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Lead is recognized worldwide as a poisonous metal. Thus, the determination of this element is often required in environmental, biolog
and geological samples. However, these analyses are difficult because such samples contain relatively low concentrations of lead, whic
the detection limit of conventional analytical techniques such as flame atomic absorption spectrometry and inductively coupled plasm
emission spectrometry. Several preconcentration procedures to determine lead have therefore been devised, involving separation tec
as liquid–liquid extraction, solid phase extraction, coprecipitation and cloud point extraction. Citing 160 references, this paper offers
review of preconcentration procedures for determining lead using spectroanalytical techniques.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The word lead derives from the Anglo-Saxonleaden, and
the symbol Pb, from the Latin word for lead,Plumbum. Lead is
by far the most abundant (13 ppm) heavy element in the earth’s
crust. It is one of the few metals that can be found in metallic
form in nature (rather than in compounds that must be reduced
to extract metal). Lead, a lustrous bluish-white metal, is very
soft, highly malleable, ductile and a relatively poor conductor
of electricity. It is highly corrosion resistant but tarnishes under
exposure to air[1–4].

Lead is an ancient metal, having been known since before
recorded history. It is one of the oldest metals known to man
and is mentioned in the Old Testament. In Ancient Egypt
(7000–5000b.c.), lead was used in pottery glazing and the Hang-
ing Gardens of Babylon were floored with lead slabs to guard
against moisture. The Roman Empire used lead extensively for
water pipes and plumbing, some of which is still in use today.
The Romans also used lead to manufacture cooking utensils.
Studies suggest that the Roman civilization fell largely as a
result of widespread lead poisoning. This theory is supported by
data showing high lead concentrations in the bones of ancient
Romans. In the Middle Ages, the practice of “sweetening” wine
with lead or lead acetate became a serious toxicological prob-
lem. In those days, the alchemists believed lead was the oldest
metal and made innumerable attempts to transform it into gold
[
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minum and iron can be overcome by the addition of ascorbic
acid, citric acid and EDTA[13]. The threshold of sensitivity
of this technique is very low (LOD 0.01 mg L−1) and is often
unsuitable for trace analysis[13]. In this sense, many precon-
centration procedures must be performed to determine trace
amounts of lead, as indicated in the tables shown here. The most
important analytical lines of lead are 217.00 and 283.31 nm. The
217.00 nm line is more sensitive, notwithstanding the greater
amount of background absorption effects[13].

Electrothermal atomic absorption spectrometry (ETAAS) is a
good alternative for determining trace amounts of lead in several
types of samples in view of its good sensitivity[13]. However,
in some cases, previous preconcentration and separation steps
are carried out before analytical measurements by ETAAS.

The use of a modifier stabilizes lead, allowing for its deter-
mination without causing matrix effects. The Pd–Mg modifier
is the one most commonly used, since it produces the best
results. This modifier allows for the application of pyrolysis
temperatures ranging from 1200 to 1400◦C, which enables the
separation of most interfering elements[13–17]. The stabilizing
effect of this modifier also raises the atomization temperature
to 2000◦C, which allows a characteristic mass of about 16 pg
[13]. Ammonium phosphate is another modifier frequently used
for determining lead by ETAAS, allowing for an atomization
temperature of 1600◦C and enabling a low characteristic mass
of 12 pg[13,18].
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Our environment contains countless sources of lead, w

s a natural component of soil, water, vegetation, animal life
ir [6–10]. In the modern world, it is ubiquitous in food, wa
nd air. Lead is now known to be a poison[5,11] absorbed int
he bloodstream, from where, especially in the case of inorg
ead, it is distributed to soft tissue, bones and teeth (95% in b
nd teeth). Organic forms of lead are fat soluble and ther
ave a particular tendency to concentrate in brain[12].

