization of the hydrogen flow 
rate for the revolatilization of adsorbed atoms provides a control over 
the signal shapes to obtain narrower and symmetric signals. During 
optimization, hydrogen flow rate was changed between 7.8 and 730.5 
mL/min and the optimum value was chosen as 430 mL/min (Figure S1) 
that yielded the highest signal to noise ratios. 

The analyte species separated from the liquid matrix in the GLS were 
transferred into the T-SQT via argon gas as it is also used to nebulize the 
liquid sample. With increased flow rates the separation and transfer of 
the volatile species are achieved more efficiently though risk of excess 
dilution of the analyte may occur after a point. Therefore, flow rate of 
the carrier gas was optimized using the values between 10 and 870 mL/ 
min to obtain maximum trap efficiency. Argon flow rates higher than 
870 mL/min were not tried for the risk of escaping liquid into the 
atomizer line. Maximum absorbances were recorded at 870 mL/min 
flow rate (Figure S2) and hence it was selected as optimum argon flow 
rate. 

The height of signal and the number of trapped analyte atoms are 
directly proportional [34], thus; trapping period is the decisive variable 
for the atom trap performance. During optimization, standard solutions 
were sent to the PVG-T-SQT-AT-FAAS system with periods between 1.0 
and 6.0 min with 1.0 min intervals to obtain the maximum signal to 
noise ratio. As a result, 6.0 min trapping period was selected as the 
optimum value (Fig. 2). In addition, longer trapping periods than 6.0 
min were not tested in terms of sample throughput. 

3.2. Analytical figures of merit 

Cadmium standard solutions between 10.0 µg/L and 500 µg/L were 
sent to the PVG-T-SQT-AT-FAAS system in order to evaluate system 
performance under the optimum experimental conditions given in 
Table 1. The cleaning procedure with deionized water for the proposed 
system was applied for 30 s after each measurement. Blank sample was 
sent to the system to control the analyte signal caused by memory effect; 
no signal was observed. LOD, LOQ, dynamic range, EDR and coefficient 
of determination (R2) for the PVG-T-SQT-AT-FAAS system are given in 
Table 2 in addition to the analytical performance of FAAS system. LOD 
and LOQ values for both systems were calculated via multiplying 3 and 
10 times of sLC (standard deviation of the lowest concentration in the 

Fig. 1. PVG-T-SQT-AT-FAAS system schematic diagram.  

Table 1 
Optimum parameters of PVG-T-SQT-AT-FAAS system.  

Parameter Optimum value Reference 

LMWOA type Propionic acid [33] 
LMWOA concentration 8.0 M [33] 
UV irradiation period 4.0 min Present study 
Flame type Fuel-lean flame Present study 
Acetylene flow rate 8.0 L/h Present study 
Oxidant flow rate 28.0 L/h Present study 
T-SQT-AT height 0.0 mm Present study 
Hydrogen flow rate 430 mL/min Present study 
Argon flow rate 870 mL/min Present study 
Trapping period 6.0 min Present study  
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linear calibration plot) and dividing these values to mCP (slope of the 
calibration plot), respectively. As seen in the results, sensitivity of the 
FAAS system was improved by 106 folds using PVG-T-SQT-AT-FAAS 
system based on the comparison of slopes. 

3.3. Interference studies 

LMWOA based PVG system is not a selective method for only cad
mium [17]. Other metals in the matrix could form their volatile species 
by the proposed procedure in this study. Negative/positive interference 
effects on the analyte could be observed because of the presence of 
interfering species. Therefore, effects of cations (selenium, iron, lead, 
calcium, magnesium, sodium and potassium) and anions (nitrate and 
chloride) were investigated at the same molar concentration with cad
mium and 10 folds higher molar concentration. The preparation of so
lutions was clarified in Section 2.4. Cadmium signal was directly 
compared with the solutions consisting of 1:1 and 1:10 M ratios of an
alyte/interferants to calculate the effects of cations and anions on the 
analyte signal. The total effects of these interferants on the analyte were 
not significant for 1:10 ratio presented in the Fig. 3. In contrast, 23% 
decrease in absorbance was observed with the solution at 1:1 ratio of 
molar ratios of analyte/interferants. It is clear that presence of these ions 
has a depression effect on analyte signal. The results with the 1:10, on 
the other hand, can be linked to different depression and increasing 
effects of various ions. 

