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A flow-injection preconcentration system using detection by the thermospray flame furnace 
atomic absorption spectrometry (FIA-TS-FF-AAS) is proposed. Cd2+ are adsorbed on avocado seed 
activated carbon (ASAC) packed into a cylindrical mini-column and eluted using HCl solutions 
for the detection system. A 25 – 1 fractional factorial and Doehlert matrix design were employed to 
determine the optimum conditions for cadmium preconcentration (pH 7.68, buffer concentration 
(Tris/Tris-HCl) of 0.023 mol L-1, eluent concentration (HCl) of 2.0 mol L-1, the adsorbent mass of 
100.0 mg and preconcentration flow rate of 4.8 mL min-1). The preconcentration method presents 
linearity within the range of 0.41-15.00 µg L-1, limits of quantification and detection of 0.41 and 
0.12 µg L-1, respectively, preconcentration factor of 10.7, consumption of index of 0.93 mL and 
sample throughput of 26 h-1. The precision assessed as the relative standard deviation (RSD) were 
found to be 0.48, 0.90 and 2.30% for inter-day precision (n = 2), and 0.30, 0.44 and 2.48% for 
intra-day precision (n = 6) for respective cadmium concentration of 0.50, 5.00 and 15.00 µg L-1. 
The proposed method was applied satisfactorily in samples of cigarette (62.84 ± 11.28 µg kg-1), 
human hair (69.61 ± 2.38 µg kg-1) and water samples [lake (0.65 ± 0.01 µg L-1), tap and mineral].

Keywords: thermospray flame furnace atomic absorption spectrometry, Doehlert matrix, 
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Introduction

Currently, due to various anthropological activities, 
trace metals are discarded in aquatic environments. They 
can be absorbed by living organisms and bioaccumulate, 
distributing themselves through food chain until reaching 
human organism, becoming harmful to health.1,2 Among 
these metals, cadmium is considered a potentially toxic 
element (PTE) and classified as a human carcinogen 
according to the International Agency for Research on 
Cancer (IARC).3-5 For this reason, in order to perform a 
continuous monitoring, even at trace level, international 
and national legislation [United States Environmental 

Protection Agency (USEPA), World Health Organization 
(WHO), Brazilian Health Regulatory Agency (ANVISA), 
National Environment Council (CONAMA)] establishes 
allowed maximum limits of cadmium for different kinds 
of water. For drinking water were established maximum 
limits of 5.0 µg L-1 by USEPA6 and 3.0 µg L-1 by ANVISA 
and WHO,7,8 while for freshwater the established maximum 
limit by CONAMA9 is 10.0 µg L-1. In this context, 
some traditional spectro-analytical techniques, such as 
inductively coupled plasma optical emission spectrometry 
(ICP OES), inductively coupled plasma mass spectrometry 
(ICP-MS), flame atomic absorption spectrometry (FAAS), 
and electrothermal atomic absorption spectrometry 
(ETAAS) were employed for the determination of metals 
ions. Among them, the FAAS technique stands out due 
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to its high simplicity of instrumentation and low cost of 
acquisition and maintenance.10 However, its sensitivity is 
usually insufficient for the determination of metal ions at 
concentration level below µg L-1.11 In order to improve the 
sensitivity of FAAS, thermospray flame furnace atomic 
absorption spectrometry (TS-FF-AAS) has been used as an 
alternative technique, which makes possible to complete 
sample introduction into the furnace with longer time of 
metal residence in the flame, thus improving atomization 
and, consequently, higher sensitivity.10,12 The performance 
of TS-FF-AAS for trace metal determination has been 
widely improved when associated with preconcentration 
methods.13 The most common preconcentration methods 
associated with TS-FF-AAS include dispersive liquid-
liquid microextraction (DLLME),14 hollow fiber supported 
liquid membrane extraction (HF-SLME),15 supramolecular 
solvents based dispersive liquid-liquid microextraction 
(SUPRAs),16 cloud-point extraction (CPE),17,18 and solid-
phase extraction (SPE).19,20 Solid-phase extraction has 
been considered the most common technique because 
of its advantages as simplicity, automation ease, higher 
preconcentration factor, reusability of adsorbent and 
the wide variety of adsorbents that can be employed. 
It is important to note that the materials used in SPE 
must be chemically stable, once they must have the 
capacity to regenerate after the preconcentration/elution 
step. Different materials can be cited as solid phase 
adsorbents such as activated carbon (AC),21 silica gel,22 
aluminas,23 carbon nanotubes (CNTs),24 nickel oxide,25 
natural polymers26 and resins.27 Activated carbon (AC) has 
received considerable interest for the adsorption process 
in aqueous systems because its textural properties (high 
specific surface area and pore volume) leads to high 
adsorption capacity. Besides that AC can be reutilized and 
they present low cost.28 Furthermore, AC can be produced 
from various agro-industrial products, by-products and 
waste rich in carbon such as wood, coal, lignite, coconut 
(endocarp and shell) and seeds (olive, mango, peach, 
buriti, avocado seed, and others). Thereby materials with 
different adsorbent properties towards different target 
analytes can be obtained. AC may be obtained by physical 
activation process from thermal treatment (pyrolysis) for 
the removal of volatile components of lower mass (CO, 
H2, CO2 and CH4), resulting in a material with a structure 
primary porous, which, subsequently, favors the chemical 
modification.29 One should note that AC obtained without 
further chemical surface modification has been much 
more employed for the adsorption of organic compounds 
and very few exploited for metal ions.30 The chemical 
modification of AC surface has received considerable 
attention from the researchers, by introducing functional 

