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Abstract

A not expensive automatic flow system based on multicommutation and exploiting the liquid–liquid extraction methodology for the
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etermination of lead in plant material is described. The spectrophotometric procedure for lead determination was based on the re
ithizone followed by extraction using an organic solvent. The facilities afforded by the multicommutation approach allowed the us
tream as carrier, thus contributing to reduce the overall waste generation. The results obtained analysing plant materials compa
ith those obtained employing inductive coupled plasma optical emission spectrometry (ICP OES) at 90% confidence level. Other

eatures such as a linear response range between 50 and 200�g l−1 Pb (r= 0.999); a sampling rate of 15 determination per hour; a rel
tandard deviation of 1.8% (n= 12) for a typical sample containing 163�g l−1 Pb; a detection limit of 12�g l−1; a reagent consumption
.5 mg dithizone; and a waste generation of 225�l organic solvent per determination were also achieved.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The harmful effects on human health caused by lead con-
amination are well known and among them the lessening
aused on enzymatic activities, and kidneys functions and
lso neuromuscular difficulties have been reported[1,2].

Nowadays there are legal restrictions concerning lead re-
easing to on the environment. Nevertheless, it is used as

raw material in the manufacturing industry such as auto-
otive batteries, ceramic and ink[3]. Furthermore, lead is
leftover of the some industrial process to produce fertil-

zer and pesticide. In both case, it could be delivered to the
nvironment either by inadequate manufacturing process or
aused by accident.

∗ Corresponding author. Tel.: +55 194294639; fax: +55 194294647.
E-mail address:reis@cena.usp.br (B.F. Reis).

The plants can absorb lead from the soil, fertilizers
air accumulating in the tissue, thus it can reach the hu
chain feeding. The lead contamination presents cumu
effect, therefore small concentration could constitute ha
for health if people maintain contact for a long time[2]. In
this sense, to assure that foods quality concerning lead
tamination, food samples should be periodically analy
This monitoring could be a usual practice mainly when pl
such as vegetables were produced around industrial zo
when intensive use of fertilizers was employed to impr
productivity.

The lead determination in plant material has been ca
out using as detection techniques UV–vis spectrophotom
[4], inductive coupled plasma optical emission spectrom
(ICP OES)[5], electrothermal atomic absorption spectro
try [6,7], etc. Among these detection techniques, the UV
spectrophotometry requires less expensive equipment.
ertheless, an extraction step is usually required to imp

039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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sensitivity, thus increasing the sample handling. In this sense,
the time spent to obtain the results is increased mainly if it was
used manual procedure. This difficulty has been surmounted
employing liquid–liquid extraction or liquid–solid phase ex-
traction approaches using flow injection technique. In this
case, high throughput and less reagent and solvent consump-
tion compared with manual procedure have been presented
as a main advantage[8–10].

In this work, we intend to develop an automatic liquid–
liquid extraction flow procedure for spectrophotometric de-
termination of lead in plant materials. The method selected
is that based on the reaction of lead with dithizone followed
by an extracting step using an organic solvent prior to detec-
tion [11] and the procedure will be implemented employing
multicommutation approach[12,13].

Nowadays, there is a claiming concerning environmental
quality, thus analytical procedure presenting ability to pro-
duce less waste should be appreciated. To attain this require-
ment the flow system will be designed based on multicom-
mutation[12,13], considering that this approach presents as
an inherent feature facility to handle small volume of so-
lutions [14–17]. This feature will be exploited to minimize
the consumption of organic solvent, thus contributing to the
sustainability of the analytical procedure.
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ing ammonium hydroxide solution. These solutions were pu-
rified following the procedure described by Marczenko[11]
adding to each one 5 ml of dithizone stock solution described
above. After shaking the separation funnel for some seconds
it was let to stand rest to allow phase separation. Afterwards,
the organic phase was discarded and the solution was stored
in polyethylene flask.

Working solution 1.5% (v/v) potassium sodium tartrate
plus 0.5% (v/v) hydroxylammonium chloride in a 0.2 mol l−1

NH4OH (pH = 10) medium was prepared using the solutions
described in the above paragraph.

A 0.1 mol l−1 potassium hexacyanoferrat(II) solution was
prepared by dissolving 2.112 g (K4[Fe(CN)6]·3H2O) salt in
50 ml with water.