The mechanism of absorption is not yet completely clear
ead is believed to bind to oxo-groups in enzymes, affecting
ually every step in heme synthesis and porphyrin methabo
t also inhibits acethylcholinesterase, acid phosphatase, AT
tc. Typical symptoms of lead poisoning are abdominal p
naemia, headaches and convulsions, chronic nephritis
idney, brain damage and central nervous-system disorders
ead stripping from the body remains a major challenge.
o the poisoning properties of lead, the industrialized c
ries have banned the use of lead in two practically unive
orms—tetraethyl lead and lead-based paints for home use.
ecently, lead poisoning was diagnosed based on its symp
owever, today it is diagnosed by analyzing its presence in b
sing atomic absorption methods[1,5,6].

. Lead determination

.1. Atomic absorption spectrometry (AAS)

The determination of lead by flame atomic absorption s
rometry (FAAS) is practically free of interference and requ
n air–acetylene flame[13]. The interference caused by a
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.2. Inductively coupled plasma optical emission
pectrometry (ICP OES)

Inductively coupled plasma optical emission spectromet
n analytical technique often employed to determine lea
arious types of samples[19]. The main emission lines ar
b II 220.353 nm, Pb I 216.999 nm and Pb I 283.306 nm,
20.353 nm being the most sensitive. However, the low
f lead in many samples lies below the detection limit of

echnique. Moreover, several types of spectral interference
een reported in the determination of lead by ICP OES.

ually all photomultiplier-based ICP spectrometers use th
20.353 nm analytical line, despite its severe background

inuum and inter-element interference from Al 220.4 nm
ackground shift due to iron (Fe). Direct spectral overlap in

erence due to iron has also been found in the 216.9 and 283
nalytical lines[20,21]. Thus, preconcentration and separa
rocedures have been devised to allow trace amounts o

o be determined in complex matrices using ICP OES. Se
ables shown in this paper summarize the use of separation
iques such as liquid–liquid extraction, solid phase extrac
loud point extraction and others, as pre-steps in determ
ead using ICP OES.

. Lead separation and preconcentration

Separation techniques such as coprecipitation[23,50],
iquid–liquid extraction [57–60], solid phase extra
ion [69–134] and more recently, cloud point extract
139–146,150]and on-line coprecipitation using a knotted re
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tor [150–160]have been successfully employed to determine
trace levels of lead. Each technique has its pros and cons and
should be chosen according to the analytical problem.

3.1. Coprecipitation

Coprecipitation is one of the most efficient separa-
tion/enrichment techniques for trace heavy metal ions. The main
requirement for this technique is that the collector should sepa-
rate easily from the matrix solution. This can be done by filtering,
centrifuging and washing of the precipitate. In addition, it is
desirable that the collector should be a pure and readily available
substance. The advantages of this technique are its simplicity
and the fact that various analyte ions can be preconcentrated and
separated simultaneously from the matrix. Inorganic or organic
coprecipitants have been used as efficient collectors of trace
elements. However, this process is slow and samples some-
times have to be kept over-night for complete coprecipitation
[22]. This technique has been widely applied in preconcentra-
tion procedures for determining lead in water samples. Inorganic
coprecipitants such as manganese dioxide and aluminum, gal-
lium, cerium(IV), erbium, iron(III), magnesium, samarium and
zirconium hydroxides have been widely and successfully used
for preconcentrating trace lead ions from different mediums
[23,50]. A fast procedure for separation and preconcentration
u diox

ide has recently been proposed for determining lead in environ-
mental samples by ICP OES[18]. Coprecipitation parameters,
including concentration of oxidizing agent—KMnO4, concen-
tration of MnSO4 and exposure time to ultrasound irradiation,
are discussed. The time required for coprecipitation is about 60 s.
Another paper proposed an aluminum hydroxide coprecipitation
method for the determination of trace amounts of Cu, Cd and Pb
by FAAS in seawater and mineral water after a 125-fold precon-
centration[19]. Table 1lists several methods for determining
lead in many samples, using coprecipitation as the separation
and preconcentration technique.

