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Abstract

A pre-concentration and determination methodology for mercury at trace levels in water samples was developed.
Cloud point extraction was successfully employed for the pre-concentration of mercury prior to inductively coupled
plasma optical emission spectrometry coupled to a flow injection with cold vapor generation system. The mercury
was extracted as mercury¢8-bromo-2-pyridylaz®-5-diethylaminopheno[Hg(ll )-(5-Br-PADAP)] complex, at pH
9.2 mediated by micelles of the non-ionic surfactant polyethyleneglycolmemmylphenylethe(PONPE 5. Cold
vapor generation was developed from 1000f the extracted surfactant-rich phase by means of a stannous chloride
(SnCl) solution as reluctant. An exhaustive study of the variables affecting the cloud point extraction with PONPE
5 and cold vapor mercury generation from the surfactant phase was performed. The 50-ml sample solution pre-
concentration allowed us to raise an enrichment factor of 200-fold. The lower limit of detection obtained under the
optimal conditions was 4 ng'F . The precision for 10 replicate determinations at thegol5* Hg level was 3.4%
relative standard deviatiofR.S.D), calculated with the peak heights. The calibration graph using the pre-concentration
system for mercury was linear with a correlation coefficient of 0.9998 at levels near the detection limits up to at least
50 ng I The method was successfully applied to the determination of mercury in tap water sa@R€€?2
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1. Introduction A scheme of pre-concentration can thus be
proposed, mediated by surfactan@€PE, cloud

Although mercury is not an abundant chemical point extraction instead of organic solvents. CPE
element in nature, it has become widespread as aiS an impressive alternative to conventional solvent
result of many industrial and agricultural applica- €Xtraction because it produces high extraction effi-
tions [1—4]. Therefore, the determination of mer- Ciencies and concentration factors and uses inex-
cury is very important in environmental and PENSive, non-toxic reagents. A very interesting
toxicological studies. One of the routes of incor- feature is that cloud point partition constants of
poration of mercury into the human body is drink- Metal chelates depend on the nature of metal ions
ing water [1—4]. Hence, its determination in this [11], with consequent potential increase of selec-

type of sample becomes very important. Recent tivity. Highly concentrated aqueous solution of

reports[5] estimate a total mercury concentration f]ome non-ionic Zn.d fwntggorllg Eurfacta}?ts are
in waters ranging from 0.006 to g |72, the tiorr?ofg;neour?dfiit? nlso rorﬁ)ﬁ t_m. rp'?nra erra- ;
upper limit for total mercury concentration in on ot the co ons such as temperature, pressure

drinking water recommended by the European ©" additives, the solution becomes turbid due to
Commgnity being Tug I-* [3] y P the diminished solubility of the surfactant in water

Since mercury concentrations in non-polluted [12-14. Above the cloud pointtemperature at
waters are very low. powerful techni lfes are which this phase behavior occiiyghe solution is
i y » P 9 separated into two phases: one, the aqueous phase
required and only few of them show enough

g ; X that contains the surfactant at a concentration close
sensitivity. Different analytical methods have been

develoned for the d oo ‘ | to the critical micellar concentratiofcmc), and
eveloped for the determination of mercury atlow nq oiher, the surfactant-rich phase, whose volume
concentrations, but the most commonly used ones

i : is very small[12—14. Any species initially present
are cold vapor atomic absorption spectrometry Y | 4. Any sp yp

; in the solution that interact with the micellar
(CV-AAS), cold vapor atomic fluorescence spec- aggregates are thus extracted and may be pre-

trometry (CV-AFS), flow injection-inductively  .oncentrated in the small volume of the surfactant-
coupled plasma optical emission spectroméEy rich phase. The use of CPE process for extraction
ICP-OES, and inductively coupled plasma mass f metal chelates, biological and clinical samples:

spectrometry(ICP-MS) [6—9]. There are several  ang environmental clean-up procedure have been
disadvantages associated with the use of AAS as enoried[11,15-27.

