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ABSTRACT

This work exploits a multi-syringe injection analysis (MSFIA) system coupled with a long liquid waveg-
uide capillary cell for the spectrophotometric determination of zinc and copper in waters. A liquid
waveguide capillary cell (1.0 m pathlength, 550 wmi.d. and 250 p.L internal volume) was used to enhance
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1. Introduction

In recent years, due to the increase of pollution strictly con-
nected with human activity, quantitative routine analysis has been
in focus. Flow analysis systems, especially in water analysis, are
very suitable for this purpose because of increased accuracy, good
reproducibility, precision, equipment cost, elevated throughput,
simplified sample handling, reduced contamination risks, high
degree of automation and reduction in the consumption of sam-
ples/reagents and in effluent production [1,2]. Within the various
flow methods, one of the most recent is MSFIA. It was first proposed
by Cerda et al. [3] and along with other flow analysis techniques, it
presents versatility, robustness, high sample throughput and low
consumption of reagents and samples [4]. MSFIA combines the
multi-channel operation of flow injection analysis with the ability
to select the required volume of sample and reagents for analy-
sis, a characteristic feature of sequential analysis (programmable
flow) mode. Therefore, MSFIA can be an advantageous alternative
to downscale environmental monitoring assays.

Zinc and copper ions are essential for normal physiological pro-
cesses of living organisms [5]. In humans, zinc is the second most
abundant transition metal ion, acting in several biological systems
and is also a cofactor in diverse biochemical processes of bacte-
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the sensitivity of the detection. The determination for both ions is based on a colorimetric reaction with
zincon at different pH values. The developed methodology compares favourably with other previously
described procedures, as it allows to reach low detection limits for both cations (LODs of 0.1 and 2 pg L1,
for copper and zinc, respectively), without the need for any pre-concentration step. The system also pro-
vided a linear response up to 100 wgL~! with a high throughput (43 h~') and low reagent consumption
and effluent production. The developed work was applied to natural waters and three certified reference

ria and plants [6]. It is an essential nanonutrient in ocean surface
waters and can be present in organically complexed and in phyto-
plankton integrated forms [7]. Copper also plays an important role
as a component of some oxidoreductases in the growth of phy-
toplankton [8] as well as in most living organisms [9]. Excessive
amounts or defects in intake of both ions cause several possible
alterations to physiological processes [5,10]. In humans, the maxi-
mum daily intake of 0.5 and 1.0 mg kg~ was established, for copper
and zinc, respectively [11]. Excessive amounts of zinc found in
the environment can have diverse origins: domestic, metallurgy
galvanising, alloy manufacturing, agricultural, clinical, geological,
pharmaceutical products [12,13] and copper is often connected to
effluents from septic tanks and municipal wastewaters, discharges
from power plants as well as leaching from antifouling paints and
pressure-treated docks pilings [14-16]. Moreover, both ions are
often found together in many samples of distinct nature [17,18]
and this reason justify the development of a low cost method able
to determine both ions at low levels.

There are several methods for the determination of both ana-
lytes or just a single one. Within the methods used for the
determination of both analytes in waters, the majority are based on
spectrophometry [10,11,17-22], but voltammetric detection was
also employed by Shams et al. [11] and Suteerapataranon et al.
[23]; this technique can have limitations in the zinc determina-
tion due to hydrogen wave interference in acidified samples along
with the incapacity to detect Zn at natural pH (near 8) at which Zn is
strongly connected to organic ligands [7]. There are also several ICP



MS methods for the analysis of both analytes at low levels in blood
plasma and urine [24] and in seawater [25], with the associated
high maintenance costs of this detection system.

For zinc alone a variety of methods using different detection
approaches like electrothermal atomic absorption spectrometry
[5], flame atomic absorption spectrometry [26], fluorimetry [6,7],
ICP MS [24,25], chemiluminometry [27], and voltammetry [11,23]
were proposed.

There are also several methods for copper determination using
different detection techniques as fluorescence [28], chemilumines-
cence [29], spectrophometry [30], ICP MS [24,25,31], voltammetry
[32], atomic absorption spectroscopy [33], and flame atomic
absorption [34].

