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bstract

In the present paper, an on-line preconcentration procedure for determination of cadmium, copper and zinc by thermospray flame furnace atomic
bsorption spectrometry (TS-FF-AAS) is proposed. Amberlite XAD-4 functionalized with 3,4-dihydroxybenzoic acid (XAD4-DHB) packed in
minicolumn was used as sorbent material. The metals were retained on the XAD-DHB resin, from which it could be eluted directly to the
hermospray flame furnace system. The detection limits were 28 (Cd), 100 (Cu) and 77 ng L−1 (Zn) for 60 s preconcentration time, at a sample
ow rate of 7.0 mL min−1. Enrichment factors were 102, 91 and 62, for cadmium, copper and zinc, respectively. The procedure has been applied
uccessfully to metal determination in biological standard reference materials.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Flame Atomic Absorption Spectrometry is a consolidated
echnique, but there is a great demand for improving its sen-
itivity [1,2]. A disadvantage of flame AAS is sometimes its
elatively low power of detection for some elements. One of
he main reasons for this is the low efficiency of the pneu-

atic nebulizer because only 5–10% of the primarily produced
erosol reaches the flame [3,4]. Another reason for the poor
ensitivity is the short residence time of the atoms in the flame.
hus, thermospray flame furnace atomic absorption spectrom-

try (TS-FF-AAS) is a simple cost effective technique which
mproves the power of detection to more volatile elements
ecause it allows the complete sample introduction and also

∗ Corresponding author. Tel.: +55 73 35289630; fax: +55 73 35256683.
E-mail address: vlemos@uesb.br (V.A. Lemos).
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ncreases the residence time of the species in the light path
5].

Recently, preconcentration procedures have been coupled
o the TS-FF-AAS technique to improve its sensitivity [6–9].

hen TS-FF-AAS is coupled with a preconcentration procedure
uch as solid-phase extraction, it can reach a very low detection
imit comparable to that obtained with Graphite Furnace Atomic
bsorption Spectrometry (GF AAS) [10].
Solid-phase extraction has been performed by using sev-

ral solid materials, such as multiwalled carbon nanotubes
11], microcrystalline naphthalene [12], polyurethane foam [13],
ilica-gel [14], styrene-divinylbenzene [15,16], chitosan [17]
nd other sorbents [18]. Styrene-divinylbenzene is commer-
ially available as Amberlite XAD resin series. Many ligands

ere covalently coupled with a polymer backbone, such as 4,5-
ihydroxy-1,3-benzenedisulfonic acid [19], 1-(2-pyridilazo)-2-
aphtol (PAN) [20,21], 2-(2′-benzothiazolylazo)-p-cresol [22],
-palmitoyl-8-hydroxyquinoline [23], pyrocatechol violet [24],

mailto:vlemos@uesb.br
dx.doi.org/10.1016/j.jhazmat.2008.01.027
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-aminobenzoic acid [25], and 3,4-dihydroxybenzoic acid
26,27].

This paper proposes an on-line preconcentration system
or determination of Cd, Cu and Zn in biological sam-
les using thermospray flame furnace atomic absorption
pectrometry (TS-FF-AAS). The procedure is based on the
olid-phase extraction of these metals on a resin modified
ith 3,4-dihydroxybenzoic acid (XAD4-DHB). After on-

ine preconcentration, the elution of these ions using acid
olution was performed, followed by detection using TS-FF-
AS.

. Experimental

.1. Instrumentation

A Varian Model SpectrAA 220 (Mulgrave, Victoria, Aus-
ralia) flame atomic absorption spectrometer was used for the
nalysis. Hollow-cathode lamps were used as radiation source.
perational conditions of equipment were used according man-
facturer recommendations (Table 1).

Two Alitea C-6 XV (Stockholm, Sweden) peristaltic pumps
urnished with Tygon tubes were used to propel all solutions.