groups (O−H from alcohols and phenols and C=O from 
carboxylic acids and esters) which can form metallic 
complexes.31 Therefore, such modification provides to 
AC higher adsorption capacity and selectivity towards 
metal ion when compared with unmodified AC.32 
Notwithstanding, it must bear in mind that the chemical 
modification also brings improvements on the surface 
area of the material. The chemical modification can be 
performed by the AC impregnation using ZnCl2, followed 
by pyrolysis in a conventional furnace or microwave 
oven. During the pyrolysis process, Zn forms a complex 
with the AC, which after its removal with mineral acid 
(HCl) provides higher porosity and surface area to the 
adsorbent.33 Thereby, chemically modified AC can be 
an alternative adsorbent in detriment of commercially-
available materials currently used for the preconcentration 
of metallic ions from the aqueous medium. A survey of 
the literature reveals the use of chemically modified AC 
from nut shells,34 corn cobs35 and coconut shell36 for the 
adsorption of metal ions in the batch system. Nevertheless, 
the use of chemically modified AC as an adsorbent in 
SPE for the metal ions online preconcentration using flow 
injection analysis (FIA) with detection by TS-FF-AAS 
has not been reported before.

Recently, Leite et al.33 chemically modified AC from 
avocado seed (ASAC) using ZnCl2 as an activating agent 
for adsorption of resorcinol and 3-aminophenol from 
simulated effluents. The results showed high adsorption 
capacity for resorcinol (406.9 mg g-1) and 3-aminophenol 
(454.5 mg g-1), thereby indicating the high potentiality of 
such material for metal ion adsorption.

In this context, this paper aimed to develop a reliable 
and straightforward analytical method using chemically 
activated carbon with ZnCl2 from ASAC as an adsorbent 
for Cd2+ in an online preconcentration system coupled to 
TS-FF-AAS. The feasibility and analytical performance 
of the method were checked for analysis of real samples 
such as cigarette, human hair and water samples (lake, tap 
and mineral).

Experimental

Chemicals

All chemicals utilized were of analytical grade. The 
solutions were prepared using ultrapure water from ELGA 
PURELAB® Maxima purification system (resistivity of 
18.2 MΩ cm, Lane End, United Kingdom).

The Cd2+ working solution (100 µg L-1) was prepared 
from the stock standard of 1000.0 mg L-1 of Cd2+, which was 
obtained by dissolving the cadmium(II) nitrate tetrahydrate 
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[Cd(NO3)2
•4H2O, 99.0%, Merck, Rio de Janeiro, RJ] in 

5.0% (v/v) of nitric acid (HNO3, ≥ 65.0%, Sigma-Aldrich, 
Steinheim, Germany).

Solutions of Cu2+, Pb2+, Co2+, Zn2+, Ca2+ and Fe2+ 
of 1.00 g L-1 concentration for interfering ions study 
were prepared from salts of copper(II) nitrate trihydrate 
(98.0-103.0%), lead nitrate (99.0%), cobalt(II) nitrate 
hexahydrate (98.0-102.0%), iron(II) chloride (98.0%) 
and zinc nitrate hexahydrate (98.0%), all procured from 
Merck (Darmstadt, Germany). Calcium nitrate tetrahydrate 
(97.0%) was obtained from Nuclear (Diadema, SP, Brazil). 
The lobster hepatopancreas reference material for trace 
metals (TORT-2, National Research Council of Canada) was 
used for assessing the accuracy of the analytical method.