Regarding flow analysis techniques, most systems use spec-
trophotometric detection since the colorimetric procedures are
simple, fast and robust; however, to reach the trace levels of ele-
ments targeted in this case, a preconcentration step is commonly
necessary (18,21).

To avoid the use of a more complex experimental set-up, in this
work we propose to use a liquid waveguide capillary cell (LWCC),
where the optical pathlength is increased without light attenuation
[35]. The light is carried in and out of this detection cell by means
of optical fibers. Inside the LWCC light undergoes total internal
reflection on the walls as the light conducting path is transparent
in the wavelength of interest and has a refractive index higher than
that of the wall materials, as a result light is kept in the optically
denser core. The potential to exploit this equipment was only pos-
sible since 1993 with Teflon AF-2400 (DuPont Fluoroproducts, DE,
USA). This polymer is mostly transparent throughout the UV and
visible range with refractive index (1.29) lower than water (1.33),
chemically stable and inert [36].

To sequentially quantify copper and zinc, an option was made to
use the colorimetric reagent zincon that reacts with both analytes at
different pH values. The values of the equilibrium constants for the
Zn-zincon and Cu-zincon complex are highly pH dependent. The
pK values for the Zn-zincon complex are 7.9 and 0.6 at pH 9 and 5,
respectively, showing that complexation of Zn at pH 5.0 is insignif-
icant; whereas the formation of Cu-zincon complex is favoured at
pH5.0[18]. With this work, we also attempted to reach low levels of
determination for both analytes in natural waters with low reagent
consumption in a low cost system with elevated throughput. With
all the apprehension and information about environmental prob-
lems, green chemistry approaches should be in focus. With this
aim, an MSFIA system was used to automate sample handling and
transport to LWCC in order to detect and quantify low levels of zinc
and copper in waters. The methodology is based on the sequen-
tial determination of the two analytes based on their complexation
with a common reagent at different pH.

2. Experimental
2.1. Reagents and solutions

All solutions were prepared with analytical reagent-grade
chemicals and deionized water. Copper (II) and zinc (II) stock stan-
dard solutions (100 mg L~!) were prepared by diluting 1000 mg L~
of the respective atomic absorption standards (Spectrosol) in
0.01 molL-! HCI solution. Daily working standard solutions of
1mgL-! for both analytes in 0.01 molL~! HCl were prepared in
the range of 10-100 wgL~! in 0.01 mol L~! HCl solution.

Three certified reference water samples (NWRI-TM-24.2, NIST-
SRM 1640 and ERM-CA021a) were analysed in order to evaluate
the accuracy of the developed method.

All solutions used in interference studies (Fe, Mn, Cd, Al, Pb)
were prepared by diluting commercial atomic absorption standards
(Spectrosol).

Fig. 1. Multi-syringe flow injection analysis manifold for the determination of zinc
and copper in waters, MS, multi-syringe module; Si, syringes, Vi, solenoid valves;
SL, sample loop (400 wL); r, reaction coil (200 cm); ci, confluences; LWCC, detector
(100 cm of optical path, 620 nm); CP, computer; W, waste; S, sample or standard;
Bcy: copper buffer solution (sodium acetate); Bz, zinc buffer solution (boric acid);
R, colour reagent (zincon).

Zincon (CpoH15N4NaOgS-H,0) 4.6 mmolL-! reagent solution
was prepared by dissolving 0.22 g of the solid in 0.02 mol L-! NaOH
solution. A daily 4.6 x 10-2 mmol L~! zincon solution was prepared
by diluting the reagent solution prepared above in 0.02 molL~!
NaOH solution.

A 0.2molL~! sodium acetate buffer for copper determination
was prepared by dissolution of the corresponding quantity of solid
and the final pH was adjusted with acetic acid to 5.0.

A 0.25mol L' boric acid solution was prepared by dissolution
of the solid in a solution containing 0.05molL~! potassium chlo-
ride and 0.5 mol L~! NaOH with the final pH adjusted with sodium
hydroxide to 9.0.