3.2. Liquid–liquid extraction

Solvent extraction has been one of the most extensively stud-
ied and widely applied methods in preconcentration and sepa-
ration procedures for the determination of trace elements due to
its simplicity, convenience, wide scope, etc. In this technique,
the metal is distributed between two immiscible liquid phases
(usually an aqueous and an organic phase). Metal ion stripping
from aqueous solution to organic phase takes place after a com-
plexation reaction. For the analytical measurement, the extracted
metal ion can be directly measured in organic extract or a back-
extraction step is carried out in an aqueous medium, usually acid
[51–53]. Separation and preconcentration procedures using sol-
v due
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able 1
reconcentration procedures using coprecipitation for the determination

ample Collector

round water Manganese dioxide
atural water Manganese dioxide
ain water Manganese dioxide
eawater Manganese dioxide
inc and zinc–aluminum alloys Manganese dioxide
iver water Manganese dioxide
eawater and mineral water Aluminum hydroxide
eawater, drinking water, sediment Cerium(IV) hydroxide
ap water, sediment, urine Erbium hydroxide
eawater Gallium hydroxide
eawater Gallium hydroxide
eawater Iron hydroxide
odium tungstate Lanthanum hydroxide
ialysis concentrate Magnesium hydroxide
eawater Magnesium hydroxide
rine, sediment and dialysis concentrates Samarium hydroxide
atural water Zirconium hydroxide

nfant formulas and milk Ammonium pyrrolidine dith
upric sulfate Ammonium iron sulfate
atural water Bismuth diethyldithiocarbam
atural water, biological samples Cobalt tris(pyrrolidine dith
atural water Copper diethyldithiocarbam
obalt sulfate Cerium phosphate
ater Lanthanum phosphate
eawater Palladium

atural water Sodium diethyldithiocarbamate
iver water Sodium diethyldithiocarbamate
eawater Sodium sulphide

* pg/mL.
a ng/g.
-ent extraction generally result in a high enrichment factor

d

Technique LOD (�g L−1) R.S.D. (%) Referenc

FAAS 3.3–8.3 [23]
FAAS [24]
FAAS – – [25]
FAAS [26]
ICP OES [27]
ICP OES 3.2 5.0 [28]
FAAS 16 2.0–3.0 [29]
FAAS 7 8 [30]
FAAS 0.24 1–9 [31]
ICP OES 0.15 [32]
ICP OES 0.15 [33]
ETAAS [34]
ICP OES 1.3a 3.1–5.5 [35]

ETAAS [36]
ICP-MS 2.7.10−4 [37]

ETAAS 24.0 5.0 [38]
ETAAS 4.2.10−4 <10 [39]

bamate ETAAS 0.04a [40]
ICP OES 4.4–5.8 [41]
ETAAS [42]

) FAAS 1.5 4.4 [43]
FAAS 3.2 2.0 [44]
FAAS 55.9 [45]
ICP OES – 1.6 [46]

ETAAS 3.8 [47]

ICP OES [48]
ICP OES 10.0 [49]
ICP OES – 1.9 [50]
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Table 2
Procedures for lead preconcentration based on solvent extraction

Sample Technique Complexation agents Solvent Enrichment factor Reference

Table salt FAAS Dithizone MIBK a 99 [57]
Waste water FAAS HBDAPb HNO3/HCl – [58]
Estuarine water GFAAS APDCc and DDCd – – [59]
Urine and CRF ICP-MS APDC MIBK/HNO3 23.3 [60]
High-purity aluminum salts ICP OES APDC HNO3/H2O2 – [61]
Natural water FAAS Dithizone Xylene – [62]
Natural water FAAS Dithizone HNO3 543 [63]
Aragonite ETAAS NaDDC MIBK – [64]
Water FAAS APDC MIBK – [65]
Seawater ICP-MS DDC [66]
Drinking and bore well waters FAAS CMPQe – [67]

a Methylisobutyl ketone.
b N,N′-bis(2-hydroxy-5-bromo-benzyl)-1,2 diaminopropane.
c Ammonium pyrrolidinedithiocarbamate.
d Diethyldithiocarbamate.
e 5-(2′-Carbomethoxyphenyl)azo-8-quinolinol.