Sodium acetate (99.0%) and tris(hydroxymethyl)
aminomethane hydrochloride (99.0%) were procured 
from Merck (Darmstadt, Germany), and they were used 
to prepare acetate and Tris buffer, respectively. The pH of 
solutions was adjusted by using solutions of NaOH and HCl.

Nitric acid (65% weight) and hydrogen peroxide (29.0% 
weight) were procured from Synth (Diadema, SP, Brazil). 
These reactants were utilized for the acid digestion of 
the samples and the certified reference material (CRM). 
Acetone (≥ 99.0%, Sigma-Aldrich, Steinheim, Germany) 
was used to degrease the hair samples.

In order to prevent metallic ion contamination, all 
plastics and glassware were soaked in a 1.4 mol L-1 HNO3 
solution overnight and then washed excessively with 
deionized water and dried before its utilization.

The ASAC employed in this study was chemically 
modified with the activating agent ZnCl2 (impregnation 
of foreign material) by the microwave-heating process, 
whose details of synthesis may be found in Leite et al.33 
The reproducibility of the production of the material is very 
large. The procedure for microwave assisted pyrolysis of 
avocado seed33 was tested by carrying out various pyrolysis 
procedures. The obtained material exhibited a high specific 
surface area (SBET) 1433 ± 43 m2 g-1, and the total pore 
volume (Vtot) was 0.445 ± 0.013 cm3 g-1, which corresponds 
to a variation of 3% in the surface area and the total pore 
volume for different pyrolysis obtained. Furthermore, the 
ASAC particles size chosen was ≤ 106 µm, which display, 
in general, irregular shape according to scanning electron 
microscopy (SEM) images.

Instruments

Cadmium determination was carried out using 
a flame atomic absorption spectrometer AA-7000 
Shimadzu® (Tokyo, Japan) following the manufacturer 
recommendations. The thermospray device was assembled 

utilizing a tube furnace (Inconel® 600, composition: 72.0% 
of Ni, 14.0-17.0% of Cr, 6.0-10.0% of Fe, 0.15% of C, 1.0% 
of Mn and 0.5% of Si, Camacan, Brazil) of 10.0 cm length 
and 1.0 cm inner diameter (i.d.), which is positioned on the 
burner head by means of a home-made holder, leaving the 
beam from the lamp to pass through its interior. Six holes 
of 2.0 mm i.d. were drilled in the bottom part of the tube 
for flame penetration. Another hole (2.0 mm i.d.) was 
drilled perpendicular to the bottom holes for insertion of 
the capillary. This capillary (100 mm of length, 0.5 mm i.d. 
and 2.0 mm outer diameter) made of non-porous ceramic 
(Al2O3, 99.7%) (Friatec, Mannheim, Germany) was used to 
introduce the solutions and samples inside the tube furnace. 
The capillary tip, responsible for generating the thermal 
spray, was about 2.0 mm inside the tube furnace. Pumping 
of solutions, samples, and the eluent was performed using 
a flow-injection system, which was set up by a Gilson 
peristaltic pump (Villiers, France), pumping tubes, and a 
homemade commutator injector. All connecting tubes were 
made of polyethylene of 0.8 mm i.d.

The pH of solutions was measured with a Metrohm 
pHmeter. For acid digestion of the samples and reference 
material, it was used a Milestone Inc® Ethos One High 
Performance (Sorisole, Italy). A Quimis® ultrasonic bath 
(Diadema, SP, Brazil) was used in sample preparation.

Online preconcentration using FIA-TS-FF-AAS system and 
method optimization

The schematic online preconcentration using FIA-TS-
FF-AAS system is depicted in Figure 1.