2.2. Apparatus

In the flow system, solutions were propelled through a multi-
syringe burette (Crison Instruments, Allela, Spain). The device uses
a multiple-channel piston pump, containing up to four syringes,
driven by a single motor, controlled by computer software through
a serial port. Three-way commutation valves were connected at the
head of each syringe. Two 10 mL syringes were placed in position
1 and 2 and two 2.5 mL syringes were placed in positions 3 and 4.
Hamilton (ref. 81620 and 81420) glass syringes were used. The pis-
ton movement is divided in 16,000 steps, therefore the minimum
volume delivered was 0.62 p.L for the 10 mLsyringes and 0.16 L for
the 2.5mL syringes. For all solenoid valves, the exchange options
were classified in on/off lines. The “on” line was assigned to the
flow network and the “off” line to the solution flasks (represented
with a solid line and dotted line, respectively on Fig. 1). The com-
mutation valves used in this work had an internal volume of 27 L,
measured from the bottom of the ports (NResearch, Caldwell, NJ,
USA Ref. 161T031). All tubes connecting the different components
of the set up were made of PTFE (Omnifit, Cambridge, UK) with
0.8 mm id and end fittings and connectors were also used (Gilson,
Villiers-le-Bel, France). The sample loop (SL) and the reaction coil
(r) were 80 and 200 cm long, respectively.

A personal computer Pentium II, running SCIWARE (Palmanyola,
Mallorca, Spain) Auto-analysis software (version 5.0.3.5) controlled
the multi-syringe operation (direction of piston displacement,
number of steps and position of all commutation valves).



The spectrophotometric measurements were carried out at the
wavelength of 620 nm.

As detection system, an Ocean Optics PC2000-ISA (Dunedin, FL,
USA) spectrophotometer, a pair of 200 wm fiber optic cable, a DH-
2000 deuterium halogen light source (Top Sensor Systems, Eerbeek,
The Netherlands) and a liquid waveguide capillary cell (LWCC 2100,
World Precision Instruments, Sarasota, USA) (1.0 m pathlength,
250 pL inner volume, 550 pm inner diameter) was used.

Data acquisition was performed by Auto-analysis computer
software.

2.3. MSFIA configuration and procedure

The MSFIA system (Fig. 1) was designed to allow the deter-
mination of copper and zinc in waters at low levels. In order to
attain this objective, a LWCC was coupled to the MSFIA mani-
fold. Four solenoid valves were included in the set-up. The sample
introduction from one of the syringes by impulsion would require
cumbersome washing steps of the syringe itself to avoid contam-
ination between consecutive solutions. For that reason, additional
solenoid valves (V5, V6) were attached to the system to accom-
modate the aspiration based sampling. The volume of the sample
introduced was controlled by the length of the sample loop placed
between V5 and V6. Confluence (c,) was added to promote mixing
between the sample and the buffer solution. The solenoid valve V7
was used for the introduction of the sample or standard solution
and V8 for the selection of the buffer solutions.

The protocol sequence is listed in Table 1. The first step consists
of aspirating 1.0 mL of the sample/standard and respective buffer
solution to the sample loop. Afterwards, the mixture contained in
the sample loop (SL) was propelled with the carrier to the con-
fluence (cq) where a portion of the colour reagent (0.25 mL) was
introduced downstream. In the final step, the resulting mixture was
transported to the detector.

The calculation of the analytes concentrations was based on the
following procedure. Calibrations curves were traced at pH values
of 5 and 9. At pH 5, copper standards in the range 10-100 pgL~!
were introduced in the flow system and the copper sample concen-
tration was estimated by interpolation. Then, at pH 9 (equivalent
sensitivity for copper and zinc), a calibration curve was established
with zinc standards in the same working range and, by interpola-
tion, the sum of the molar concentrations of both ions was obtained.
Therefore, the zinc sample concentration can be assessed by the
difference.

At the end of a working day, the LWCC was washed consecu-
tively with HCI (0.05 mol L-1) and NaOH (0.05 mol L-1) solutions in
counter current.

3. Results and discussion
3.1. Study of physical and chemical parameters

Several physical parameters such as flow rate, sample and
reagent plug volumes along with chemical parameters, for instance
reagent concentrations, were studied in order to optimise the sys-
tem. The univariate method was used, where only one parameter
was changed while others kept constant.