Rheodine 5041 (Cotati, California, USA) model four-way
anual valve was used to select preconcentration/eluition steps.
ll connections were made using fittings, unions and tees made
f plastic and PEEK materials. The manifold was built up with
TFE tube of 0.5 mm bore.

The TS-FF-AAS system consisted of a lab-made thermo-
pray flame furnace unit, which included the ceramic capillary
0.5 mm i.d., 2.0 mm e.d. and 100 mm of length) and the Ni tube
10 cm) which is located on the burner by a lab-made stainless
teel support fixed with four ceramic pins. The tube was laid on
hese pins and could be moved into and out of the flame. For
ncreasing the temperature inside the tube, six holes of 2 mm
iameter were drilled in the bottom part of the tube. Another
rifice was drilled at 90◦ to the bottom holes for inserting the
hermospray capillary. The capillary tip was about 1 mm inside
he tube furnace. The manifold was assembled with 0.5 mm i.d.
TFE tubing.

A Digimed DM20 pH meter was also used. Digestion of certi-

ed reference materials was carried out in a Parr Instrument 4749
Moline, IL, USA) Acid Digestion Bomb enclosing a chemically
nert Teflon sample cup of 23 mL.

able 1
perating parameters of the flame atomic absorption spectrometer for cadmium,

opper and zinc determination

nstrumental parameters Cd Cu Zn

avelength 228.8 324.8 213.9
amp current (mA) 4.0 4.0 5.0
lit width (nm) 0.5 0.5 1.0
urner height (mm) 10.0 10.0 10.0
cetylene flow rate (mL min−1) 2.00 2.00 2.00
ir flow rate (mL min−1) 13.50 13.50 13.50
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.2. Reagents and solutions

All reagents were of analytical grade unless otherwise stated.
ltrapure water (resistance of 18.3 M� cm) was obtained from

n EASYpure RF (Barnstedt, Dubuque, IA, USA) to prepare all
olutions. Nitric acid was of Suprapur quality (Merck). Labora-
ory glassware was kept overnight in 10% nitric acid solution.
efore use, the glassware was rinsed with deionised water and
ried in a dust free environment.

Cadmium, copper and zinc working solutions were for the
nalysis were obtained from Merck. Acetate, phosphate and
orate buffers were used to adjust the sample pH to the range
.8–4.8, 6.5–7.0 and 8.0–9.0, respectively.

A laboratory-prepared XAD4-DHB resin was used as pack-
ng in a minicolumn. This material was synthesized as previously
escribed in literature for similar resins [21,22,26]. The accu-
acy of the method was assessed by analysing the following
ertified reference material (CRM): NIST 1570a Spinach
eaves and NIST 1573a Tomato Leaves from the National

nstitute of Standards and Technology (Gaithersburg, MD,
SA).

.3. Column preparation

A cylindrical minicolumn with 3.50 cm length and internal
iameter of 4.0 mm containing about 100 mg of XAD4-DHB
as used in the on-line preconcentration procedure. A syringe
as used to put the sorbent inside the minicolumn. Plastic

oams were placed at the inlet and outlet of the minicolumn
o avoid removal of the resin by carrier stream. Afterwards, the

inicolumn was washed with ethanol 5% (v/v), nitric acid solu-
ion and deionizer water, respectively at 2.50 mL min−1 flow
ate. The XAD4-DHB minicolumn was washed with nitric acid
nd ethanol to prevent any metal or organic contamination,
espectively. All minicolumns prepared by this way shown good
eproducibility.

