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Application of liquid membranes to sample preconcentration for the
spectrometric determination of cadmium in seawater
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Abstract

A bulk liquid membrane system has been used as preconcentration tool for the spectrometric determination of cadmium in seawater. The
membrane contained di-(2-ethylhexyl)-phosphoric acid (DEHPA) as mobile carrier dissolved in kerosene. The effects of the composition of both
organic and aqueous solutions on the permeation of Cd across the membrane were studied, and optimum conditions were found by the modified
simplex method. Maximum preconcentration rates were obtained at a sample pH of 4.7, maintained with a 0.1 mol l−1 acetate buffer solution, a
0.3 mol l−1 HNO3 receiving solution, and a carrier concentration of 0.17 mol l−1. Under optimum conditions, a preconcentration yield of 100%
w ater.
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as obtained for both synthetic and real seawater. The method was successfully applied to the determination of cadmium in real seaw
2005 Elsevier B.V. All rights reserved.
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. Introduction

Since their introduction, liquid membranes have been applied
o the separation of many chemical species in different fields,
uch as metallurgy[1,2], biotechnology[3,4], environmental
ciences[5,6], material sciences[7,8], etc. One of the applica-
ions of liquid membranes that has experienced higher develop-
ent in last decade is its use in analytical sample preparation,
ainly due to the advantages obtained if compared with classi-

al samples preparation techniques[9,10]. In this case, sample
s treated before the application of any instrumental analytical

ethod, in order to increase the concentration of analyte and/or
o remove matrix compounds. Among others, sample prepara-
ion with liquid membrane has been used in bioanalysis[11]
r environmental analysis[12]. Particular interest has the later,
here very low analyte concentrations together with high matrix
ffects may be found. A very singular case is the treatment of
eawater samples, where the very high salinity implies an extra
ifficulty for the analysis of the samples[13].

The preconcentration step is almost always required w
analysing many trace chemical compounds (as i.e. heavy
als) in natural waters or seawater. The separation proce
mostly used are based on ion exchange or solvent extra
The later gives more accurate results, but it is tedious and
consuming (about 24 h for the whole procedure)[14]. The use
of liquid membranes may decrease the time needed beca
the simultaneity of extraction and back extraction proce
Besides, it needs a lower sample manipulation and, as a c
quence, implies lower sample contamination risk. In this w
we have used a simple bulk liquid membrane system for m
separation and preconcentration of cadmium in seawater, w
is known to be an environmental pollutant with toxic effects
the living organisms in aquatic ecosystems. It was based o
use of di-(2-ethylhexyl)-phosphoric acid (DEHPA) as a car
which was previously used for the extraction of cadmium f
different matrices and with different separation system, inc
ing liquid membranes[15–17].

2. Experimental
∗ Corresponding author. Tel.: +34 956 016 433; fax: +34 956 016 460.
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2.1. Reagents and solutions

Aqueous cadmium solutions used as source phases were
prepared from a commercial standard solution of 1000 mg l−1
376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2005.08.008
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(Merck, Germany) and a matrix of 35 g l−1 NaCl. Nitric acid
(65%, reagent grade) was obtained from Scharlab (Spain).
Acetic acid (100%, pro analysis, p.a.), ammonium hydroxide
(25%, p.a.) and sodium chloride (p.a.) were obtained from
Merck (Germany). Kerosene (Fluka, Switzerland) and DEHPA
(Sigma–Aldrich, Germany) were used as received. Deionised
water was prepared using a Milli-Q academic equipment (Mil-
lipore, USA).

To prevent the contamination of real samples, they were acid-
ified with nitric acid of Suprapur quality (Merck, Germany), and
manipulated into a laminar flow hood.

2.2. Apparatus and procedure

Liquid membrane experiments were performed using a
homemade glass beaker-in-a-beaker type cell described else-
where[18]. It consisted of two concentric beakers, containing
39 ml of the sample solution (external beaker) and 23.5 ml of the
acidic receiving solution (internal beaker). Cadmium ions were
transported through an organic liquid membrane formed by the
carrier (DEHPA) dissolved in kerosene that was placed over both
aqueous solutions, which were stirred during the experiments
with a model “Big Squid” magnetic stirrer (IKA, Germany). To
maximize the transport rate, the volume of organic solution must
be as small as possible. In our case, 7.5 ml were used.
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simultaneously. With this aim, we have applied a modified sim-
plex method, by using the software Multisimplex 2.0[20].