A 1000 mg l−1 Pb stock solution was prepared by dissolv-
ing 1.598 g of Pb(NO3)2 in water adding to the vessel 1 ml of
HNO3 concentrated. After dissolution the volume was made
up to 1000 ml with water.

The working reference solution 0.0, 50.0, 100.0, 150.0,
200.0 and 250.0 mg l−1 Pb in a 0.028 mol l−1 HNO3 medium
were prepared using a 10.0 mg l−1 Pb solution that was pre-
pared before use by appropriated dilution of the Pb stock
solution described above.

2.2. Samples preparation
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. Experimental

.1. Reagents and solutions

All reagents were of analytical grade. Purified water (c
uctivity < 0.1�S cm−1) was used throughout.

A 0.01% (w/v) dithizone (H2Dz) stock solution was pre
ared by dissolving 10 mg of H2Dz in 20 ml carbon tetrachlo
ide (CCl4). After dissolution it was filtered using a Whatm
o. 1 filtering paper. A volume of 20 ml ammonium hydrox
olution (dilution 1:50) was added to the vessel contai
he filtered H2Dz. The vessel was shaken and after res
bout 2 min, the organic phase was discarded. This ste
andatory in order to remove the products due to dithiz
xidation[11]. The aqueous phase was acidified by ad
0 ml of a 1 mol l−1 HCl solution and afterwards, 50 ml
Cl4 was added to the vessel. The vessel was shaken t
it the H2Dz transference from aqueous phase to org
hase and after this step, the organic phase presented a
olor. The organic phase was transferred to a balloon an
olume was made up to 100 ml with CCl4. This solution wa
tored in an amber flask under a layer of a 1 mol l−1 H2SO4
olution to prevent contact with air and it was maintai
n refrigerator. Working solution 0.001% (v/v) dithizone w
repared daily by dilution of dithizone stock solution us
Cl4 as diluting fluid.
A 20% (w/v) hydroxylammonium chloride (NH2OH.

Cl) solution and a 20% (w/v) potassium sodium tart
C4H4KNaO6·4H2O) were prepared by dissolving bo
olids in water. After dissolution, pH was adjusted to 8.0
n

Samples were digested using a microwave-ass
ethod in closed digesting vessels carried out usin
THOS 1600 MILLESTONE equipment that was opera
s indicated in the manufacturer manual. It was carried

ollowing the sequence: 400 w for 10 min; 600 w for 10 m
00 w for 30 min. An aliquot of 500 mg dried and powde
lant material (weight carefully) was transferred to the
esting vessel. Before starting the digesting step, 3 ml
0% (v/v) HNO3 solution and 2 ml of a 30% (w/w) H2O2
olution were added to the digesting vessel. After dec
osition, digesting vessels were cooled, the digestates

ransferred to volumetric flasks and the volumes were m
p to 50 ml with water.

.3. Apparatus

The equipment set-up consisted of an IPC-8 Ismatec
taltic pump equipped with Tygon and Vyton pumping tub
ve three-way solenoids valves (NResearch, 161T031)
arb fitting of polycarbonate; a 432 Femto spectrophoto

er (λ = 520 nm) equipped with a lab made glass flow c
0 mm optical path, 180�l inner volume including the tw
rms; a Pentium III microcomputer equipped with a P
11S interface card (American Advantech Corp.); a h
ade electronic interface as described elsewhere[12] to sup-
ly current intensity and voltage required to drive the sole
alves; a glass separation chamber, with an inner volum
.5 ml; and reaction coil and flow lines of polyethylene tub
0.8 mm i.d.).
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Fig. 1. Diagram of flow of the analysis system. S = sample, flow rate at 3.5 ml min−1; Rm = 1.5% potassium sodium tartrate plus 0.5% (v/v) hydroxylammonium
chloride, pH = 10.5, flow rate at 2.9 ml min−1; R + org = 0.001% (w/v) H2Dz in CCl4 medium, flow rate at 0.9 ml min−1; Air, flow rate at 6.5 ml min−1; V1, V2,
. . ., V5 = three-way solenoid valves; B = reaction coil, 300 cm long, 0.8 mm i.d.; Sc = glass separation chamber, 5 cm height and 1.5 i.d.; Det = spectrophotometer,
λ= 520 nm; Vs1, Vs2 and Vs3 = storing vessels; BP = peristaltic pump; x = joint device; W = waste. T1, T2, . . ., T5 = valves timing course, Sp = sampling
cycle, Ds = sample zone displacing step, St = phases separation step, Od = organic phase displacing step, Rs = signal reading step, and Ep = separation chamber
emptying step. The shadow surface beneath of lines indicated that the associated valve was switched on.