.4. On-line preconcentration system

A diagram of the on-line preconcentration system is shown
n Fig. 1. The flow system was carried out using two peri-
taltic pumps fitted with Tygon tubes, a four-way valve and

minicolumn packed with XAD4-DHB resin, coupled to a
hermospray flame furnace atomic absorption spectrometer (TS-
F-AAS). The flow system was operated in a time-based
ode. A sample solution (S) containing the analytes was

uffered at pH 7.0 with a phosphate buffer solution and
umped at 7.0 mL min−1, percolating through a minicolumn
hat retains the Cd(II), Cu(II) and Zn(II) ions. The remain-
ng solution was discharged (W). When the injection valve
s switched, a stream of 1.0 mol L−1 nitric acid (E) flowing
t 0.7 mL min−1 displaces the analytes. The eluate was taken
irectly into the thermospray flame furnace system. Signals

ere recorded as absorbance, using the instrument software.
chieved sampling rate was about 40 samples per hour for a
reconcentration time of 60 s and an elution time of 30 s for each
etal ion.
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Fig. 1. Schematic diagram of the flow system used for the pre-concentration
and determination of cadmium by TS-FF-AAS. S, sample, E, eluent (HNO3

1 mol L−1), P1 (7.0 mL min−1); P2 (2.0 mL min−1); P, peristaltic pump; C,
X
f
t

2

r
k
c
h
a
a
w
A
e

3

c
5

z
a

F
C
e

F
z
e

b
a
fi
7
a

p
i
t
s
b
v

w
R
s
A
8
p

AD4/DHB minicolumn; V, four-way valve; TS-FF-AAS, thermospray flame
urnace atomic absorption spectrometer and W, waste. (A) Four way valve in
he pre-concentration step and (B) four-way valve in the eluition position.

.5. Digestion of samples

For decomposition of CRMs, an amount of 0.1 g of the mate-
ial was treated with 4.0 mL of 1:1 (v/v) nitric acid solution and
ept overnight in Teflon vessel. Afterwards the Teflon vessel was
losed and put into a pressurized digestion system. The thermal
eating was carried out in a stove at 150 ◦C for 6 h. After cooling
t room temperature these solutions were adjusted to pH with
10% (w/v) sodium hydroxide. An appropriate buffer solution
as added and the volume was diluted in a volumetric flask.
t least one blank solution was run for each sample in order to

valuate metal contamination by the reagents used.

. Results and discussion

In order to determine the best chemical and hydrodynamic
onditions for cadmium, copper, and zinc preconcentration a

.0 �g L−1 metal solution was employed.

The effect of pH on sorption of cadmium(II), copper(II) and
inc(II) ions onto resin inside minicolumn was studied within
pH range from 3.8 to 9.5 (Fig. 2). The pH control was kept

ig. 2. Effect of pH on the retention of cadmium, copper and zinc in the column.
onditions: sample flow rate 6.0 mL min−1, buffer concentration 0.004 mol L−1,
luent flow rate 2.0 mL min−1, and HNO3 concentration 1.0 mol L−1.
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ig. 3. Effect of buffer concentration on the retention of cadmium, copper and
inc in the minicolumn. Conditions: pH 7.0, sample flow rate 6.5 mL min−1,
luent flow rate 2.0 mL min−1, and HNO3 concentration 1 mol L−1.

y using pH 3.8 and 4.8 acetate buffer, pH 6.5 and 7.0 by using
phosphate buffer, pH 8.0 and 9.0 a borate buffer (all in the
nal concentration of 0.002 mol L−1). The phosphate buffer pH
.0 was suggested since this solution allows attain the higher
nalytical signal.

Final concentration of phosphate buffer (pH 7.0) in the sam-
led solutions was studied. An adequate buffer concentration is
mportant to warrant the fast overhaul of column pH and allow
he maximum efficiency in the extraction of metal ions. This
tudy is shown in Fig. 3. As can be seen, from 0.002 mol L−1

uffer concentration the analytical signal attains its maximum
alues.