Figure 1. Schematic diagram of the FIA-TS-FF-AAS system for 
preconcentration (a), elution (b) and online Cd2+ determination. ASAC 
mass: 100.0 mg, Cd2+ standard solution: 10.0 µg L-1 at pH 7.68 buffered with 
Tris/Tris-HCl buffer (0.023 mol L-1), preconcentration volume: 10.0 mL, 
preconcentration flow rate: 4.8 mL min-1, eluent: HCl (2.0 mol L-1) at 
0.5 mL min-1 flow rate.
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The mini-column was made with pipette tips (30.0 mm 
of length and 7.0 mm i.d.), where pieces of cotton tissue 
were used to seal each extremity, avoiding any removal 
of material absorbent during the preconcentration and 
elution step. The preconcentration step (Figure 1a) was 
performed percolating through the mini-column aliquots of 
10.0 mL of sample or Cd2+ standard solution (10.0 µg L-1) at 
pH 7.68 buffered with Tris/Tris-HCl buffer (0.023 mol L-1) 
at 4.8 mL min-1 flow rate. Then, the injector was switched 
(Figure 1b) and a solution of 2.0 mol L-1 of HCl at 
0.5 mL min-1 flow rate was used to elute the Cd2+ from 
ASAC adsorbent towards the furnace tube for detection 
by TS-FF-AAS. The elution step was carried out in a 
countercurrent of preconcentration step. All experiments 
were performed thrice (n = 3), and the blanks were also 
performed.

The influence of factors including sample pH, buffer 
(BC) and eluent (EC) concentration, adsorbent mass (AM) 
and preconcentration flow rate (PFR),37 on the online Cd2+ 
preconcentration/elution in FIA-TS-FF-AAS system were 
evaluated by a 25 – 1 fractional factorial design (16 experiments 
in duplicate), using 10.0 mL of Cd2+ standard solution, and 
considering the response as the efficiency of sensibility 
(ES = absorbance/preconcentration time). Acetate/acetic acid 
and Tris/Tris-HCl buffers were used to buffer the solutions 
at pH 5.00 and 8.00, respectively.

After establishing the significance of each main factor 
by the analysis of variance (ANOVA) at 95.0% confidence 
interval, a Doehlert matrix (two levels) was employed to 
determine the optimal conditions for the factors pH value 
and buffer concentration (BC). The experimental data were 
processed by using StatSoft STATISTICA 7.0 software 
package.38

Analytical performance of method

After obtaining the optimized conditions, the 
performance of the proposed method was evaluated by 
the linearity, preconcentration factor (PF), concentration 
efficiency (CE), consumption of index (CI), sample 
throughput (ST), limit of detection (LOD), limit of 
quantification (LOQ), inter- and intra-day precisions and 
accuracy.

Analytical curves with and without the preconcentration 
step were constructed in the range of 0.41 to 15.00 µg L-1 
and 2.50 to 100.00 µg L-1 of Cd2+, respectively, with 
standard solutions of Cd2+ adjusted at pH 7.68 in the 
presence of 0.023 mol L-1 Tris/Tris-HCl buffer. The PF 
was estimated as the ratio between the angular coefficient 
of the curve with and without preconcentration step. 
The CI was determined by the ratio between the sample 

volume (10.0 mL) used in the preconcentration step and 
the PF value. The CE was calculated by the ratio between 
the PF and the preconcentration time (min). The ST was 
established as the number of analyses performed per hour 
(h-1). The LOD and LOQ were estimated according to 
IUPAC definition,39 as 3SD / m and 10SD / m, respectively, 
where SD is the standard deviation of 10 determinations 
of the analytical blank and m is the angular coefficient 
of the analytical curve with the preconcentration step. 
The inter- and intra-day precision of the method was 
obtained as relative standard deviations (RSD) for n = 2 
and n = 6, respectively, at three concentration levels 
(0.50, 5.00 and 15.00 µg L-1). The accuracy of the method 
was evaluated by using recovery/addition tests of spike 
samples before microwave-assisted acid digestion, as well 
as by using certified reference material (TORT-2, lobster 
hepatopancreas). The microwave-assisted acid digestion of 
the TORT-2 was performed following the same temperature 
gradient used for the digestion of the cigarette sample, 
which is described in the “Sample preparation” sub-section. 
The TORT-2 mass used was 50.0 mg (in triplicate), and the 
solutions from digestion were transferred to a volumetric 
flask of 200.0 mL.

