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Abstract

The present paper proposes an on-line pre-concentration system for cadmium determination in drinking water using flame atomic
absorption spectrometry (FAAS). Cadmium(II) ions are retained as 1-(2-pyridylazo)-2-naphthol (PAN) complex at the walls of a knotted
reactor, followed of elution using hydrochloric acid solution. The optimization was performed in two steps using factorial design for
preliminary evaluation and a Box—Behnken design for determination of the critical experimental conditions. The variables involved were:
sampling flow-rate, reagent concentration, pH and buffer concentration, and as response the analytical signal (absorbance). The validation
process was performed considering the parameters: linearity and other characteristics of the calibration curve, analytical features of on-line
pre-concentration system, precision, effect of other ions in the pre-concentration system and accuracy. Using the optimized experimental
conditions, the procedure allows cadmium determination with a detection limit (3 ¢/S) of 0.10 pug L™, a quantification limit (10 o/S) of
0.33 ug L', and a precision, calculated as relative standard deviation (RSD) of 2.7% (n=7) and 2.4% (n=7) for cadmium concentrations of
5 and 25 pg L™, respectively. A pre-concentration factor of 18 and a sampling frequency of 48 h™' were obtained. The recovery for
cadmium in the presence of several ions demonstrated that this procedure could be applied for the analysis of water samples. The method was
applied for cadmium determination in drinking water samples collected in Salvador City, Brazil. The cadmium concentrations found in five
samples were lower than the maximum permissible levels established by the World Health Organization.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Multivariate techniques have been used increasingly for
the optimization of analytical methods over the past years
[1-4]. They might be used for preliminary evaluation of
experimental factors in analytical processes and/or for the
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determination of critical conditions (maximum or mini-
mum) of these factors [5,6]. For preliminary evaluation,
the two-level factorial design has been used, and response
surface methodologies are applied for the determination of
critical conditions, because these techniques use factors
with more than three levels, and this way they can
establish quadratic models. Central composite [5,6], Box—
Behnken [5-7] and Doehlert designs [5-7] are among the
principal response surface methodologies used in exper-
imental design.

Box—Behnken design requires an experiment number
according to N =k2+k+cp, where (k) is the factor number
and (c,) is the replicate number of the central point. The
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same number of experiments is necessary for the Doehlert
matrix. The central composite design requires a greater
number of experiments, which is calculated according to
N =kk+2k+cp, where (k) is the variable number and (c;,) is
the number of central points [7]. Box—Behnken is a
spherical, revolving design. Viewed as a cube (Fig. la), it
consists of a central point and the middle points of the
edges. However, it can also be viewed as consisting of three
interlocking 2% factorial designs and a central point (Fig. 1b)
[5]. It has been applied for optimization of several chemical
and physical processes [8—10]; however, its application in
analytical chemistry is much smaller than the central
composite and Doehlert matrix designs [11]. In analytical
chemistry, it was used for optimization of separation process
of several amino-acid hydroxamates [12], experimental
conditions in gas chromatography mass spectrometry
method for the analysis of aminoglycoside antibiotics
[13], a procedure for pararosaniline determination of form-
aldehyde [14], and optimization of conditions for an
automatic pre-concentration system for lead determination
in water [15].

The quality control of drinking water is a world concern
and several chemical species should be rigorously con-

a)

b)

»
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Fig. 1. Box—Behnken design. a.) The design, as derived from a cube; b.)
Representation as interlocking 2% factorial experiments.

trolled [16,17]. Among these, some heavy metals such as
lead and cadmium are most critical. Several methods have
been developed including pre-concentration procedures
[18,19] considering that the detection limits of the main
spectroanalytical techniques, flame atomic absorption
spectrometry (FAAS) and inductively coupled plasma
optical emission spectrometry (ICP OES), are not compat-
ible with a direct determination of these metals in drinking
water.

On-line pre-concentration systems using knotted reac-
tors have been widely used for metal determination
using spectroanalytical techniques. These enrichment
procedures are based in the adsorption of hydrophobic
complexes of metal ions on the walls of the knotted
reactors, followed by an elution step using acid
solutions [20]. Methods using FAAS [21,22], ICP OES
[23,24], graphite furnace atomic absorption spectrometry
[25,26] and inductively coupled plasma mass spectrom-
etry [27,28] have been proposed for the analysis of
several samples.

In this paper, an on-line pre-concentration system using a
knotted reactor was developed for cadmium determination
in drinking water by FAAS, using (1-(2-pyridylazo)-2-
naphthol) PAN as complexing reagent. The experimental
conditions of the system were established using factorial
and Box—Behnken designs.