Initial studies were carried out to optimise the physical param-
eters for the zinc determination since the objective was to use the
same system (manifold) for both determinations and this assay
has lower sensitivity. Previous experiments with LWCC equipment
allowed to conclude that its applicability is limited by the blank
absorbance values of the solutions [37]. For this reason, this study
was focused on increasing sensitivity while maintaining low blank
absorbance values. The sample loop (SL) volume was varied within

250-650 L. It was noticed that sensitivity and the blank values
were higher with the increase of the volume. A good compro-
mise between the sensitivity and the blank values was achieved
at 400 pL. The effect of reaction coil length was studied over the
range of 50-200 cm. The sensitivity increased through the range
studied, although between 125 and 200 cm, the blank signal sta-
bilised; therefore, 200 cm was selected. The influence of the reagent
plug size was also studied between 125 and 500 L. This study was
carried out by changing the time interval that the valve 3 was kept
open. Under these conditions, the volume of 250 pL was chosen,
since for higher volumes the sample dilution effect became more
considerable and sensitivity did not increase any further.

The monitoring wavelength was varied within 615-625 nm and
620 nm allowed the best sensitivity. An attempt to reduce blank
values was made by subtracting the absorbance values registered
of several wavelengths between 650 and 800 nm in order to reach
lower detection limits. None of them improved sensitivity; there-
fore no absorbance subtraction was carried out.

With regard to the first analytical step, the aspiration of sam-
ple/standard with respective buffer solution, it should be stated
that a larger portion (1 mL) than the capacity of SL (400 L) has
to be aspirated in order to promote a better mixture. Mixing was
assumed to be satisfactory if repeatability of the signals yielded
RSD values lower than 5%. The effect of the aspiration flow rate for
the first step (Table 1) was tested in the range of 1-15mLmin~1,
and 5mLmin~! presented good mixing. The flow rate in the sec-
ond and third step of the analytical cycle was varied between
1.5-4.5 and 2-5mLmin~!, obtaining the best sensitivity at 2.25
and 4mLmin~!, respectively.

The influence of chemical variables was also studied in order to
improve the system performance. Firstly, the reagent concentration
was tested over the range of 4.625 x 107 to 4.625 x 10~* mol L~!
and the best sensitivity was obtained with a 4.625 x 10~> mol L1,

The concentration and the pH of the borate buffer were also
studied for the zinc determination. The concentration was stud-
ied within 0.04-0.5mol L~ and 0.25 mol L~! was chosen, since for
higher levels, the sensitivity remained constant. In literature, dif-
ferent pH values were referred for the zinc determination. This
colorimetric reaction can be carried out at pH values between 8
and 10. In the present study the best sensitivity was obtained at pH
9.0. Abatch study was performed by mixing the same sample/buffer
proportions (1:1) in a scaled up volume, in order to prove that the
concentration chosen was high enough to ensure a final sample
solution pH around 9.0 units.

Regarding the chemical variables for the copper determination,
only the concentration of the buffer solution needed to be tested.
Thus, the effect of the concentration of sodium acetate solution was
studied within 0.05-0.5mol L~!. The best sensitivity was obtained
for a concentration of 0.25molL-1. At higher concentrations the
sensitivity of the system kept constant. The pH of this buffer solu-
tion was set to 5.0 units to minimise the formation of the Zn-zincon
complex.

3.2. Interference studies

Several possible interference ions were tested in the determina-
tion of zinc or copper. Deviations higher than +5% of the absorbance
level of the respective standard (20 wgL~!) were considered as
interference. The ions studied in this experiment were Fe3*, Cd%*,
Pb2*, AI3* and Mn?* at concentrations of 20, 40, 200, 1000, 2000 and
20,000 wgL-1, respectively (Table 2). Sodium citrate is referred in
the literature as a masking agent used in buffer streams with the
aim of avoiding interferences from iron, aluminium and manganese
[18]. Therefore, the use of sodium citrate was tested: it was incor-
porated in the buffer solution for the zinc determination and the
interference of several ions was significantly reduced although the



Table 1
MSFIA protocol sequence for the determination of zinc and copper in waters.