to the difference between the volumes of aqueous and organic
phases. Although this procedure is operated in batch mode, it
is time-consuming and produces large amounts of potentially
toxic organic solvents as waste. The implementation of meth-
ods in continuous mode overcomes these drawbacks. Such unit
operations are, instead, carried out in flow injection (FI) and/or
sequential injection (SI) systems, which, besides reducing sam-
ple and reagent consumption, allow all manipulations to be done
automatically in an enclosed environment, thus minimizing the
risk of sample contamination. Analytical procedures for lead
separation and preconcentration by solvent extraction and deter-
mination by atomic spectrometric techniques have been widely
applied since these techniques were invented[54]. Procedures
in flow injection systems for separation and preconcentration
with the application of solvent extraction to determine met-
als, including lead, are extensively discussed in the literature
[55,56]. Table 2lists several analytical systems proposed for
lead separation and preconcentration by solvent extraction and
lead determination using atomic spectrometric techniques.

3.3. Solid phase extraction

Solid phase extraction is based on the partition between a liq-
uid (sample matrix) and a solid phase (sorbent). Several sorbents
coupled to detection systems have been used for lead precon-
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o ded

in several supports, such as polyurethane foam[78–80], acti-
vated carbon[81] and polymeric materials[82–84], which
make for efficient preconcentration procedures. Many reagents
have been used to load these supports and to retain lead
ions by complexation. These include: 2-(2′-thiazolylazo)-p-
cresol (TAC) [85], 2-propylpiperidine-1-carbodithioate[86],
2-(2-benzothiazolylazo)-2-p-cresol (BTAC)[80,87], pyrogal-
lol red [81], 1-(2-pyridylazo)-2-naphthol (PAN)[88], dithizone
[89,90] and 2-(5-bromo-2-pyridylazo)-5-diethyl-aminophenol
(5-Br-PADAP) [91]. Supports can also be functionalized with
chelating reagents, which render them powerful absorbents for
lead preconcentration. Supports such as Amberlite XAD series
[92,93], silica gel[94–96]and cellulose[97,84]have been mod-
ified with reagents by several routes. Several methods have been
proposed for preconcentrating lead using the solid phase batch
extraction procedure (Table 3).

Many papers have reported on-line preconcentration systems
followed by lead determination with several detectors. Selected
applications are reported inTable 4. Sorbents used in FI systems
provide rapid sorption and desorption of lead. Organic solvents
can be used as eluants, leading to a high sensitivity in some
detectors such as FAAS.

3.4. Cloud point extraction (CPE)
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entration and determination. The basic approach is the co
f a liquid sample through a column, a flask, a cartridge, a
r a disk containing an adsorbent that retains lead ions.

his first step, the retained lead is recovered upon elution
n appropriate solvent[68].

Sorbents used in preconcentration systems for lead det
ation can be unloaded, loaded or chemically modified with
elp of complexing reagents. Unloaded supports are pot
ollectors of analytes in the form of a single ion or ass
ted with other species such as complexes. The sorbe

his class include activated carbon[69], natural adsorben
70], Amberlite XAD resins[71–75], polyethylene[76] and
thers[77]. Lead can also be complexed with ligands loa
ct

r

i-
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in

The cloud point phenomenon occurs when a nonioni
mphoteric surfactant above its critical micellar concentra
CMC) causes the separation of the original solution into
hases when heated at a characteristic temperature called
oint temperature. Above the cloud point, micelles formed f
urfactant molecules act as an organic solvent in liquid–li
xtraction and the analytes are partitioned between the mi
nd aqueous phases[135–137]. Thus, metallic elements can
xtracted to a surfactant-rich phase, trapped in the hydro
ic micellar core, in the form of hydrophobic complexes
re formed between the metal ion and an appropriate che
gent under adequate conditions. An evaluation of the p

ion coefficients of ligands and complexes involved is, there
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Table 3
Off-line procedures for lead preconcentration using solid phase extraction

Sample Sorbent Technique Limit of
detection
(�g L−1)

Enrichment
factor

Reference

Seawater Amberlite XAD-1180 FAAS – – [71]
Environmental samples Amberlite XAD-4 FAAS – – [72]