The influence of sample rate flow on the metal extraction
as studied by varying the flow rate from 3.5 to 8.8 mL min−1.
esults presented in Fig. 4 demonstrated that the analytical

ignals were constant in the studied range for Cu and Zn.
bsorbance of Cd is maximum at flow rates from 6.5 to
.8 mL min−1. High flow rates are limited by the back-pressure
roduced by the minicolumn. Otherwise, low flow rates decrease

he sample throughput, resulting in long analysis periods. The
ow rate of 7.0 mL min−1 was chosen for all metals in sub-
equent experiments as a compromise between efficiency and
tability.

ig. 4. Effect of sample flow rate on the retention of cadmium, copper and zinc
n the column. Conditions: pH 7.0, buffer concentration 0.004 mol L−1, eluent
ow rate 2.0 mL min−1, and HNO3 concentration 1.0 mol L−1.
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Table 2
Maximum tested quantities of other ions for the online system using XAD4-DHB
minicolumn for cadmium (5 �g L−1), copper (5 �g L−1) and zinc (5 �g L−1)
determination

Substance Maximum amount tested (mg L−1)

Cd Cu Zn

Al(III) 1.0 1.0 1.0
Ca(II) 25.0 5.0 1.0
Cd(II) – 1.0 1.0
Co(II) 1.0 1.0 1.0
Cr(II) 1.0 1.0 1.0
Cu(II) 1.0 – 1.0
Fe(III) 1.0 1.0 1.0
Hg(II) 1.0 1.0 1.0
K(I) 50.0 10.0 20.0
Mg(II) 15.0 3.0 0.5
Mn(II) 1.0 1.0 1.0
Mo(VI) 1.0 1.0 1.0
Na(I) 30.0 7.0 1.0
Ni(II) 1.0 1.0 1.0
Pb(II) 1.0 1.0 1.0
Sb(IV) 1.0 1.0 1.0
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ig. 5. Effect of eluent concentration on the retention of cadmium, copper and
inc in the column. Conditions: pH 7.0, sample flow rate 6.5 mL min−1, eluent
ow rate 2.0 mL min−1, and buffer concentration 0.004 mol L−1.

The effect of eluent concentration was considered. Nitric acid
olutions at various concentrations (0.05–1.50 mol L−1) were
sed as stripping agent for Cd, Cu and Zn. Results are shown in
ig. 5. It was found that with1 mol L−1 nitric acid solution, the
bsorbance was maximum for Cd and Zn. For copper, maximum
esponse occurred at concentration range of 0.05–1.00 mol L−1.
herefore, for subsequent work, 1.00 mol L−1 nitric acid solu-

ion was employed as eluent.

.1. Interference studies

The interference due to co-existing ions in the determination
f 5.0 �g L−1 cadmium, copper or zinc was studied systemati-
ally using the on-line proposed procedure. A relative error of
ess than 5% was considered to be within the range of experimen-
al error. The tolerance limits of several foreign substances in the
reconcentration of each metal are given in Table 2. The effects
f foreign ions at given concentrations are negligible. These con-
entrations are not the maximum allowed. Other amounts could
e tested.

.2. Analytical performance

Analytical properties were obtained by submitting the
alibration solutions of each metal (1.0–5.0 �g L−1) to the
reconcentration system under the variables of the procedure
reviously optimized. The calibration graphs under the opti-
um chemical and flow conditions with the manifold depicted

n Fig. 1, were given as Abs = 0.5007 [Cd(II), �g L−1] + 0.0284
R = 0.9995); Abs = 0.0910 [Cu(II), �g L−1] + 0.1368
R = 0.9983) and Abs = 0.5957 [Zn(II), �g L−1] + 0.3966
R = 0.9988). By using of direct determination in TS-FF-
AS without preconcentration system, the linear range
as between 20 and 100 �g L−1. The calibration equations
ere Abs = 0.0049 [Cd(II), �g L−1] − 0.0063 (R = 0.9985);

bs = 0.001 [Cu(II), �g L−1] + 0.2109 (R = 0.9993) and
bs = 0.0096 [Zn(II), �g L−1] + 0.2109 (R = 0.9993). The

xperimental preconcentration factor, calculated as the ratio
f the slopes of the calibration graphs with and without