a detection method. These result from the limited | view of the possibility of mercury chela-

linear calibration range and spectral interference tjon with the pyridylazo reagent @-bromo-2-
arising from non-specific background absorption pyridylazo)-5-diethylaminophenol(5-Br-PADAP)

of volatile organic specie$l0]. ICP-MS is used  [28 29, and from our previous experien{g0,31

for the determination of mercury due to its high on CPE using pyridylazo chelating reagents, the
sensitivity, high selectivity, and high sample aim of the present paper was to develop an
throughput. However, the cost of instrumentation extraction—pre-concentration scheme for Hg in tap
may be prohibitive to many laboratories. Although water mediated by micelles of PONPE 5. It has to
ICP-OES and CV-AAS are the most used tech- pe pointed out that, to date, both, the surfactant
niques in the determination of traces of mercury, PONPE 5 and the reagent 5-Br-PADAP have never
the low concentration level of mercury in water is been used in CPE systems. Indeed, until now this
not compatible with the detection limit of these extraction methodology has never been used with
techniques. In order to achieve accurate, reliable mercury.

and sensitive results, pre-concentrations and sepa- In the present work, a CPE pre-concentration
rations are needed when the concentrations of methodology has been developed and optimized
analytes in the sample are too low to be determined for the determination of mercury in tap water.
directly by ICP-OES, even with mercury vapor Mercury was chelated with 5-Br-PADAP, and later
generation. pre-concentrated mediated by PONPE-5. Mercury
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determination was performed through cold vapor

367

erator operating conditions are listed in Table 1. A

generation from the surfactant-rich phase using a Minipuls 3 peristaltic pump[Gilson (Villiers-Le-

FI system coupled to ICP-OES.
2. Experimental
2.1. Reagents

All the reagents were of analytical-reagent

Bell, France] was used. A sample loop of 1Qd

and a RheodyndCotati, CA, USA Model 50,
four-way rotatory valve were used in the cold
vapor generation system. For the mixing of the
surfactant-rich phase with the reductant solution, a
knotted reactofKR) was made from a 2-m length
of PTFE tubing of 0.5 mm internal diameter by

grade and the presence of mercury was not detect-tying interlaced knots of approximately 5 mm

ed within the working range. A stock mercury
standard (1000 wg ml~') was prepared from
mercurYll) chloride (Merck, Darmstadt, Germa-
ny) in nitric acid (Merck, Darmstadt, Germany
and made to 1000 ml with ultrapure water. A
1x10°2 mol 7! solution of 5-Br-PADAP
(Aldrich, Milwaukee, WI, USA was prepared by
dissolution in ethano(Merck, Darmstadt, Germa-
ny). Lower concentrations were prepared by serial
dilution with ethanol. As it is not possible to

diameter loops. Tygon-type pump tubifigmatec,
Cole-Parmer, Vernon Hills, IL, USA was
employed to propel the sample, reagent and eluent.
A home made gas-liquid separator was used
(Fig. 1 for the separation of mercury vapor. The
characteristics were as follows: internal diameter
15 mm, lengtk=95 mm, an inlet for the gas—
liquid mixture and another for Ar, continuous
waste extraction by means of a peristaltic pump
and connection to the torch. The 194.227-nm

obtain a real aqueous solution of the surfactant spectral line was used.

polyethyleneglycolmong-nonylphenylether
(PONPE-5, Tokyo Kasei Industries, Chuo-Ku,
Tokyo, Japah (cloud point below room tempera-
ture) it was experimentally convenient to prepare
a stock solution as follows: 20 ml of PONPE-5
and 40 ml of distilled ethanol, were mixed and
made up to 100 ml with doubly distilled water. A
2% (m/v) SnCl, solution in 5%(v/v) HCIl was
used as the reductant. The buffer solution
(5X1072 mol I") was prepared dissolving sodi-
um tetraborate calcine@Merck, Darmstadt, Ger-
many) and taken to 1000 ml with ultrapure water.
A NaClQ, (Merck, Darmstadt, Germamysolution
was used in order to adjust ionic strength. Anti-
foam 204 and Antifoam Apurchased from Sigma,
St. Louis, USA were tested during the cold vapor
generation. Ultrapure watéf8.3 MQ cm~1!) was
obtained from Barnstead EASY pure RF water
system(lowa, USA).