Seawater Amberlite XAD-16 FAAS – 150 [73]
Waste water Pyrogallol red loaded active carbon FAAS 1.00× 10−3 100 [81]
Soil and water samples Chromosorb 102 FAAS 2.00 – [82]
Steel PbSpec(TM) FAAS 50.00 0.50 [83]
Seawater 1-(2-Pyridylazo)-2-naphthol loaded Amberlite

XAD-4
FAAS 5.00× 10−3 12000 [88]

Saline matrices Dithizone co-crystallized with naphthalene ICP OES 47 13 [89]
Tap water, well water, river water,

vegetable extract and milk samples
Dithizone immobilized on sodium dodecyl sulfate
coated alumina

FAAS – 200 [90]

River and tap water Chromotropic acid anchored on Amberlite XAD-2 FAASa 4.06 200 [92]
Pyrocatechol anchored on Amberlite XAD-2 3.80 100
Thiosalicylic acid anchored on Amberlite XAD-2 4.87 100
Xylenol orange loaded Amberlite XAD-7 2.44 100

River water Quinalizarin anchored in Amberlite XAD-4 FAAS – – [93]
Seawater 3-Aminopropyltriethoxysilane modified silica gel GFAAS 4.00 – [95]
Solar salt and water Cellulose functionalized with thioglycolic acid – – – [97]
Water Diaion HP-2MG FAAS 3.3 – [98]
Seawater Naphthalene/alizarin red ICP OESb 53.0 40 [99]
Certified reference seawater Sephadex A-25 loaded with

thiacalix[4]arenetetrasulfonate
GFAASc 0.20 100 [100]

Water, waste water, black tea and hot
pepper

Octadecyl-bonded silica modified by
[bis(2,4-dimethoxy benzaldehyde) ethylen diimine]
(TDSB)

ICP OES 0.15 500 [101]

Black tea and black and hot pepper Modified hexagonal mesoporous silica ICP OES 0.34 500 [102]
Soil Microcrystalline naphthalene FAAS 2.5 200 [103]
Black tea and natural water Chelex-100 FAAS – – [104]
River and tap water samples o-Dihydroxybenzene anchored on silica gel FAAS 4.00 250 [105]
Natural water, milk, red wine and rice Diaion HP-2MG FAAS 0.25 375 [106]
Water Commercial C-18 FAAS 0.20 129 [107]
Water Homemade C-18 FAAS 0.60 125
Industrial and river waters Silica gel chemically modified with zirconium

phosphate
FAAS 6.10 30 [108]

Waste water Purolite C-100 E FAAS 15.00 – [109]
Natural water Chromosorb-105 FAAS – – [110]

Tap water, river water and bottled
natural mineral water

Chromosorb-105 GFAAS 0.04 100 [111]

Water, waste water, black tea, black
and hot pepper

Octadecyl-bonded silica FAAS 0.70 – [112]

Lake water Amberlite XAD-2 resin functionalized with
5-palmitoyl-8-hydroxyquinoline

FAAS – 50 [113]

Cadmium compounds Chromotrope 2R FAAS – – [114]
Seawater Poly(aminophosphonic acid) FAAS 0.03 – [115]
Seawater Amberlite XAD-2000 FAAS – – [116]

Water Activated carbon FAAS 3.0 63 [117]
Polyurethane foam 0.8 294

Water Octadecyl-bonded silica FAAS 0.017 – [118]

Alloy Poly(aminophosphonic) acid FAAS 6.3 14 [119]
Drinking water Poly(8-HQ-SO3H) FAAS 1.0 115 [120]

Seawater Microcrystalline naphthalene FAAS [121]
Aqueous media–synthetic sample Diphenylthiocarbazone-anchored on polymeric

microbeads
CG-AASd 0.28 180 [122]

a Flame atomic absorption spectrometry.
b Inductively coupled plasma optical emission spectrometry.
c Graphite furnace atomic absorption spectrometry.
d Gas chromatography–atomic absorption spectrometry.
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Table 4
On-line procedures for lead preconcentration by solid phase extraction.