3

o

(V) 1.0 1.0 1.0
n(II) 1.0 1.0 –

reconcentration was 102, 91 and 62 for Cd(II), Cu(II) and
n(II), respectively, for 60 s of preconcentration time. In

hese conditions, the phase transfer factor (defined as the ratio
etween the analyte mass in the original sample and that in the
oncentrate) was found to be 82, 100 and 68% for Cd, Cu and
n, respectively. The concentration efficiency (defined as the
roduct of the enrichment factor and the sampling frequency per
umber of samples analyzed per minute) was also calculated
nd was also found to be 53, 61 and 41 min−1 for Cd, Cu and
n, respectively. The analytical frequency was 40 samples h−1.
he consumptive index is a parameter that informs which the
mount of the sample volume is necessary to achieve a unit
f enrichment factor. The consumptive index found for this
reconcentration system was 0.081, 0.071 and 0.11 mL for Cd,
u and Zn, respectively [28].

The limits of detection were calculated by the 3 s criterion as
he concentration that gives a response equivalent to three times
he standard deviation (S.D.) of the blank (n = 12). The limits of
uantification were calculated as the concentration that gives a
esponse equivalent to 10 times the S.D. of the blank (n = 12),
nd define the lower limit of the range. The limits of detection
ound were 28, 100 and 77 ng L−1, for cadmium, copper and
inc, respectively. The limits of quantification were 93 (Cd),
30 (Cu) and 260 ng L−1 (Zn).

The precision of the procedure (defined as the relative stan-
ard deviation, n = 10) was also determined in sample solutions
ontaining 1.0 (Cd: 4.8%, Cu: 3.1%, Zn: 6.7%) and 5.0 �g L−1

Cd: 3.7%, Cu: 6.6%, Zn: 3.4%).
.3. Analytical application

The proposed method has been applied to the determination
f cadmium, copper and zinc in biological certified samples.
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Table 3
Metal determination in certified reference materials using proposed methodology (n = 3, confidence interval 95%)

Sample Cadmium amount (�g g−1) Error (%) Copper amount (�g g−1) Error (%) Zinc amount (�g g−1) Error (%)

Found Certified Found Certified Found Certified

NIST 1570a Spinach
Leaves

3.1 ± 0.3 2.89 ± 0.07 +7.3 12.9 ± 0.8 12.2 ± 0.6 +5.7 74.5 ± 9 82 ± 3 −9.1

NIST 1573a Tomato
Leaves

1.4 ± 0.2 1.52 ± 0.04 −7.9 4.6 ± 0.5 4.70 ± 0.14 −2.1 32.0 ± 0.6 30.9 ± 0.7 +3.6

Table 4
Comparison of analytical characteristics of on-line preconcentration systems using chelating resins prepared with different ligands and supports

Solid matrix Ligand Metal T (s) EF CE (min−1) f (h−1) LOD (�g L−1) Sample Detection Ref.

Styrene-
divinylbenzene AEE

Cu
120 21 8.7 25 1.1

Water FAAS [29]
240 43 9.3 13 0.9

Zn
120 14 5.6 24 1.1

Water FAAS [30]
240 26 5.6 13 0.98

PTFE
Acrylic
acid

Cu 45 43 – 55 0.20 Environmental and
biological samples FAAS

[31]
Cd 45 73 67 55 0.10 [32]

Nb2O5-SiO2 – Cu 120 34 11 20 0.10 Water FAAS [33]

Chitosan biopolymer
HQ

Cd 90 24 10 26 0.10
Water FAAS [34]

Cu 90 25 11 26 0.40

SAHQ
Cd 90 14 6 26 0.20

Water FAAS [35]
Cu 90 19 8 26 0.30

Amberlite XAD-2 DHB Cu 120 33 14 28 0.27 Food FAAS [26]

AT
Cd

60 28 24 51 0.89
Water FAAS [36]

180 74 22 18 0.14

Cu
60 14 12 51 1.31

180 35 10 18 0.54

NN Cu
60 29 24.6 51 1.1

Food FAAS [37]
180 58 17.4 18 0.7

CA Cd 60 21 18 51 0.40 Biological samples FAAS [38]

Amberlite XAD-4 DAP Zn 30 – – – 0.20 Water ICP-MS [39]