2.2. Apparatus

The measurements were performed with a
sequential ICP spectrometiBaird (Bedford, MA,
USA) ICP 207Q. The 1-m Czerny—Turner mono-
chromator is based on a holographic grating with
1800 groovegmm. The ICP and cold vapor gen-

2.3.  General
procedure

cloud point pre-concentration

Surfactant solution (0.25 m), 0.2 ml of
1x10°2 mol It chelating solution, 0.5 ml of
2.5X107° mol I"* metal-ion solution and 5 ml of
buffer solution(pH 9.2) were placed in a centri-
fuge tube. The mixture was diluted to 50 ml with
ultrapure water. The resultant solution was equili-
brated at 60°C (temperature well above cloud
point temperature of the system, which is A5)
for 5 min. In order to separate the phases, the
turbid solution was centrifuged5 min at 3500
rev./min (1852.2< g)], and then cooled in an ice-
NacCl bath for 5 min. The removal of the aqueous
phase was carried out by means of a peristaltic
pump.

In the case of pre-concentration of 50 ml of tap
water sample, the CPE procedure was performed
in the same way.

2.4. FI-CV-ICP-OES measurements
The surfactant-rich phag@50 u.l) was acidified

with 0.05 ml of HNQ; ; and 0.1 ml of ethanol was
added. A 10Qxl aliquot of this solution was
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Table 1
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CPE-ICP and cold vapor generation system instrumental parameters

ICP parameters

RF generator power

Frequency of RF generator
Plasma gas flow rate

Auxiliary gas flow rate
Observation heightabove load cojl
Analytical line: Hg

Cold vapor generator parameters
Sample loop volume

SnCL concentration

HCI concentration

SnCl, solutions flow rate

HCI solutions flow rate

Carrier gas flow rate
Temperature of generation

Cloud point extraction parameters

Equilibration temperature

Equilibration time(before and after centrifugation
Centrifugation time

Cooling time

Working pH

Buffer solution(concentration

Chelating reactive
lonic strength
Surfactant

%E*

1.0 kKW
40.68 MHz
9l min—t
11min~?
15 mm
194.227 nm

100 ul
2% m/v
5% (v/v)
4.5 ml min—*
9 ml min~?
0.5 min—*
80°C

60 °C
5 min
5 min
5 min
9.2
sodium tetraborate
(5x1072 mol I'Y)
4%x1075 mol I"*
<0.35 mol I'*
% (v/Vv)
99.9%

aPercentage extracted by the successive extraction métod

determined by FI-CV-ICP-OES. The optimized
conditions for this cold vapor generation system
are given in Table 1. A schematic diagram of the
cloud-point extraction procedure, the determination
step, is shown in Fig. 1.

2.5. Sample collection

Tap water was allowed to run for 20 min and
approximately 2000 ml of tap water was collected.
The water samples were filtered through O 4%+
pore-sized membrane filters immediately after
sampling. The sample was collected immediately
before use. It was irradiated for 3 h with a 150-W
UV lamp in order to photooxidize organo-mercury
compounds, which could be present in tap water
[32]. All the glass instruments used were previ-
ously washed with a 10% Av HNO; water solu-
tion and then with ultrapure water.