Interfering study

The Cd2+ online preconcentration using the ASAC 
adsorbent in FIA-TS-FF-FAAS was also evaluated in 
the presence of concomitant ions. For this task, solutions 
containing 5.0 µg L-1 Cd2+ and each of the possible 
interfering ion individually (Ca2+, Co2+, Cu2+, Fe2+, Pb2+ and 
Zn2+) were preconcentrated using the optimal conditions. 
The ratio Cd2+:interfering ion investigated were 1:10 and 
1:20 (m/m). In order to evaluate the interference effect, 
recovery percentages were estimated by comparing the 
Cd2+ analytical signal obtained in the presence and absence 
of interfering species. Recoveries of 100 ± 10% were 
considered tolerable to predict the absence of interference.

Sample preparation

The proposed preconcentration method was applied to 
cadmium determination in cigarettes, human hair and water 
samples (lake, tap and mineral). Cigarette and mineral water 
were purchased in the local supermarket. Lake water was 
collected from Igapó Lake in the city of Londrina (Paraná, 
Brazil) and acidified with HNO3 until pH 2.00, while the tap 
water was collected from the State University of Londrina 
(Londrina, Paraná, Brazil). The lake and tap waters were 
filtered in a 0.45 µm Nylon (Magna) membrane under 
vacuum before use.
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The human hair samples (brown and natural without 
chemicals) were kindly supplied from students of the State 
University of Londrina, all women with age between 20 
to 22 years old. The human hair was cut from the nape of 
the neck (pieces of 2-3 cm) using sterile stainless-steel 
scissors. Then, it was sonicated with acetone for 15.0 min 
to remove adhered contaminants (fat). Upon this time, it 
was washed with ultrapure water.

The solid samples were dried at 60 °C for 24 h. Next, 
each sample was weighted separately in triplicate (cigarette: 
500.0 mg and human hair: 300.0 mg) into Teflon flask and 
mixed with 10.0 mL of concentrated HNO3 and 4.0 mL of 
29.0% (v/v) of H2O2 for the decomposed procedure. The 
mixture was kept overnight and subsequently subjected 
to the microwave-assisted acid digestion. For cigarette 
sample it was used the following temperature gradient with 
fixed power (1200 W): step 1, heating to 80 °C (6.0 min); 
step 2, plateau at 80 °C (5.0 min); step 3, heating to 120 °C 
(7.0 min); step 4, plateau at 120 °C (5.0 min); step 5, 
heating to 190 °C (15.0 min); step 6, plateau at 190 °C 
(15.0 min); while the human hair samples were digested 
using a two-step temperature program (fixed power of 
1000 W): step 1, heating to 190 °C (5.0 min); step 2, 
plateau at 190 °C (30.0 min). A 30.0 min of the cooling 

time was required to refrigerate the digested samples and 
also decrease the pressure of the system. After, the digested 
samples solutions were concentrated near to dryness in a 
hot plate, to eliminate the excess of HNO3, and then cooled 
down to room temperature. Next, the digested samples of 
cigarette and human hair were transferred to a volumetric 
flask of 25.0 and 50.0 mL, respectively, whose volume 
was made up with ultrapure water, where the pH of the all 
samples was adjusted to 7.68 using 0.023 mol L-1 Tris-HCl 
buffer previously.

Results and Discussion

Method optimization by factorial design

Table 1 shows the factors and their low (−1) and high 
(1) levels for the 16 experiments carried out in duplicate, 
while the significance of factors and their interactions in 
the online FIA-TS-FF-FAAS system are shown in Pareto 
Chart (Figure 2).

Using absorbance (Abs) as an analytical response, it 
was observed that most of the factors were statistically 
significant at a confidence interval of 95.0% (Figure 2a), 
being the sample pH the most significant, followed by the 

Table 1. Factors studied, their levels and results (n = 2) obtained by a 25 – 1 fractional factorial design

Factor
Level

Low (−1) High (1)

1. Sample pHa 5.00 8.00

2. Buffer concentration (BC) / (mol L-1) 0.01 0.10

3. Eluent concentration (EC) / (mol L-1) 1.0 2.0

4. Adsorbent mass (AM) / mg 50.0 100.0

5. Preconcentration flow rate (PFR) / (mL min-1) 2.4 4.8

Run pH BC EC AM PFR Absorbance ESb (× 10-3)