Step Piston Position of solenoid valves Volume Flow rate Action
movement (mL) (mLmin~")
V1 V2 V3 V5 V6 V7 V8
1 Pick up 0 1 0 1 1 1 12/0P 1.0 5 Aspirate sample and buffer
solution
2 Dispense 1 0 1 0 0 0 0 05C 15C Propel carrier and colour
0.25R 0.75R reagent to the detector
3 Dispense 1 0 0 0 0 0 0 2.0 4 Propel the mixture to the

detector and signal registration

C, carrier; R, colour reagent; 0, off; 1, on.
2 Copper buffer solution.
b Zinc buffer solution.

Table 2
Study of interfering species expressed as relative deviation from the absorbance
value obtained for the standard solution of 20 wg L' of copper or zinc.

Species Copper Difference Zinc con- Difference (%)
tested concentration (%) centration
(pgl™) (ngl™)

Iron 40 +5.3 200 +3.6
Aluminium 2000 -49 200 +4.9
Cadmium 20,000 +4.8 40 +5.1
Manganese 200 +4.8 20 +3.3

Lead 20,000 +5.1 1000 +54

sensitivity dropped a lot. Therefore, it is not an efficient solution to
reach low concentration levels and so the use of sodium citrate was
discarded. For copper determination, the major interference was
from iron at a level two times higher followed by manganese at a
level ten times higher. The iron interference can be masked by the
addition of ferrozine. Manganese levels in fresh, river and seawa-
ter samples are lower than the tolerated concentration for copper
determination [38]. For zinc determination, manganese interferes
at the same level of concentration and cadmium at a level two
times higher. Aluminium and iron interfere at a level hundred times
higher. Copper determination was less susceptible to interference
from the species tested than the zinc determination.

3.3. Figures of merit

The overall features achieved for both determinations are sum-
marised in Table 3. The limit of detection (LOD) and limit of
quantification (LOQ) were calculated as the concentration corre-
sponding to three and ten times the standard deviation of the blank,
respectively [39]. The linear ranges obtained for both species were
similar.

Table 3
Figures of merit of the developed method.
Parameters Values
Zinc Copper
Detection limit (pgL™") 2 0.1
Quantification limit (ugL~") 4 0.8
Working range (pgL-1) Up to 100 Up to 100
Determination rate (h~1) 43 43
Reagent consumption per assay (mol)
Zincon 0.01 0.01
Sodium acetate - 140
Boric acid 18 -
Potassium chloride 7 -
Sodium hydroxide 35 -
Waste produced per assay (mL) 3.75 3.75

3.4. Application to water samples

The developed system was applied to the determination of zinc
and copper in different types of water samples in order to assess
its accuracy.

Firstly, recovery tests were prepared using both species in differ-
ent types of water samples: surface (sea), ground (well and spring)
waters. Table 4 summarises the results obtained at three levels
of additions (4, 10 and 20 ugL~1) for both species. The recovery
results obtained are very acceptable although for zinc determina-
tion the standard deviations are higher than for copper. During the
experiments using the proposed method some differences were
noticed between the behaviour of the two species. For example, in
the zinc calibration curves the absorbance signal obtained for con-
secutive injections of concentrations higher than 50 wgL~!, was
constantly increasing, and when the blank solution was injected
once more, the absorbance signal was higher compared to the ini-
tial injection. However, after cleaning the LWCC with HCI solution
0.5molL-! the blank signal was reduced to the initial value. This
effect could be explained by the formation of precipitates in the
solutions and their accumulation at the LWCC walls. We must keep
in mind that the buffer solution used for zinc determination has pH
9.0 and the internal diameter of LWCC has 0.6 mm. At this reaction
pH, in natural water samples, solubility problems may occur due to
metallic hydroxide species and the repeatability of the analytical
signal can be deteriorated [18]. Before analysing certified reference
water samples, studies were carried out on the reaction response to
the presence of both analytes. As above mentioned, at pH 9.0 zincon
reacts with both analytes, therefore a comparison study using equal
molar concentrations of zinc standards and copper with zinc stan-
dards (mixed standards) was performed. The equation obtained
with zinc standards and with zinc and copper standards (mixed
standards) is Absgygnm =0.502 (£0.063) Cz, +0.272 (4+0.052) and

Table 4
Results obtained for recovery tests with zinc and copper in different types of water.
Analyte Sample Recovery (%)?
number
Concentration added
4pgl! 10pgl! 20pgl!
Zinc 1 102 £6 96 + 4 103+ 6
2 96 + 6 93 +2 104 + 6
3 94 +7 107 + 9 104 + 3
4 104 £ 4 107 £5 105 £ 1
Copper 1 97 £ 2 100 + 2 102 +1
2 102 £1 102 +£1 103 +£1
3 102 £3 99 +1 104 £ 1
4 9945 95+3 94 +1

1, well water; 2, spring water; 3, groundwater; 4, seawater.
@ Mean and standard deviation of 5 replicates.