2.4. Flow system and experimental variables

The system manifold was designed to implement the mul-
ticommutation approach and its flow diagram is depicted in
Fig. 1. In this hardware configuration all valves are switched
off and all solutions are pumped back to their storing vessels
(Vsi). The flow system was controlled by a microcomputer
running software written in Quick BASIC 4.5. When the soft-
ware was run, the microcomputer requested the operational
parameters summarized inTable 1. Afterwards, the micro-
computer sends the set of control signals through the digital
output port of the PCL-711S interface card to switch on/off
the solenoid valves V1, V2 and V3 following the switching
pattern depicted in the valves timing course (Fig. 1). Under
this condition, slugs of sample (S), masking reagent (Rm) and
organic solvent (R + Org) were inserted alternately into the
reaction coil (B). As it is indicated in the valves timing course,
two sampling cycles (Sp) were carried out, therefore two sets
of slugs (sample, reagent and solvent) were inserted into the
reaction coil. After sampling step, these valves were switched
off and the displacing step (Ds) was performed switching on
valve V4. While this step was performed, the liquid fluids
were pumped back to their storing vessels (Vsi) and the air
stream was directed towards the joint device (x) to displace
the sample zone through reaction coil (B) towards the sep-

aration chamber (Sc). Mixing between sample and masking
reagent solutions and reaction to produce the compound to
be detected and extraction occurred during the displacement
of the sample zone towards separation chamber (Sc). The
displacing time (Ds) was long enough to permit whole sam-
ple zone displacement, and also reaction development and
extraction. Afterwards, all valves were maintained off for a
time interval (St) to allow organic phase separation. While
this step was carried out, the air stream flowed through the

Table 1
Valves switching sequence and settled times intervals

Step V1 V2 V3 V4 V5 Time (s) Volume
(�l)

Sample insertiona 0 1 0 0 0 1.8 2625
Reagent insertiona 0 0 1 0 0 0.5 604
Solvent insertiona 0 0 0 1 0 0.6 225
Transport of sample

zone
1 0 0 0 0 30 –

Separation step 0 0 0 0 0 20 –
Transport of organic

phase
0 0 0 0 1 15.5 –

Signal reading 0 0 0 0 0 15 –
Discard fluid 0 0 0 0 1 45 –

a Sequence repeated 25 times. Numbers 1 and 0 indicate valve switched
on or off, respectively.
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top outlet of the separation chamber (Sc) towards valve V5.
Because the density of the organic phase was higher than
that of the aqueous phase, after separation step (St) it ful-
fills the bottom part of the separation chamber. Afterwards,
valve V5 was switched on (organic phase displacing step,
Od). As it is showed in the flow diagram, under this valves
configuration, the air stream exerted pressure into the sepa-
ration chamber, thus causing the displacement of the organic
phase towards the spectrophotometer (Det). When the flow
cell was filled with organic phase, V5 was turned off and the
data acquisition was accomplished (reading step, Rs) by the
microcomputers reading the signal through the analog/digital
input of the PCL-711 interface card. Afterwards valve V5
was switched on (empting step, Ep) to empty both separation
chamber (Sc) and flow cell. To avoid the diffusion of the or-
ganic solvent vapor (CCl4) to the laboratory environment a
trap of sulfuric acid was used. This was done by adding 5 ml
of a 1.0 mol l−1 sulfuric acid solution to the bottle contain-
ing the organic solvent in order to form a layer (about 5 mm
thickness) over organic phase. This protection was possible
because the density of the organic solvent was higher that
that of the sulfuric acid solution. In the waste vessel the or-
ganic phase was maintained under a water layer. To prevent
fluid leakage all connection of the flow lines were tighten ev-
eryday prior to begin the work. Furthermore, to improve the
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Complementary assays were performed to verify the abil-
ity of the K4[Fe(CN)6] as masking reagent to overcome the
interferences that could be caused by the concomitant ions
such as Ag, Cd, Co, Cu, Ni, Sn and Zn, which could be found
in the sample solution. The experiments were carried out us-
ing lead reference solutions with and without these cations.
This assay was performed using a 0.1 mol l−1 K4[Fe(CN)6]
solution and adding 1.0–50.0 ml of standard solution contain-
ing Ag, Cd, Co, Cu, Ni, Sn and Zn.