1 −1 −1 −1 −1 1 0.380; 0.369 3.040; 2.952

2 1 −1 −1 −1 −1 1.212; 1.225 4.848; 4.900

3 −1 1 −1 −1 −1 0.416; 0.419 1.664; 1.676

4 1 1 −1 −1 1 0.671; 0.654 5.368; 5.232

5 −1 −1 1 −1 −1 0.377; 0.399 1.508; 1.596

6 1 −1 1 −1 1 0.757; 0.712 6.056; 5.696

7 −1 1 1 −1 1 0.294; 0.298 2.352; 2.384

8 1 1 1 −1 −1 0.845; 0.872 3.380; 3.488

9 −1 −1 −1 1 −1 0.324; 0.322 1.296; 1.288

10 1 −1 −1 1 1 0.675; 0.656 5.400; 5.248

11 −1 1 −1 1 1 0.212; 0.266 1.696; 2.128

12 1 1 −1 1 −1 1.289; 1.266 5.156; 5.064

13 −1 −1 1 1 1 0.273; 0.253 2.184; 2.024

14 1 −1 1 1 −1 1.583; 1.426 6.332; 5.704

15 −1 1 1 1 −1 0.218; 0.186 0.872; 0.744

16 1 1 1 1 1 0.819; 0.848 6.552; 6.784
apH = 5.00 was buffered with CH3COO−/CH3COOH buffer and pH = 8.00 with Tris/Tris-HCl; bES: efficiency of sensitivity (absorbance/preconcentration 
step time (s)).
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PFR. This same behavior also was observed when the ES 
was used as an analytical response (Figure 2b).

The positive effect of sample pH in both responses 
(56.50 and 59.23 for Abs and ES, respectively) indicates 
that increasing pH values, higher analytical signals can be 
obtained. In acidic medium, the functional groups such as 
O−H from alcohols and phenols and C=O from carboxylic 
acids and esters are protonated and, consequently, make 
the interaction with Cd2+ less favorable. On the other 
hand, under alkaline medium (pH > 7.00), the ASAC 
adsorbent surface becomes negatively charged due to the 
deprotonation of hydroxyl and carbonyl group, thereby 
favoring the adsorption of Cd2+, which is the predominant 
species at pH ≤ 9.00.40 With regard to the PFR, the negative 
effect (−22.82) indicates, as expected, that the Cd2+ 
adsorption is more efficient for smaller flow rates. On the 
other hand, the PFR becomes significant at a higher level 
(4.8 mL min-1), with the positive effect of 16.54, when the 
ES is used as the analytical response, thereby indicating 
that preconcentration time also plays an essential role on 
the analytical response.

The factor AM was statistically significant on the 
preconcentration system for both responses, with the 
positive effect of 3.85 (Abs) and 2.47 (ES) AM.

From the results regarding the influence of BC, it can 
be observed negative effect for both responses, −7.37 for 
Abs and −5.87 for ES. These results reveal that higher 
concentrations of buffer solutions may difficult the mass 
transfer of Cd2+ towards binding sites of ASAC adsorbent 
due to the strong interaction between the cadmium and 
buffer anion, as well as due to lead competition between 
cadmium ions and cationic ions from buffer solution 
towards binding sites of adsorbent.

In Figure 2, it may also be observed that the EC was not 
significant for the two analytical responses, thus indicating 
the sufficient acid strength under experimental domain to 
strip out cadmium ions from the adsorbent surface.

In this study, the ES has been chosen as the best 
response because it considers the preconcentration 
time, which in turn exert significant influence on sample 
throughput.

According to aforementioned results, the factors AM, 
PFR and EC were fixed for further experiments as 100.0 mg, 
4.8 mL min-1 and 2.0 mol L-1, respectively. One should note 
that higher levels of AM and PFR were not investigated to 
avoid problems associated with leakage in the mini-column 
by overpressure. Also, although EC has not demonstrated 
influence within the experimental domain, this factor was 
set at its highest level to avoid memory effect during several 
preconcentration/elution cycles.

The final optimization for the sample pH and BC was 
carried out using a Doehlert matrix. The seven experiments 
required by Doehlert matrix, being the first one performed 
in triplicate, are shown in Table 2, and the corresponding 
response surface are displayed in Figure 3. The levels of 
sample pH and BC were varied from 7.00 to 9.00 and from 
0.0210 to 0.0410 mol L-1, respectively.

Figure 2. Pareto chart showing the principal effects and their interactions 
using the absorbance (a) and the efficiency of sensibility (b) as analytical 
responses. PFR: preconcentration flow rate; AM: adsorbent mass; BC: 
buffer concentration; EC: eluent concentration.