2. Experimental
2.1. Instrumentation

A Varian Model SpectrAA 220 (Mulgrave, Victoria,
Australia) flame atomic absorption spectrometer was used
for the analysis. The cadmium hollow cathode lamp was
run under the conditions suggested by the manufacturer
(current: 4.0 mA). Also the wavelength (228.8 nm), the
bandwidth of the slit (0.5 nm) and burner height (13.5
mm) had conventional values. The flame composition
was: acetylene (flow-rate 2.0 L min~") and air (flow-rate:
13.5 L min~"). Nebulizer flow-rates were 5.0-6.0 mL
min~ .

Two Alitea C-6 XV (Stockholm, Sweden) peristaltic
pumps furnished with Tygon tubes were used to propel all
solutions. A Rheodyne Model 5041 (Cotati, California,
USA) four-way manual valve was used to select pre-
concentration/elution steps. All connections were made
using fittings, unions and tees made of plastic and PEEK
materials. The manifold was built up with PTFE tube of 0.5
mm bore. Knotted reactors (KR) were made by tying
interlaced knots in 0.5 mm i.d., 1.5 mm o.d. and 1.5 m
length of PTFE tubing as described in a previous paper [29].
The knots were made with about 5 mm diameter loops.
They overlapped each other and care was taken to prevent
constrictions in the conduit, which would impede the flow
through the reactor.
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Fig. 2. Diagram of the pre-concentration system: a) Fill b) Inject. KR,
Knotted Reactor; Py, P,, Peristaltic Pumps; R, Reagent; S, Sample; E,
Eluent; W, Waste.

2.2. Reagents

All reagents were of analytical grade unless otherwise
stated. Ultrapure water was obtained from an EASYpure RF
purification system (Barnstedt, Dubuque, IA, USA). Nitric
and hydrochloric acid were of Suprapur quality (Merck).
Laboratory glassware was kept overnight in 10% v/v nitric
acid solution, rinsed with deionized water and dried in dust-
free environment.

Cadmium solution (10.0 pg mL™') was prepared by
diluting a 1000 pg mL~ "' cadmium solution (Merck) with a
1% v/v hydrochloric acid solution.

PAN solution (10~% mol L™ ") was prepared by dissolv-
ing 0.25 g of 1-(2-Pyridylazo) 2-naphtol (PAN) in 100 mL
of ethanol (Merck).

Tris buffer solution (pH 8.3) was prepared by dissolving
12.10 g of Tris—(hydroxymethyl) aminomethane (Merck) in
1000 ml of deionized water and adjusting the pH with
hydrochloric acid.

2.3. Sample preparation

The samples were filtered through 0.45 um membrane
immediately after sampling, acidified to pH 2.0 with nitric
acid and stored at 6 C. The bottles were previously washed
with a 10% (v/v) nitric acid solution and afterward with
ultrapure water.

2.4. Pre-concentration step

The water sample containing cadmium (flow-rate 10.0
mL min~ "), and 10~ % mol L™ '"PAN solution (flow-rate 2.7
mL min~ "), buffered at pH 8.3 with Tris buffer, were mixed
on-line to form the metal complex. This mixture was loaded
on the KR for 60 s, valve V in load position (a) (Fig. 2).

Afterward, peristaltic pump P; was stopped and the
injection valve V switched to inject position (b), and the
retained metal complex was eluted with 0.5 mol L'
hydrochloric acid. The analytical signals (absorbance) were
measured as peak height.

2.5. Effect of other ions in the pre-concentration system

This experiment was carried out using a multielement
ICP OES solution Quality Control Standards (QCS-19),
containing arsenic, antimony, beryllium, cadmium, calcium,
chromium, cobalt, copper, iron, molybdenum, nickel,
thallium, titanium, vanadium, zinc, lead, magnesium,
manganese and selenium.

2.6. Optimization strategy

The optimization process was carried out using a full
factorial design and a Box—Behnken design involving the
variables: pH, sampling flow-rate (SFR), buffer concen-
tration (BC) and reagent concentration (RC) with absorb-
ance as analytical response. The experimental data were
processed using the STATISTICAL program. All experi-
ments were carried out using 10.0 mL of cadmium solution
of 10.0 ug L' concentration.

3. Results and discussion

3.1. Determination of the experimental conditions of the on-
line system

On-line pre-concentration systems using knotted reactors
can have many variables for optimization. Therefore, the
factors: knotted reactor length, eluent concentration and
eluent flow-rate were fixed in this system as being 150 cm,
0.5 mol L™" and 5.0 mL min~ ', respectively. The chosen
eluent was hydrochloric acid solution.

The optimization step was performed in two steps,
involving the experimental factors: pH, buffer concentra-
tion, reagent concentration and sampling flow-rate. Firstly a
two-level factorial design (2*) was performed for these four
variables. The level maximum and minimum for each factor
are described in Table 1. The matrix of the factorial design
and its results are shown in Table 2. The results of this
design, as Pareto chart (Fig. 3) demonstrate that in the
studied levels all these variables are statistically significant.