To demonstrated the usefulness of the proposed system a
set of samples comprising different vegetables were analyzed
using the experimental variables summarized inTable 1. Prior
to analysis, a 500�l aliquot of the 0.1 mol l−1 K4[Fe(CN)6]
solution was added to 25 ml of the sample solution. To allow
data comparison the samples were also analyzed employing
the inductively coupled plasma optical emission spectrome-
try (ICP OES).

3. Results and discussion

3.1. Effect of the reaction coil length

Because the length of the reaction could affect analytical
signal concerning to precision and sensitivity, assays were
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The volumes of sample and reagents solutions ins
nto the reaction coil (B) were defined by the time elap
hile the valves were switched on, therefore the pulsa
attern of the peristaltic pump could cause variation in

oaded solutions volumes. This effect could lessen the p
ion of measurements, thus to overcome this drawbac
tarting of the sampling step was synchronized with pum
ulsation as described earlier[10].

The fluids pumping rates described in the legend ofFig. 1
ere maintained throughout. Unless specified, the ex
ents described below were carried out using reference

ion presenting concentration within the range 50–400�g l−1

b and performing 25 sampling cycles (Sp). The sys
ariables assayed were reaction coil length, time interv
witch valves, reagents concentration and pH.

The reaction coil effect on the reaction development
xtraction was the first parameter assayed by changin

ength from 150 to 450 cm. The volumes of the soluti
liquots were varied controlling the time interval elap
hile the related valve was maintained switched on. In
ense, the time intervals to switch on valves V1, V2 and V3
ere varied from 1.0 to 1.8, 0.3 to 0.7 and 0.4 to 1.3 s
pectively.

The studies concerning to reagents concentrations an
ffect were carried out by varying their concentrations

ween 1× 10−4 and 5× 10−3% (v/v) dithizone, 1.0 and 2.5
v/v) potassium sodium tartrate and 0.5 and 1.5% (v/v)
roxylammonium chloride. The assays were repeated

ng the pH from 8.5 to 11.
arried out using reaction coils presenting lengths of
00 and 450 cm. The results obtained with reaction of
nd 450 cm were similar in sensitivity and linearity (R=
.998). By another hand, the results obtained with rea
oil of 150 cm were worse in sensibility (ca 40% less)
n linearity (R= 0.985). The experiments were carried
sing reference solutions presenting concentration bet
00 and 400�g l−1 Pb. The chromogenic reagent was
olved in the organic phase, therefore the reaction to
he Pb–dithizone compound was dependant of lead ion
ration from the aqueous phase to the organic phase
esults indicated that this effect was improved by increa
he reaction coil length. Once results were similar the r
ion coil presenting length of 300 cm was selected aimin
mprove the throughput.

.2. Effects of sample volume and reagent concentratio

The liquid–liquid extraction implemented using a fl
ystem can present a direct relationship concerning the s
agnitude and the ratio between the volumes of the aqu
nd the organic phases. In this sense, the sensibility of th
edure could be improved by controlling the ratio betw
he volumes of the sample solution and of the organic ph
his possibility was investigated maintaining the volum

he extracting fluid at 225�l. The time interval to switch o
alve V1 was varied from 1.0 to 1.8 s performing 25 samp
ycles. The measurements were processed applying a
egression treatment yielding the results showed inTable 2.