3. Results and discussion

3.1. Study of the CPE system variables

3.1.1. Effect of ethanol

Several trials were carried out in order to study
the effect of ethanol concentration prior to CPE.
No variation took place on either the enrichment
factor or kinetics of phase separation within the
ethanol concentration range: 0.6-15%/v).
Higher ethanol concentrations led to non-reproduc-
ible results due to inefficient phase separation. A
minimum ethanol concentratiof0.6% (v/v)] is
needed in order to achieve a convenient cloud
point temperatur€Fig. 2) and an increase of phase
separation rate. Fig. 2 shows the variation on cloud
point temperature with ethanol concentration for
the system, PONPE-5-ethanol-water.
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3.1.2. Effect of reagent excess
In order to determine the optimal reagent—metal- 4|
ion relation, an experiment was carried out in 2L /
which the other experimental variables, except 8ok
reagent concentration, remained constant. The
results are shown in Fig. 3a. Above a reagent to 60 | /
40+ .

metal-ion excess of 2:1, no variation took place in
the analytical signal. The stoichiometry in the
Hg(l1)-5-Br-PADAP-PONPE 5 system was deter-
mined using the molar ratio method. The complex
was found to have a stoichiometry of 2[%-Br- —
PADAP: Hg(I)]. 0 bt : : ' '

0.0 05 1.0 15 20 25 3.0
% Ethanol

20 -

Cloud point temperature (°C)

3.1.3. Effect of buffer concentration and ionic

strength Fig. 2. Effect of the ethanol concentration on cloud point tem-
Sodium tetraborate buffer agent was chosen asperature for the system, PONPE 5-ethanol-water.obe iso-

optimal. The system was studied within sodium tropic phase; 2I_=two_isotropic phases, th_e_cloud point _is

tetraborate  concentration range: < HO—4— dCetermlngd by obser\ﬁng the onset of turbidity upon heating.

- _ L o ondition: [PONPE %=0.1% (v/v).

5X10°2 mol I"* and ionic strength within the

range: 0—1 mol 1! , adjusted with NaCJO . The tetraborate concentration of510~2 mol I"* and

best performancehigher extraction percentage; ionic strength 0—0.35 mol* . For ionic strength

optimal stability; lower equilibration time and ease higher than 0.4 mol 1 , a quantitative phase

of phase separatidnwas achieved for a sodium separation was not possible.

RA-M

: L Gas ]
H-C-C ' Controller [
P D
1
w ,
—_— i
: L
= R
Py H S w '
- i
C——+t--|— o} w KR E ------------------
SnCl, bommmmmmmmomnennaend G-L
B Separator
We—1--|

Fig. 1. Schematic diagram of the instrumental setup. RA—M: Reagent adding and niikh@yC: heating, centrifugation and
cooling, SE: supernatant removing, S: sanislefactant-rich phas€50 1)+ 100 | de ethanol-50 .l HNO;], C: carrier solution
[HCI: 5% (v/v)], A: Ar (flow rate: 0.5 | min'%), W: waste, P1, P2: peristaltic pumps, V: injection valve, H: heaf®@°C), L:
Sample loop(100 wl). Valve positions:(a) sample loading(b) injection.



370 J.C. de Wuilloud et al. / Spectrochimica Acta Part B 57 (2002) 365-374

(a) (b)
100 -
100 b by 3 3
1 I b 80
—_ 9
qQ <
Eal P
& 2 e}
5 2
& 80} 3
7] -
[ o 40}
- 2
] L
® ® 20
+4 r
60 -
0
1 1 1 " 1 " 1
45 6,0 75 9,0 10,5 12,0
1 i 1 1 1 " 1 A 1
0 50 100 150 200 250 pH

5-Br-PADAP/Hg(11)

()

100 -

Relative response (%)

1 N 1 Il 1 N 1 " L 1

000 025 050 075 100 125 1,50
Surfactant concentration (%(v/v))

Fig. 3. (a) Effect of chelating reagent excesb) Effect of pH. Each desired pH was obtained with additions of suitable amounts
of diluted HCI or NaOH.(c) Effect of surfactant concentration. Other conditions are given in Table 1.