3.4. Recovery tests 

Under the optimum experimental conditions, the developed analyt
ical method was applied to tap water and daphne tea samples to high
light the method accuracy and applicability. Both samples were 

analyzed by the developed system for cadmium content resulting in no 
analytical signal. After blank analyses, the tap water and daphne tea 
samples were diluted 100 times and prepared by the procedure detailed 
in Section 2.4. Three different spiked concentrations (50, 100 and 200 
ng/mL) found in the dynamic range of the developed method were 
tested for tap water sample. Percent recovery results for each spiked 
sample were calculated between 87.6 and 105.3% according to the re
sults of triplicate measurements. Matrix matching calibration strategy 
was employed to calculate recovery results for daphne tea sample due to 
its negative matrix effect on the analyte signal. Three different spiked 
concentrations (80, 120 and 160 ng/mL) were sent to the system and 
recovery results were calculated in the range of 90.9 and 103.3%. The 
percent recovery results with their standard deviations for both matrices 
are presented in Table 3. With respect to all measurements, the method 
developed can be utilized for precise and accurate cadmium determi
nation in tap water and daphne tea samples. 

4. Conclusion 

A cheap, precise and accurate analytical method called as PVG-T- 
SQT-AT-FAAS was developed to determine cadmium in tap water and 
daphne tea samples. This system was based on the combination of PVG 
and T-SQT-AT systems prior to measurement in FAAS system. Under the 
optimum experimental conditions, 106 folds enhancement in sensitivity 
was obtained when the calibration plot slopes of the conventional FAAS 
system and the developed method were compared to each other. LOD 
and LOQ values for the proposed method were recorded as 2.5 and 8.2 
µg/L, respectively. The proposed method was applied to environmental 
(tap water) and food (daphne tea) samples to check its applicability and 
high recovery values validate the method’s applicability to both 

Fig. 2. Optimization of trapping period (n = 3). The concentration of standard 
solution acidified, organic acid type/concentration, UV irradiation period, 
flame type, hydrogen flow rate, argon flow rate, T-SQT height and sample flow 
rate were 250 µg/L, propionic acid/8.0 M, 4.0 min, lean flame, 430 mL/min, 
870 mL/min, 0.0 mm and 3.8 mL/min, respectively. 

Table 2 
Analytical performance comparison for the methods for cadmium determination.  

System LODa LOQb Dynamic Range EDRc Correlation of determination Reference 

FAAS 0.14 mg/L 0.47 mg/L 0.50–10.0 mg/L y = 0.0369x + 0.0104  0.9999 Present study 
PVG-T-SQT-AT-FAAS 2.5 µg/L 8.2 µg/L 0.01–0.20 mg/L y = 3.9372x + 0.0044  0.9971 Present study 
DBD-AESd 11.9 µg/kg – – –  – [35] 
HG-AFSe 20 µg/kg – – –  – [36] 
SUPRAS/TS-FF-AASf 0.11 µg/L 0.36 µg/L 0.36–7.50 µg/L –  – [37]  

a LOD: Limit of detection. 
b LOQ: Limit of quantification. 
c EDR: Equation of dynamic range. 
d DBD-AES: Dielectric barrier discharge-atomic emission spectrometry. 
e HG-AFS: Hydride generation-atomic fluorescence spectrometry. 
f SUPRAS/TS-FF-AAA: Supramolecular solvent-based microextraction/thermospray flame furnace atomic absorption spectrometry. 

Fig. 3. Effect of interferants on recovery with respect to different ratios (n = 3). 
The organic acid type/concentration, UV irradiation period, flame type, 
hydrogen flow rate, argon flow rate, T-SQT height and sample flow rate were 
propionic acid/8.0 M, 4.0 min, lean flame, 430 mL/min, 870 mL/min, 0.0 mm, 
3.8 mL/min and 6.0 min, respectively. 
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matrices. The developed method promoted green chemistry by reducing 
chemical usage and harmful waste. 
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