Comparing the slopes of the analytical curves obta
sing the lower and higher sample solution volumes, we
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Table 2
Linear curve fitting parameters (n = 3)

Sample
volume (�l)

Slope (α) Linear
correlation
coefficient (R)

Blank
measurement/
intercept (mV)

1425 439.5 0.998 −18.3± 0.4
1750 479.7 0.996 −13.2± 0.8
2041 617.7 0.999 −14.9± 1.3
2333 576.9 0.997 −15.7± 0.2
2625 689.7 0.999 −19.3± 0.8

deduce that an increase in signal about of 56% was obtained.
These results show that the increasing of the sample volume
is a strategy that should be considered to improve sensitivity.
The blank measurements presented similar values in the five
cases, thus indicating absence of contamination. This effect
could be identified as a notable advantage, considering that an
increase of the blank measurements could become a limiting
factor of the procedure.

Dithizone was dissolved in the organic phase and its vol-
ume was maintained at 225�l. Under this condition, the as-
says to find the amount of the reagent necessary to assure
an adequate condition for the chemical reaction development
were carried out varying its concentration, yielding the re-
sults showed inTable 3. The worst results are those related to
dithizone concentration of 0.0001% (v/v). Once the results
obtained at the other two reagent concentrations were similar,
the concentration of 0.001% (v/v) dithizone was selected.

3.3. pH effect

The effect of the pH on the reaction was verified by us-
ing potassium sodium tartrate/hydroxylammonium chloride
solutions presenting pH between 8.5 and 11.0. The results
obtained using solutions with pH 8.5 and 9.0 showed no sig-
nificant difference between measurements of the blank and
o -
s the
p he
b The
l uted
a use a
d e. In
t

n
c t ma-
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Table 4
Effect of the pH on the system response

Parameter evaluated pH 9.5 pH 10.0 pH 10.5 pH 11.0

Linear response coefficient (R) 0.998 0.999 0.999 0.991
Slope (mV/�g l−1) 0.602 0.852 0.671 0.662
Relative standard deviation,

RSD (%)
2.6 1.2 1.8 6.1

Blank measurement (mV) 109.1 59.8 80.8 97.8

terial was mineralised using an acid medium, assays using Pb
reference solutions prepared in 0.014, 0.028 and 0.14 mol l−1

HNO3 medium were carried out in order to define the acid
concentration of the samples solution. The analytical curves
using reference solutions with acid concentration of 0.014
and 0.028 mol l−1 HNO3 were similar. By other hand, the
results obtained using the higher concentrated acid solution
were worse; no significant difference between blank and ref-
erence solution signals was observed. Considering these re-
sults, after sample mineralising, the acid concentration was
adjusted to 0.028 mol l−1 HNO3.

3.4. Interference suppressing

Previous assays indicated that the interference effects
caused by several metal ions (Ag, Cd, Co, Ni, Cu, Sn,
Zn) naturally existing in plant material were not effectively
suppressed by the masking solution comprising potassium
sodium tartrate/hydroxylammonium chloride. To overcome
this drawback usually cyanate had been used as masking
reagent[18,19]. Albeit its ability as masking is recognized,
careful manipulation is required mainly when the sample to
be processed must be mineralised in acidic medium such as
plant material. In this sense, following an indication pointed
out by Klinghoffer et al.[20] we decided to use a 0.1 mol l−1

K ults
s set
o ncen-
t sually
f

T
I

P
i

B
0
0
0
0
0
0
0
0

f a solution containing 400�g l−1Pb. At part from the re
ults obtained using solution with higher pH were derived
arameters values showed inTable 4. As it can be seen, t
etter results were achieved using solution of pH 10.0.

ower measurement value of the blank solution constit
favourable factor, inasmuch as a high value could ca

iminution of the linear response range of the procedur
his sense, the solution of pH 10.0 was selected.

The results showed inTable 4indicated that pH variatio
ould worsen the precision of the results. Because plan

able 3
ffect of dithizone concentration

arameter Dithizone
0.0001% (v/v)

Dithizone
0.001% (v/v)

Dithizone
0.005% (v/v)

inear response
coefficient (R)

0.987 0.998 0.997

lope (mV/�g l−1) 0.186 0.761 0.728
elative standard
deviation, RSD (%)

1.9 2.3 3.1
4[Fe(CN)6] as a masking solution. According to the res
howed inTable 5, the interfering effects concerning this
f ions were reduced to acceptable values. The ions co

rations used in these assays were higher than those u
ound in plant material.

able 5
nterference suppressing using K4[Fe(CN)6] (n = 3)

b + interfering
on (mg l−1)