Table 2. Doehlert matrix used for optimizing pH and buffer concentration 
(BC)

Experiment
Factor Response 

(Abs)pH BC / (mol L-1)

1a 8.00 0.0210 0.400

1a 8.00 0.0210 0.347

1a 8.00 0.0210 0.353

2 9.00 0.0210 0.044

3 8.50 0.0410 0.339

4 7.00 0.0210 0.341

5 7.50 0.0010 0.272

6 8.50 0.0010 0.029

7 7.50 0.0410 0.244
aCentral point. Abs: absorbance (peak height).
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From the Doehlert matrix experiments, a quadratic 
model was constructed with equation 1:

Abs = (−8.558 ± 7.367) + (2.486 ± 1.830)pH − 
(0.174 ± 0.114)pH2 − (53.352 ± 50.847)BC − 
(255.312 ± 213.742)BC2 + (8.450 ± 6.244)pH × BC (1)

From ANOVA, the value of Fcal (MSlack of fit/MSpure error) 
was found to be 4.39, which is lower than the value of Ftab 
(18.51), thereby indicating that the quadratic model does 
not present lack of fit, with a value of R2 (determination 
coefficient) of 0.964 and R2 adjusted of 0.904. Thus, using 
the derivative of equation 1, the critical values for pH and 
BC were found to be 7.68 and 0.023 mol L-1, respectively. 
Thus, the optimized values for pH, BC, EC, AM and 
PFR were 7.68, 0.023 mol L-1, 2.0 mol L-1, 100.0 mg and 
4.8 mL min-1, respectively.

Analytical performance of the preconcentration method

Under optimized conditions, the Cd2+ online 
preconcentration in FIA-TS-FF-AAS system presented 
analytical curve in the range of 0.41 to 15.00 µg L-1 yielding the 
linear equation: Abs = 7.19 × 10-2 [Cd2+ (µg L-1)] + 0.02867 
with the linear correlation coefficient (r) equal to 0.998. 
For the analytical curve without the preconcentration, the 
linear range was 2.5 to 100.00 µg L-1 of Cd2+ with the linear 
equation: Abs = 6.72 × 10-3 [Cd2+ (µg L-1)] + 0.04728 and 
r = 0.990. The PF, CE, CI and ST values estimated were 
10.7, 5.14 min-1, 0.93 mL and 26 h-1, respectively. The LOD 
and LOQ calculated were found to be 0.12 and 0.41 µg L-1, 
respectively.

The relative standard deviation results for inter-day 
precision (n = 2) were 0.48, 0.90 and 2.30% for the Cd2+ 
concentrations of 0.50, 5.00 and 15.00 µg L-1, respectively, 
while intra-day precision RSD values (n = 6) were 0.30 
(0.50 µg L-1 Cd2+), 0.44 (5.00 µg L-1 Cd2+) and 2.48% 
(15.00 µg L-1 Cd2+). The RSD values found in this study 
were lower that 5.00% and considered as satisfactory.

The proposed preconcentration method regarding the 
analytical performance was compared to some previously 
published methods for the determination of Cd2+ by 
TS-FF-AAS (Table 3).

As can be seen in Table 3, the proposed method provided 
better or similar analytical performance regarding LOQ and 
linear range compared to previously published methods. 
Moreover, as the highlight of the proposed method, it 
can be mentioned the absence of toxic organic solvent in 
the elution step and the very low cost for producing the 
adsorbent.

Figure 3. Response surface obtained from Doehlert design for pH and 
buffer concentration (BC).

Table 3. Comparison of the analytical performance of the proposed method with previously published methods for the Cd2+ determination by TS-FF-AAS

Detection 
mode

Preconcentration 
modality

Adsorbent
Linear 
range / 
(µg L-1)

LOD / 
(µg L-1)

LOQ / 
(µg L-1)

PF PV / mL ST / h-1 Sample Reference

TS-FF-AAS online SPE RACNTs 0.80-30.00 0.24 0.80 10.8 2.0 8.6 blood serum 41

TS-FF-AAS online SPE fullerene 0.50-5.00 0.10 0.40 11.0 1.5 24.0
mineral, tap and 
drinking waters