3.1.4. Effect of pH observed for a surfactant concentration higher than
The effect of pH upon the complex formation 0.07% (v/v). In order to achieve a good enrich-

of Hg-5-Br-PADAP was studied within the range ment factor, 0.1%v/v) was chosen as optimal.
of pH 5-12. The results are shown in Fig. 3b. As

can be seen, the complex extraction begins at pH o .
6 and starts to decrease at pH 9.7, showing a 3-1.6. Effects of equilibration temperature and time

plateau for the range pH 8.3-9.5. The enrichment factor is affected by equilibra-
tion time and temperatul28]. Therefore, these
3.1.5. Surfactant concentration parameters were studied within the ranges: 25-70

The variation of extraction efficiency upon the °C and 2-30 min, respectively. The cloud point
surfactant concentration was examined within temperature of the system under study is’C5 A
range: Cponpe =0.025-1.5%(v/v). The results  temperature of 60°C was selected in order to
are shown in Fig. 3c. Quantitative extraction was achieve the minimum equilibration timé& min),
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to avoid complex decomposition and to reach the
optimal enrichment factor. 100 -

3.1.7. Effect of centrifugation time 8ok
A centrifugation time of 5 min at 3500 reV.
min was selected as optimum, since complete
separation occurred for this time and no apprecia-

ble improvements were observed for longer times. w0l

Relative response (%)

3.1.8. Efficiency and enrichment factors for CPE

An extraction percentage higher than 99.9% was
achieved when the procedure was carried out under 0 o
the optimal experimental conditionéTable 1. 10 20 3 40 5 60 70 8 90 100
Consequently, the enrichment factor achieved for Temperature (°C)
this system was 200-fold.

20 -

Fig. 4. Effect of temperature on cold vapor generation from

3.2. Study of the FI-CV system variables surfactant-rich phase.

3.2.1. Surfactant-rich phase conditioning be verified that the best signal-to-noise ratio was
Due to the high viscosity of the surfactant-rich obtained with a concentration of 2%/m Higher
phase and the need to decompose the Hg-5-Br-concentrations of the reductant agent did not lead
PADAP complex, the micellar phase had to be to important signal changes. Hence, the above
conditioned before its introduction into the FI-CV  mentioned SnGl concentration was adopted as the

system. Hence, 10Q.1 of ethanol and 50ul of working concentration.

HNO; (conc) were added to 250ul of the The carrier solution(HCI) concentration that

surfactant-rich phase. The resultant solution and was most suitable and compatible with the system

the sample loop were thermostatized at°60 of cold vapor generation was studied. The results
obtained showed that the maximum response for

3.2.2. Optimization of the FI-CV-ICP-OES system the system was obtained at concentrations above

The cold vapor generation parameters from the 4.5% (v/v) HCI. Therefore, 5%(v/v) HCI was
surfactant-rich phase were carefully studied in adopted as the working concentration.
order to reach the conditions of maximum sensitiv-  Fig. 4 shows the influence of the temperature
ity. The optimization of the cold vapor parameters on the analytical response. No appreciable changes
was performed from the surfactant-rich phase were observed for temperatures higher thart@8
obtained after the pre-concentration by CPE of 50 A cold vapor generation temperature of 80 was
ml of an aqueous solutiofCyq,=50 pg |71 chosen as optimal.

The use of NaBH as a reducing agent produced A 200-cm knotted reactor was used in order to
a significant quantity of foam during the cold reach an efficient mix up of the surfactant-rich
vapor generation from the surfactant-rich phase, phase with the reductant solution as well as the
which diminished the reproducibility of the tech- optimal cold vapor generation temperature.
nique. The use of anti-foaming agents was studied Substantial operative improvements were
in order to avoid this problem, but unsatisfactory attained with the home made gas-liquid separator
results were obtained, so SpCl was chosen as aused for the separation of mercury vapor compared
reductant agent This reductant showed satisfactoryto the classical commercial model; including sen-
results. The SnGl concentration was an important sitivity and lower memory effects. These could be
parameter to be optimized because cold vapor ascribed to the lower dead volume of proposed
generation should be carried out in the presence model, and the methodology used for waste
of higher concentrations of organic matter. It could extraction.
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Table 2
Method validation