At optimum chemical conditions, the hydrodynamics were
also studied, in terms of the dependence of permeability coef-
ficient on the stirring rate of both aqueous solutions within the
range of 200–1200 rpm.

2.4. Application

Once the conditions were optimized, we studied its applica-
bility to real seawater. Thus, the temporal variation of preconcen-
tration yield was studied to select an optimum preconcentration
time. Finally, the method was validated by analyzing a real sea-
water sample, and the results compared with those obtained from
the application of a standard methodology based on anodic strip-
ping voltammetry (ASV). The results obtained by both method-
ologies were statistically compared to determine whether there
were significant differences between them.

3. Results and discussion

3.1. Optimization of the system

Table 1shows the results of the simplex optimization. The
selection of the initial simplex (vertices 1–5) was software-
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The determination of cadmium was done by atomic abs
ion spectroscopy (AAS) with a Solaar M Series (Thermo
ental, UK). A model 2001 pH meter equipped with a mo
2-02 combined glass–Ag/AgCl electrode (Crison, Spain)
sed to measure pH.

The optimisation of the transport system was done by u
mg l−1 Cd(II) in 35 g l−1 NaCl as source phase. During
xperiments, 1.6 ml aliquots of the receiving solution were t
eriodically to measure cadmium concentration by AAS,
.6 ml of nitric acid with the same concentration were adde

he receiving solution to keep the volume constant. After m
urement, the concentration values were corrected taking
ccount the metal amount contained into the aliquots of re

ng solution previously removed.
The efficacy of the preconcentration system was quan

ith the permeability coefficient (P), calculated from the fo
owing linear relationship[19]:

ln[Cd2+] = A

VS
Pt− ln [Cd2+]0

hereA is the effective membrane area,Vs the sample volume
nd [Cd2+]0 and [Cd2+] are the sample cadmium concentrati
t time 0 andt, respectively.

.3. Optimization of the system

The liquid membrane system was optimised by studying
nfluence of the chemical variables influencing the separ
rocess, such as pH of sample (source solution) and rec
olutions, buffer concentration in source solution and the
entration of DEHPA in the liquid membrane. Due to the h
nteractions between these variables, they must be optim
-

-
o
-

g
-

d

erformed by assignment of a reference value and a ste
or each variable. Then each new vertex was calculated by
ating the permeability coefficients obtained for the prev
implex. The simplex was stopped after 20 membrane ex
ents. The criterion selected for stopping the search was
n the comparison of the variance of each simplex with
ariance of our method (evaluated from five replicates of
xperiment). This comparison was carried out by calculatin
orrespondingF-values[21]. As may be observed inTable 1,
ptimum conditions were obtained for trial 18, which co
ponds to a source phase with pH 4.7 and 0.1 mol l−1 acetate
uffer solution, 0.3 mol l−1 HNO3 in the receiving solution, an
.17 mol l−1 DEHPA in the organic membrane.

After the optimisation of chemical variables, the hydro
amics of the transport system were studied in terms of vari
f permeability coefficient versus the stirring rate of aque
olutions within the range of 200–1200 rpm. As can be se

able 1
implex optimisation of chemical variables

ertex pH [HNO3] (M) [DEHPA] (M) [AcH/Ac −] (M) P (cm min−1)

1 3 0.1 0.02 0.1 0
2 3 0.1 0.08 0.2 0
3 3 0.3 0.08 0.1 0
4 4 0.3 0.02 0 1.38× 10−3

5 4 0.1 0.08 0.1 1.72× 10−3

...
...

...
...

...
...

8 4.7 0.3 0.17 0.1 1.04× 10−1

...
...

...
...

...
...

0 4.3 0.3 0.18 0.1 7.36× 10−2
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Fig. 1. Variation of permeability coefficient with stirring rate. Source phase:
0.5 mg l−1 Cd(II), 35 g l−1 NaCl, pH 4.7, 0.1 mol l−1 acetate. Receiving solution:
0.3 mol l−1 HNO3. Liquid membrane: 0.17 mol l−1 DEHPA in kerosene.