Sample Sorbent Technique Detection limit
(�g L−1)

Enrichment
factor

Reference

Water Activated carbon GFAAS 7.50× 10−3 21 [69]

Water, fruit juice and
pharmaceutical

Vermicompost FAAS 8.80 62 [70]

Humic acid 12.10 83

Wine C-18 bonded silica gel FAAS 11.00 36 [76]
Polyethylene 19.00 22

Food 2-(2-Thiazolylazo)-5-dimethylaminophenol loaded
polyurethane foam

FAAS 2.20 45 [78]

Seafood Polyurethane foam loaded with
2-(2-benzothiazolylazo)-2-p-cresol (BTAC)

FAAS 1.00 26 [79]

Wine 2-(2-Benzothiazolylazo)-p-cresol (BTAC) loaded
polyurethane foam

FAAS 1.00 26 [80]

Natural water Cellulose sorbent with phosphonic acid groups
(Cellex P)

FAAS 1.8 197 [84]

Biological and saline
samples

2-(2′-Thiazolylazo)-p-cresol loaded polyurethane
foam

ETAAS 0.25 16 [85]

Biological samples 2-(2-Benzothiazolylazo)-2-p-cresol (BTAC) loaded
Amberlite XAD-2

FAAS 3.70 27 [87]

Drinking water 2-(5-Bromo-2-pyridylazo)-5-diethyl-aminophenol
(5-Br-PADAP) loaded Amberlite XAD-16

ICP OES 0.20 150 [91]

Tap and river water
samples

1,8-Dihydroxyanthraquinone anchored on silica gel FAAS 0.45 200 [94]

Water Silica gel functionalized with methylthiosalicylate ICP OES 15.30 41 [96]

Spirituous beverages Synthetic zeolite FAAS 1.40 140 [123]
Water and red wine Modified rice husks FAAS 14.10 46 [124]
Environmental and

biological samples
Acrylic acid grafted polytetrafluoroethylene fiber FAAS 0.26 49 [125]

Urine Muromac A-1 ETAAS 4.50× 10−3 – [126]

Water Pb-Spec (R) FAAS 1.00 – [127]
Wine 3.00

Natural waters 8-Hydroxyquinoline immobilized on controlled pore
glass

IC 8.27 – [128]

Drinking water, sea water
and sediment

Chromosorb-102 FAAS 10.00 300 [129]

Sediment reference
material and natural
water

Diaion HP-20 FAAS 2.00 32 [130]

Seawater 7-(4-Ethyl-1-methyloctyl)-8-hydroxiquinoline
(Chelex 100) 8-hydroxiquinoline Toyopearl gel
(TSK)

FAAS 0.25 [131]

Natural water 2-Aminothiazole modified silica gel FAAS – – [132]
Saline effluent Polyurethane foam/4-(2-pyridylazo)-resorcinol FAAS 0.4 51 [133]
Mussel Poly(aminophosphonic acid) FAAS 0.56 26.8 [134]

a: Flame atomic absorption spectrometry, b: eletrothermal atomic absorption spectrometry, c: inductively coupled plasma optical emission spectrometry, d: graphite
furnace atomic absorption spectrometry, e: IC: ion chromatography.

essential for a quantitative assessment of CPE efficiency[138].
Preconcentration steps based on phase separation by CPE offer a
convenient alternative to conventional extraction methods. The
cloud point procedure offers many advantages over conventional
liquid–liquid extraction procedures, such as high extraction and
preconcentration factors, operational safety due to low surfactant
flammability, lower toxicity for the analyst and the environment.
Moreover, inexpensive surfactants are generally used in this pro-
cedure.