Table 5
Results obtained for the determination of copper and zinc in three certified reference
water samples.

Sample Copper (pgL1) Zinc (pgl™)
MSFIA-LWCC  Certified MSFIA-LWCC  Certified
valued valued
ERM-CAO21a 2028 + 502 1975 + 54 669 + 2312 514+ 9
NIST-SRM 1640 87 £ 2b 852 + 1.2 67 + 6P 532+ 1.1
NWRI-TM-24.2 8.2 +0.2¢ 7.3 + 0.1 22.8 + 2.8 20 £ 0.5

2 Standard deviation (n=20), dilution 50 times.
b Standard deviation (n=10), dilution 5 times.
¢ Standard deviation (n=10), no dilution.

4 Mean and associated uncertainty.

Absga0nm =0.471 (£0.049) Czpcy +0.286 (£0.041), respectively. The
equation values obtained for the two standard curves show no sig-
nificant difference, indicating additive behaviour. At pH 9.0 when
separated standard solutions of zinc and copper are analysed equiv-
alent sensitivities were obtained. When zinc standard solutions
were analysed at pH 5.0 the absorbance values obtained for all the
standards are equal to blank absorbance value, demonstrating that
there is no reaction between zinc and zincon at this pH.

Therefore, when the two analytes are simultaneously present
in the sample, Cu(II) concentrations can be assessed directly from
calibrations performed at pH 5.0, while the quantification of zinc
has to be based on the already defined copper concentration and
on the calibration curve established for Zn at pH 9.0.

The developed system was applied in the quantification of Zn
and Cu in three certified reference water samples: NWRI-TM-
24.2, NIST-SRM 1640 and ERM-CAO021a. The results obtained are
summarised in Table 5. Two out of the three reference materi-
als analysed had certified concentration values higher than the
upper limit of application range, therefore dilution of these sam-
ples was needed. From the results obtained several conclusions
can be pointed out. First, the quality of the results (RSDs) obtained
for copper determination is better than the ones obtained for zinc
determination and it should be reminded that the errors in the
determination of zinc are affected by the deviations obtained in
copper determination. Second, the copper determination does not
seem to be affected by the different degrees of dilution while in the
zinc determination the standard deviations obtained are increasing
with the dilution.

4. Conclusions

The proposed work provides a good alternative for the spec-
trophotometric sequential determination of copper and zinc at low
levels in a simple and low cost way with elevated throughput and
low reagent consumption (green chemistry approach). Compar-
ing to other previous flow methods displaying similar working
ranges, the manifold is simpler as it was not necessary to use
a pre-concentration step to reach such low levels of both met-
als. The present strategy is the first one in the literature to use
the LWCC detection cell for the determination of the two ana-
lytes and underlines the usefulness of this detection cell for the
simultaneous determination, even at this low concentration lev-
els.

The developed work compared well with other spectrophotho-
metric flow methods using the same reagent as can be concluded
from Table 6 (in electronic supplementary information). It presents
several advantages as low detection limits achieved without a pre-
concentration unit, low reagent consumption, high sampling rate
and it was successfully applied to different water types. Analyti-
cal characteristics of other applications, using different detection

modes, like voltammetry [11,23]; molecular spectrophotome-
try [12,16,22,40-42,44-46] atomic absorption spectrophotometry
[5,34], fluorimetry [6,7] and chemiluminometry [43] are presented
in a form of a table (Table 7) within the electronic supplementary
information. The table allows us to conclude that in those envi-
ronmental samples where trace levels of these metals have to be
assessed only luminometric assays [6,7,43] give a comparable alter-
native (in terms of potential portability and detection limits) to the
one presented here.
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