Aliquots Base value Quantity of Hg Quantity of Hg Recovery
(ng 1™ added(p.g I7) found (g 1™ (%)

1 - 0.00 0.5@-0.02 -

2 0.50 0.50 0.98 96

3 0.50 1.00 1.49 99

4 0.50 3.00 3.54 101

5 0.50 5.00 5.53 100

2100x [(Found—basé /added.

4, Interferences 6. Method validation

The effects of representative potential interfering ~ In order to validate this method, 500 ml of tap
species were tested. Thus, Cu ,2Zn ,2cd , Water were collected and divided into 10 portions

Ni2*, Co?*, Mr®* and F&* could be tolerated " of 50 ml each. The proposed method was applied
up to at least 200Q.g |-, Commonly encountered to si>_< portions and the average quantity of mercury
matrix components such as alkali and alkaline pbtalned was taken as a base value. Then, increas-
earth elements generally do not form stable com- iNg quantities of mercury were added to the other
plexes and are not CPE-extracted. The value of &liquots, and mercury was determined following
the reagent blank signal was not modified by the the recommended procedu€gable 2. Addition-
presence of the potentially interfering ions assayed. &Y. the proposed method was applied to a standard
A high concentration of 5-Br-PADAP reagent was reference material, QC METAL LL3 mercury in
added in order to guarantee the complete chelationWater, With a mercury content of 6.48.51 pg

: - |~ Using the proposed method, the content of
of the analyte even in the presence of interferents. ) ; . ’
yie even | P ! mercury determined in this CRM was 6.40.21

) wg 171 (£95% confidence intervah =6).
5. Analytical performance
7. Determination of total mercury in tap water
The relative standard deviatigR.S.D) resulted
from the CPE-FI-CV-ICP-OES analysis of 10 rep-  The method was applied for mercury determi-
licates of 50 ml solution containing 0.pg 171 nation in six different samples of drinking water
Hg(ll) was 3.4%. The calibration graph was linear taken from different points, but all from the same
with a correlation coefficient of 0.9998 at levels city, San Luis, Argentina. The concentrations were
near the detection limits up to at least p@ =2 in the range 0.47-0.58.g 1-* of mercury; 95%
The detection limit(DL) was 4 ng t*, calculated confidence interval 0.02.g |~*. Our obtained
as the amount of mercury required to yield a net results are in good agreement with the mean
peak was calculated considering three times the mercury concentration of 0.3@g |~ * reported by
standard deviatiofS.D.) of the background signal ~ Navarro et al.[33].
(30).
The overall time required for loop loading, 8. Conclusions
injection, and FI signal development was approx-
imately 30 s. Thus, the number of determinations Some of the advantages of the use of micellar
per h was approximately 120. By means of CV, systems, comparing their efficiencies with similar
an enhancement factor of 100 was achieved respectextraction systems using conventional procedures
to ICP-OES using pneumatic nebulization, while with organic solvent434,35, include experimen-
the enrichment factor was 200-fold. tal convenience, low cost and enhanced analytical
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sensitivity due to the fact that the pyridylazo
complex can be easily extracted from the bulk
agueous solution into the much smaller volume
element of the surfactant-rich phase following
phase separation. The results for this work dem-
onstrate the possibility of using the 5-Br-PADAP-
PONPE-5 system for the pre-concentration of
mercury, since the Hg-5-Br-PADAP complex was
gquantitative extracted, and an enrichment factor of
200-fold was obtained. A fast and quantitative
generation of cold vapor from the surfactant-rich
phase was obtained. The pre-concentration method
coupled to mercury cold vapor generation allows
mercury determinations in tap water samples at
levels of Hg as low as ng ! with good accuracy
and good reproducibility.
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