Fig. 1, the value ofP increased up to 900 rpm and then, for higher
rates, the liquid membrane system was broken (mixing of source
and receiving solutions took place). At 900 rpm, the membrane
was occasionally broken and so, a stirring rate of 750 rpm was
selected as optimum.

3.2. Preconcentration yield

As a first step for its application to the analysis of cadmium in
seawater, the preconcentration yield of the system was studie
With this aim, we studied the temporal variation of cadmium
concentration in the receiving solution for six different real
samples previously spiked with different concentrations of cad-
mium, ranging between 0.6 and 1 mg l−1. Curve A in Fig. 2
shows the temporal variation of the metal transported from the
sample to the receiving solution. Error bars indicate the precision
of the experiments, expressed as standard deviation. The tem
poral variation of preconcentration yield was independent of the
initial concentration of cadmium and it was almost stopped after
about 8–9 h, reaching a value of 37.3%. This low yield could be
due to the co-transport of other cations, such as calcium an
magnesium, present at high concentrations in real seawater. Th
analysis of receiving solutions revealed concentrations of cal

F ve A:
s n:
0 r-
r
a xperi
m

cium and magnesium over 500 and 2900 mg l−1, respectively,
which were transported through the liquid membrane. To pre-
vent the transport of calcium and magnesium, 0.1 g l−1 citric acid
were added to the samples and the study was repeated. Under
these conditions most of the Ca2+ and Mg2+ ions form com-
plexes with citrate[22]. Although Cd2+ may be also complexed,
from the results shown in curve B ofFig. 2 it follows that the
displacement of the citrate complexes in the sample-membrane
interface by DEHPA is strong enough to allow the permeation of
Cd2+ through the liquid membrane, and then, 100% of the cad-
mium ions present in the real seawater samples were transported
through the liquid membrane after 10–11 h. Under these condi-
tions, the cadmium preconcentration ratio was 1.66. This ratio is
controlled only by the volumes of sample and receiving solution
and, if required, it could be modified by using a membrane cell
with different volumes.

3.3. Application

The new preconcentration system was applied to the analysis
of dissolved cadmium in a real seawater sample from the Gulf
of Cadiz (SW, Spain). The sample was filtered on-line through
0.45�m pore-size acid washed polypropylene Calyx Capsule,
stored in acid-precleaned low-density polyethylene bottles and
acidified with nitric acid until analysis. The concentration of cad-
mium in the sample was analysed in duplicate by the proposed
m
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ig. 2. Temporal variation of preconcentration yield for real seawater. Cur
ource solution: real seawater at pH 4.7, 0.1 mol l−1 acetate; receiving solutio
.3 mol l−1 nitric acid; liquid membrane: 0.17 mol l−1 DEHPA in kerosene; sti
ing rate: 750 rpm. Curve B: identical to curve A, but 0.1 g l−1 citric acid was
dded to source solution. Error bars indicate standard deviation of six e
ents.
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ethodology (with a result of 1.20± 0.24�g l−1) and by ASV,
sed as reference technique (with a result of 1.25± 0.08�g l−1).

f compared with the reference method, the results obta
y liquid membrane methodology presented a relative err
4.0%. The accuracy of the obtained result was tested by a

ng the pairedt-test, which confirmed the absence of system
rrors at the 0.05 level

. Conclusions

Cd2+ ions can be effectively separated and preconcent
rom seawater through a bulk liquid membrane contai
EHPA in kerosene, allowing the precise and accurate
sis of this metal in real samples. As DEHPA is a non-sele
xtractant, other cations are co-transported through the
rane. In this case, the transport of calcium and magne
ecreases the effectiveness of cadmium permeation. This

em may be overcome by masking calcium and magnesium
itric acid. If compared with the standard methodology use
hemical oceanography[14], the new method based on liqu
embranes offers advantages such as simplicity, lower sa
anipulation (very important in trace analysis to prevent sa

ontamination) and lower time needed for sample pre-treatm
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transport of lead(II) and cadmium(II) through novel activated compos-
ite membranes containing di-(2-ethyl-hexyl)-phosphoric acid as carrier,
Anal. Chim. Acta 408 (2000) 65.

[18] C. Mendiguch́ıa, C. Moreno, M. Garćıa-Vargas, Separation of heavy
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