DHB
Cd 60 102 53 40 0.028

Biological samples
TS-
FF-
AAS

This
work

Cu 60 91 61 40 0.100
Zn 60 62 41 40 0.077

EF: enrichment factor; CE: concentration efficiency; f: sampling frequency; LOD: limit of detection; T: time of analysis, considering elution and preconcentration;
AEE: (S)-2-[hydroxy-bis-(4-vinyl-phenyl)-methyllpyrrolidine-1-carboxylic acid ethyl ester; DHB: 3,4-dihydroxybenzoic acid; NN: �-nitroso-�-naphthol; AT: 2-
a oroet
a -MS:
F

T
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w
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s

minothiophenol; Nb2O5-SiO2: silica gel-niobium(V) oxide; PTFE: polytetraflu
cid 8-hydroxyquinoline; FAAS: Flame Atomic Absorption Spectrometry; ICP
lame Furnace-AAS; DAP: 2,6-diacetylpyridine.

he following certified reference materials were analyzed:
IST 1570a Spinach Leaves and NIST 1573a Tomato Leaves.
btained analytical results are in good agreement with certified
alues, according results presented in Table 3. Results indicate
he applicability of the developed procedure in cadmium, copper
nd zinc determination free of interference.

. Conclusion

The developed procedure allowed a highly sensitive and sim-

le approach for the determination of cadmium, copper and
inc determination at trace levels in biological matrices. Thus
hen on-line preconcentration using solid phase extraction of
etals ions onto a modified resin (XAD4-DHB) is coupled

c
f
t
d

hylene; CA: chromotropic acid; HQ: 8-hydroxyquinoline; SAHQ: 5-sulphonic
Inductively Coupled Plasma-Mass Spectrometry; TS-FF-AAS: Thermospray

ith thermospray flame furnace atomic absorption spectrom-
try technique it is possible to attain limits of detection more
ow then that obtained to GF AAS.

The developed procedure is very simple, sensitive, low-cost
nd the procedure show high tolerance to interference ions. Due
o good analytical characteristics such as detection limit, enrich-

ent factor and precision the method has been demonstrated to
e promising for trace element analysis.

A comparison of the proposed procedure with other on-line
ystems for determination of cadmum, copper and zinc using

hemically modified sorbents can be seen in Table 4. Analytical
eatures, such as enrichment factor, detection limits or concen-
ration efficiency are comparable to those presented by methods
escribed in the literature.
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30] R.J. Cassella, O.I.B. Magalhães, M.T. Couto, E.L.S. Lima, M.A.F.S. Neves,
F.M.B. Coutinho, On-line preconcentration and determination of Zn in
natural water samples employing a styrene-divinylbenzene functionalized
resin and flame atomic absorption spectrometry, Anal. Sci. 21 (2005)
939–944.

31] Z.H. Whang, Z.P. Wang, Z.P. Zhang, L.W. Liu, X.P. Yan, Determination of
trace copper and nickel in environmental and biological samples by flow
injection on-line microcolumn preconcentration flame AAS using acrylic
acid-grafted polytetrafluoroethylene fiber for column packing, Atom. Spec-
trosc. 26 (2005) 34–39.

32] Z.H. Wang, Z.P. Zhang, Z.P. Wang, L.W. Liu, X.P. Yan, Acrylic acid
grafted polytetrafluoroethylene fiber as new packing for flow injection on-
line microcolumn preconcentration coupled with flame atomic absorption
spectrometry for determination of lead and cadmium in environmental and
biological samples, Anal. Chim. Acta 514 (2004) 151–157.
33] E.L. Silva, E.M. Ganzarolli, E. Carasek, Use of Nb2O5-SiO2 in an auto-
mated on-line preconcentration system for determination of copper and
cadmium by FAAS, Talanta 62 (2004) 727–733.

34] A.O. Martins, E.L. Silva, E. Carasek, N.S. Gonçalves, M.C.M. Laran-
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