Table 1

Factors and levels used in the factorial design

Variable Low (—) High (+)

Sampling flow-rate (SR) 6.0 mL min~ " 10.0 mL min~!
Reagent concentration (RC) 5% 10 ° mol L™ ! 20x10"° mol L'

pH 7.0 9.0
Buffer concentration (BC) 0.01 mol L™! 0.03 mol L™!
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Table 2
Full factorial design
Experiments pH  Buffer Reagent Sampling  Response

concentration concentration flow-rate (Absorbance)

(BC) (RC) (mL min~")

mol L™ mol L™*
1 —-1.0 -1.0 —-1.0 -1.0 0.06354
2 1.0 —1.0 -1.0 -1.0 0.02313
3 —-1.0 1.0 —-1.0 -1.0 0.05958
4 1.0 1.0 -1.0 -1.0 0.02439
5 —-1.0 -1.0 1.0 -1.0 0.05481
6 1.0 —1.0 1.0 -1.0 0.01998
7 —-1.0 1.0 1.0 -1.0 0.04680
8 1.0 1.0 1.0 -1.0 0.01728
9 —-1.0 —1.0 —1.0 1.0 0.06264
10 1.0 —1.0 -1.0 1.0 0.02376
11 —-1.0 1.0 —-1.0 1.0 0.06399
12 1.0 1.0 -1.0 1.0 0.02898
13 —-1.0 —1.0 1.0 1.0 0.06102
14 1.0 —1.0 1.0 1.0 0.01773
15 —-1.0 1.0 1.0 1.0 0.04788
16 1.0 1.0 1.0 1.0 0.01818
17 0.0 0.0 0.0 0.0 0.03672
18 0.0 0.0 0.0 0.0 0.03546
19 0.0 0.0 0.0 0.0 0.03636

Afterward, a Box—Behnken design was performed in order
to determine the critical conditions. The variable sampling
flow rate was fixed in the maximum level (10.0 mL min~ "),
considering also the results of the factorial design.

The experiments established in the Box—Behnken design
for the variables: pH, buffer concentration and reagent
concentration are described in the Table 3.

The relation among the variables (as coded values) pH,
buffer concentration (BC), reagent concentration (RC) and
the analytical signal (AS) is fitted by the equation:

(AS) = 0.05365 + 0.01304(pH) — 0.001463(BC)
— 0.002835(RC) — 0.01170(pH)?

— 0.008186(BC)* — 0.009604(RC)*

+0.008753(pH)(BC) — 0.009428 (pH)(RC)
+0.004815(BC)(RC)

The derivatization of this general equation as (pH), (RC)
and (BC) results in three new equations:

S5(AS)/8(pH) = 0.01304 — 0.02340(pH) + 0.008753(BC)
— 0.009428(RC)

5(AS)/3(RC) = — 0.002835 — 0.009428 (pH)
+0.004815(BC) — 0.01921(RC)

5(AS)/3(BC) = — 0.001463 + 0.008753 (pH)
—0.01637(BC) + 0.004815(RC)

This equation system shows an experimental condition
for absorbance maximum in: pH (0.840), buffer concen-
tration (0.211) and reagent concentration of (—0.507). These
results as coded values indicate real values of pH (8.34),
buffer concentration (0.011 mol L™') and reagent concen-
tration of (2.97 107> mol L™").

Considering all these results, the conditions recommen-
ded for the method are: knotted reactor length 150 cm,
eluent concentration 0.5 mol L™ l, eluent flow rate 5.0 mL
min~ !, pH 8.3, buffer concentration 0.011 mol L' and
reagent concentration 3.0.10" > mol L™,

3.2. The effect of other ions in the pre-concentration system

In order to check the effect of other ions, a standard
solution containing cadmium and 18 other metal ions
(each one at 10.00 pg L™") was prepared and cadmium
was determined using the proposed on-line pre-concen-
tration system. The results showed that in this concen-
tration, the other ions do not interfere in the cadmium

Pareto Chart of Standardized Effects
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Fig. 3. Pareto Chart for the full factorial design.
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determination. This result demonstrates that the proposed
method can be applied for cadmium determination in
water samples.

3.3. Validation process

The equation of the calibration curve using chemical and
operational conditions was given as 4=0.00432+0.00584
[Cd*", ug L™'], with R*=0.9978, three replicates were used
for each concentration (N=6). The equation obtained using
direct aspiration in FAAS without the pre-concentration step
in the interval of 0.25 —1 pug mL™~' was 4=0.00368+
3.21.107* [Cd*", pg mL™'], (N=6). The experimental
enrichment factor, calculated as the ratio of the slopes of the
calibration graphs with and without pre-concentration, was
18 [20]. The concentration efficiency defined as “pre-
concentration factor of an analyte achieved by the system
per minute” is 14.4 [20].