The most commonly used binding site in a micelle in CPE
is the hydrophobic core. Hence, the generation of a stable

chelate is the main step in the majority of developed methods.
However, other micelle sites are sometimes used. Under cer-
tain conditions, these areas can interact electrostatically with
amphiphilic or charged substances such as metallic ions. The
use of these others sites is advantageous because no chelating
reagents are required in the extraction process. Thus, Luconi
and coworkers extracted lead(II) ions using PONPE 7.5 as
surfactant without a chelating reagent[139]. This method of
extraction is possible because the surfactant forms a cationic
complex with [Pb(OH)]+ species through their polyoxyethylene
groups.
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Table 5
CPE applications for lead preconcentration and determination

Samples Analytical technique Complexing/surfactant LOD (�g L−1) R.S.D. (%) Reference

Saliva FAAS None/PONPE 7.5 0.3 [139]
Blood GFAAS DDTP/Triton X-114 0.08 [140]
River, sea and tap waters FAAS TAN/Triton X-114 1.1 3.5 (20�g L−1) [141]
Human hairs FAAS DDTP/Triton X-114 2.86 1.39 (300�g L−1) [142]
Tap water ICP OES None/PONPE 7.5 0.077 [143]
Waters ICP-MS DDTP/Triton X-114 0.004 4.8 (0.5 ng L−1) [144]
Waters GFAAS 5-Br-PADAP/Triton X-114 0.08 2.8 (5�g L−1) [145]
Biological GFAAS DDTP/Triton X-114 0.040 [146]

TAN: 1-(2-Thiazolylazo)-2-naphthol; Br-PADAP: 2-(5-bromo-2-pyridylazo)-5-(diethylamino)-phenol; DDTP:O,O-diethyldithiophosphate.

Table 6
Separation and preconcentration of lead using knotted reactors

Sample LOD
(�g L−1)

Sample frequence
(h−1)

R.S.D. (%) Enhancement
factor

Technique Reference

Water 7.5 60 2.9 37 FAAS [150]
Water, tea and medicinal herb 8 1.4 57 FAAS [151]
Waters and environmental reference material of soil

and biological reference materials of muscle and
human hair

0.2 60 3.5 58 FAAS [152]

Bovine blood and liver 2 90 2.7 20 FAAS [153]
Water samples and standard reference soil 1.6a – 2.7 99 ETAAS [154]
Biological and environmental samples 4.8a 31 2.1 125 ETAAS [155]
Water 5.0a – 4.9 142 ETAAS [156]
Blood 1.6a – 2.7 99 ETAAS [157]
Urine 0.2 – 2.7 140 ICP OES [158]
Urine 4.7 18 2.5 34 ICP-MS [159]
Seawater 0.028a 21 28 ICP-MS [160]

a ng L−1.

Surfactant solutions provide a medium that modifies the
reaction ratio, equilibrium position and spectral and analytical
parameters. However, the micellar phase obtained after a CPE
has physical and chemical characteristics that must be taken into
account in the development of an analytical procedure. Borges
et al.[140], for example, determined lead by preconcentration in
a micellar phase of Triton X-114 and determination by ETAAS
using Ir and Ru as permanent modifiers. This enabled them to
reach a higher pyrolysis temperature and thus, eliminate the sur-
factant matrix before the atomization step without risk of analyte
loss, as well as to avoid high background absorption.

Table 5shows some recent CPE applications for lead deter-
mination and some analytical characteristics.

3.5. Use of knotted reactor in preconcentration system for
determination of lead

Over the last 11 years, a number of methods have been
reported using knotted reactors (KRs) as well as sorption of
metallic complexes or retention of coprecipitates in on-line pre-
concentration systems. KRs have proved to be an attractive
alternative to mini-columns[147,148]. The mechanisms of sorp-
tion of the complex or retention of the coprecipitate result from
the action of a secondary flow with some centrifugal force in
the stream, generated by changes in the flow’s direction caused
b itate

towards the tubes’ walls[149]. The KR has been successfully
adapted for flow injection in on-line preconcentration with sev-
eral spectroscopic techniques for trace metals analysis.Table 6
lists reports on the use of knotted reactors in on-line precon-
centration systems for determination of lead in several types of
samples.

4. Conclusions

Considering the poisonous nature of lead and the low con-
centration of this element in samples, preconcentration proce-
dures have been devised involving separation techniques such
as liquid–liquid extraction, solid phase extraction, coprecipita-
tion and cloud point extraction. Nevertheless, each technique
has its pros and cons and should therefore be chosen according
to the analytical problem. Most of the proposed methods were
established using solid phase extraction. In recent years, on-line
systems have been preferred.
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