Signal (mV)

Without masking
solution

With masking
solution

lank 116.1± 1.0 93.0± 1.0
.1 189.0± 1.2 141.3± 1.0
.1 + 1.0 (Ag) 111.1± 1.3 140.5± 1.3
.1 + 1.0 (Cd) 364.1± 2.4 142.1± 1.6
.1 + 1.0 (Co) 237.3± 2.4 136.9± 2.2
.1 + 5.0 (Cu) 473.6± 2.6 143.7± 1.0
.1 + 1.0 (Ni) 156.4± 1.2 147.0± 2.1
.1 + 0.5 (Sn) 192.7± 1.9 142.1± 1.1
.1 + 5.0 (Zn) 343.8± 2.9 145.3± 2.1
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Fig. 2. Records of an analytical run. From right records in triplicates: 0.0,
50.0, 100.0, 150.0, 200.0 and 250.0 mg l−1 Pb followed by a set of six sam-
ples. In the set up used the mV relationship to absorbance was 0.1 uA to
60 mV.

3.5. Sample analysis

Considering the results discussed in the previous sections,
additional experiments were carried out using the system pa-
rameters summarized inTable 1. Standard solutions and plant
digests were processed yielding the results displayed inFig. 2.
By processing the measurements of the reference solutions
a linear relationship, mV = 101.57± 1.65 + (0.76± 0.01)
mg l−1 Pb (R= 0.999) was achieved, thus indicating that the
system parameters ofTable 1can be used to obtain analyti-
cal results. As it can be seen, the repeatability of the records
is comparable with those observed in usual FIA system. No
drift of baseline is also observed, thus confirming that the
system is very stable. From theseFig. 1 can deduce that a
sampling rate of 15 determinations per hour was achieved.

Aiming to demonstrate the usefulness of the proposed sys-
tem, acid digests of samples comprising vegetables and cer-
tified material were analyzed. To permit results comparison
sample solution were also analyzed employing inductively
coupled plasma optical emission spectrometry (ICP OES).
Results obtained are shown inTable 6. Applying thet-test
for multiples samples no significant deference at 90% con-

Table 6
Results comparison (n= 3)

S

A
G
G
L
L
P
P

R

e certi-
fi

fidence level was observed. Others profitable features such
as a linear response ranging from 50 to 200�g l−1 Pb (r =
0.999); a sampling rate of 15 determination per hour; a rel-
ative standard deviation of 1.8% (n= 12) for a typical sam-
ple containing 163�g l−1 Pb; a detection limit of 12�g l−1;
and a reagent consumption and a waste generation of 4.5 mg
dithizone and of 225�l organic solvent per determination,
respectively, were also achieved.

4. Conclusion

The processed sample zone was stopped into the flow cell
to carry out dada acquisition, thus this strategy presented as
an advantage the decrease of organic phase volume.

The analytical procedure presented a good robustness and
operational facilities that was implemented using no expen-
sive instrumentation. This is an association so difficulty to be
achieved.

In the usual flow system, the carrier solution generally is
the major contributor to the waste generation. In this work, it
was use an air stream as carrier fluid, thus contributing to re-
duce the volume of waste generated. This arrangement could
be considered as an improvement compared with previous
work where an acid solution was used as carrier stream[10].

mit-
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tom.

cta

nal.

[
[ on of
amples Proposed procedure
(mg kg−1) Pb ±S.D.

Spectrometry
(ICP OES)
(mg kg−1) Pb ±S.D.

ubergine 12.87± 0.06 13.33± 0.20
rass 1 4.55± 0.10 4.49± 0.19
rass 2 1.62± 0.10 1.52± 0.15
ettuce 1 16.37± 0.37 16.63± 0.15
ettuce 2 20.48± 0.59 20.71± 0.29
umpkin 9.99± 0.19 9.58± 1.11
each leaves
(0.87± 0.03)a

0.95± 0.14 –

ye grass (2.38
± 0.11)a

2.25± 0.12 –

a Certified materials and the numbers between parentheses are th
ed values (mg kg−1) Pb ±the confidence interval.
The system manifold based on multicommutation per
ed the easily handling the three fluids phases in the sy
queous sample and masking solution, organic extrac
nd air stream.
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