The precision, expressed as relative standard deviation
(RSD), using cadmium solutions of 5 and 25 pg L™,
was 2.7 and 2.4 %, respectively (7 replicates). The
detection and quantification limits calculated according to
IUPAC recommendation [30] were 0.10 ug L' (30) and
0.33 pg L~" (100). The accuracy was checked by

Table 3
Box—Behnken design with real and coded values
Replicate  pH BC RC Response
(mol L™ (mol L™ (Absorbance)
1 6.5(—1) 0.005(—1) 5x107°(0) 0.04680
1 8.5 (+1) 0.005 (—1)  5x10°(0) 0.04059
1 6.5(=1) 0.015(+1) 5%107° (0) 0.00837
1 8.5 (+1) 0.015 (+1) 5% 1077 (0) 0.03879
1 6.5(=1) 0.010 (0) 11075 (=1)  0.01125
1 8.5 (+1) 0.010 (0) 1x107° (=1)  0.07137
1 6.5(—=1) 0.010 (0) 9x107" (+1) 0.01521
1 8.5 (+1) 0.010 (0) 9x 107" (+1) 0.03636
1 7.5 (0) 0.005(—1) 1x107°(=1)  0.03285
1 7.5 (0) 0.015 (+1) 1x107° (=1)  0.03609
1 7.5 (0) 0.005(—1) 9x107'(+1)  0.02439
1 7.5 (0) 0.015 (+1)  9x107 ' (+1)  0.04995
1 7.5 (0) 0.010 (0) 5x107° (0) 0.05094
1 7.5 (0) 0.010 (0) 5% 1077 (0) 0.05301
1 7.5 (0) 0.010 (0) 5% 1073 (0) 0.05697
2 6.5(—1) 0.005(—=1) 5x107°(0) 0.04761
2 8.5 (+1) 0.005 (—1)  5x10°(0) 0.04374
2 6.5(—1) 0.015(+1) 5x107° (0) 0.00738
2 8.5 (+1) 0.015 (+1) 5%10° (0) 0.03690
2 6.5(—1) 0.010 (0) 1x107° (=1)  0.01071
2 8.5 (+1) 0.010 (0) 1x107° (=1)  0.06768
2 6.5(—1) 0.010 (0) 9x 107" (+1) 0.01287
2 8.5 (+1) 0.010 (0) 9x 107" (+1) 0.03339
2 7.5 (0) 0.005(—1) 1x107°(=1)  0.02808
2 7.5 (0) 0.015 (+1) 1x107°(=1)  0.03753
2 7.5 (0) 0.005 (—1)  9x107 " (+1) 0.02619
2 7.5 (0) 0.015 (+1) 9% 10" (+1) 0.05184
2 7.5 (0) 0.010 (0) 5% 1077 (0) 0.05364
2 7.5 (0) 0.010 (0) 5%107° (0) 0.05436
2 7.5 (0) 0.010 (0) 5% 1077 (0) 0.05301

Table 4
Cadmium determination in drinking water (N=3)

Sample  Cd added (ug L")  Cd* found (ug L™ ")

Recovery (%)

1 0.0 0.68£0.24 -
0.5 1.17+0.67 98
2 0.0 0.62+0.20 -
0.5 1.09+0.22 94
3 0.0 0.38+0.16 -
0.5 0.84 +£0.36 92
4 0.0 0.47+0.36 -
0.5 0.95+0.18 96
5 0.0 034+1.7 -
0.5 0.86+0.24 104

N=determination number.

cadmium determination in the standard reference material,
NIST SRM 1643d trace elements in natural water, which
has a certified value of 6.47+0.37 pg L~'. Using the
proposed method the cadmium concentration found in this
SRM was 6.08+ 1.5 ug L™'. The statistical comparison
by the #-test showed no significant difference between
these values.

3.4. Application-cadmium determination in drinking water
samples

The method was applied for cadmium determination in
five drinking water samples. The results are given in Table
4. Addition/recovery tests demonstrate the applicability of
this method for the analysis of these samples. The cadmium
concentrations were in the range from 0.34-0.68 pg L™ ".
All these results are lower than the permissible maximum
level of 5.0 ug L™ ' given by the Ministry of Health of the
Brazilian Government [31].

4. Conclusions

The proposed pre-concentration system using a knotted
reactor allows cadmium determination in drinking water
samples. The method is simple, inexpensive, precise and
accurate.

The cadmium content in the drinking water samples
collected in Salvador City, Brazil was lower than the
permissible maximum level (5.0 ug L™ ") specified by the
World Health Organization.
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