42

TS-FF-AAS online SPE
polyurethane 

foam
0.40-15.00 0.12 0.40 216.0 2.0 16.0

mineral and lake waters, 
physiological serum and 

intravenous solutions
43

TS-FF-AAS online SPE

activated 
carbon 

adsorbent 
from ASAC

0.41-15.00 0.12 0.41 10.9 10.0 15.0
mineral, tap and 
lake waters and 

cigarette and hair
this work

LOD: limit of detection; LOQ: limit of quantification; PF: preconcentration factor; PV: preconcentration volume; ST: sample throughput; TS-FF-AAS: 
thermospray flame furnace atomic absorption spectrometry; SPE: solid-phase extraction; RACNT: raw carbon nanotubes; ASAC: avocado seed activated 
carbon; NI: not informed.
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Interfering study

Figure 4 shows the effect of possible interfering 
ions (Ca2+, Co2+, Cu2+, Fe2+, Pb2+, and Zn2+) on the Cd2+ 
absorbance obtained from online preconcentration system.

As can be seen in Figure 4, the proposed method is 
tolerable to the high concentration of concomitant ions 
(1:20% m/m, Cd2+:interfering ion), whose result can be 
explained to the high surface area of adsorbent and binding 
sites available.

Application

In order to verify the applicability of the proposed 
method, samples of cigarette, human hair and different 
water samples (lake, tap and mineral) were subjected to 
analysis. Table 4 shows the Cd2+ concentration found in 
real samples.

As observed in Table 4, except for the tap and mineral 
water, cadmium was quantified in the samples. The 
accuracy of such analysis was attested using satisfactory 
recovery percentage (97.3-107.1%), which confirms 
the interference-free determination. The cadmium 
concentration achieved in water samples was lower than 
the established by governmental organizations of Brazil as 
ANVISA (3.0 µg L-1 for drinking water)7 and CONAMA 
(10.0 µg L-1 for freshwater).9

The accuracy of the proposed method was also 
checked using analysis of the certified reference material 
TORT-2. The concentration value of Cd2+ found by the 
present method (26.44 ± 0.02 mg kg-1) was not statistically 
different to the value of the certified value in TORT-2 
(26.70 ± 0.60 mg kg-1) according to t-test at 95.0% 
confidence level, which confirms the accuracy of the 
proposed method.

Based on the concentrations obtained for the 
solid samples, the LOD and LOQ were calculated in  
mass/mass basis, whose values correspond to 2.4 and 
8.2 µg kg-1 for cigarette; 4.0 and 13.7 µg kg-1 for hair; and 
24.0 and 82.0 µg kg-1 for CRM (TORT-2), respectively.

Conclusions

In this paper, the ASAC was used for the first time 
as an adsorbent for the Cd2+ online determination in the 
FIA-TS-FAAS system. The proposed method provided 
better or similar analytical parameters when compared to 
previously published methods for cadmium determination 
by TS-FF-AAS associated with preconcentration. Some 
important analytical features can be highlighted including 
satisfactory preconcentration factor, with low sample 
consumption and low detection limit. Also, the proposed 
method is prone to be applied to cadmium determination in 
different kind of samples without matrix interference. The 
use of activated carbon from ASAC may be considered as an 
effective alternative to be used in preconcentration systems 
for the determination of Cd2+ in low concentration levels, 
presenting low production costs and low environmental 
impact.
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Table 4. Cd2+ ions determined in real samples using ASAC adsorbent 
in FIA-TS-FF-AAS system (numbers are mean concentration values ± 
standard deviation (SD) (n = 3))

Sample
Amount added 
Cd2+ / (µg kg-1)

Amount found 
Cd2+ ± SD / 

(µg kg-1)
Recovery / %

Cigarette
−

64.63
62.84 ± 11.28
123.98 ± 8.08

−
97.3

Human hair
−

530.47
69.61 ± 2.38
630.88 ± 7.35

−
104.9

Sample
Amount added 
Cd2+ / (µg L-1)

Amount found 
Cd2+ ± SD / 

(µg L-1)
Recovery / %

Lake Igapó 
water

−
3.00

0.65 ± 0.01
3.91 ± 0.02

−
107.1

Tap water
−

3.00
ND

3.09 ± 0.02
−

103.1

Mineral water
−

3.00
ND

3.07 ± 0.02
−

102.2

ND: below limit of quantification. 

Figure 4. Effect of interfering ions on the recovery of 5.0 µg L-1 of Cd2+ 
in FIA-TS-FF-AAS system.
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