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In order to reduce the sample consumption and waste generation for electrochemical purposes, a
screen-printed electrode (SPE) used for electrodeposition of bismuth film (SPE-BiFE) and a thermostated
electrochemical flow cell (EFC) were developed. The SPE-BiFE with the EFC was employed to determine
Cd?* and Pb?* ions in natural, wastewater and tap water samples by square-wave anodic stripping
voltammetry (SWASV). For this, the flow-batch analysis (FBA) approach based on solenoid micro-pumps
and three-way valves was developed to carry out a fully automated procedure with temperature control.
Furthermore, the FBA and the SWASV parameters were optimized, on line simultaneous determination
of Cd?* and Pb?* ions was performed and two analytical curves were linearly acquired in the concen-
tration ranges from 6.30 to 75.6 pg L~ and from 3.20 to 38.4 pg L™, respectively. Moreover, limits of
detection of 0.60 ugL~! and 0.10 pg L' for Cd®>* and Pb?*, respectively, were obtained. Studies of
precision for the same SPE-BIiFE and repeatability for five built SPE-BiFE were carried out for Cd>* and
Pb%* ion measurements and RSD of 4.1% and 2.9% (n=3) with repeatabilities (n=>5) of 6.5% and 8.0%
were respectively obtained for both analytes. Besides, a low consumption of 700 uL of reagents and a
sampling frequency of 13 h~! were acquired. Simplicity, fast response, accuracy, high portability,
robustness and suitability for in loco analyses are the main features of the proposed electroanalytical
method.
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1. Introduction SPEs are interesting because of their cost-effectiveness, since

they can be manufactured on a large scale whilst minimizing

According to green chemistry and environmentally-friendly
research, electrochemical and electroanalytical experiments have
to advance in order to reduce the generation of waste and
chemical consumption [1]. To reach this goal, a miniaturization
of the apparatus and/or devices seems to be moving forwards. In
this context, different models of electrochemical cells and electro-
des have been widely developed and described in the literature
[2]. For this purpose, the use of miniaturized electrodes such as
screen-printed electrodes (SPE) or microelectrodes is desired. In
fact, these kinds of electrodes are simple, practical, efficient and
low-cost when compared to the conventional electrodes that are
currently on the market [3].
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production costs and they can also be properly disposed of. There
are many types sold commercially: carbon graphite electrodes,
bismuth film electrodes (BiFE), carbon nanotubes, and carbon
nanotubes modified with enzymes (biosensors) [4]. Among these
electrodes, BiFE has also been used and provides good repeat-
ability, low residual current and high hydrogen overpotential [5].
Moreover, BiFE has the ability to form alloys at room temperature
with some metal cations such as Cd®*, Co®*, Ni2*, Sn?*, Ga®™,
TI*, Zn?* and Pb?™*, allowing its determination in low concentra-
tions, especially when anodic stripping voltammetry (ASV) has
been applied [5-9]. In addition, its low toxicity and low sensitivity
to dissolved oxygen in samples are very important for in loco
determinations [10].

The main advantage of using these electrodes is the possibility
of the miniaturization of the electrochemical cell [11], because the
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size of these cells is a few milliliters or microliters, making them
very attractive from economic and, in particular, environmental
points of view. In this context, Noyhouzer and Mandler [2],
Economou and Voulgaropoulos [8], Chuanuwatanakul et al. [12],
Henriquez et al. [13] and Ninwong et al. [ 14] demonstrated the use
of SPE with EFC and flow analysis techniques, especially flow
injection analysis (FIA) and sequential injection analysis (SIA) with
ASV as the detection technique. In general, these procedures
presented a sampling rate from 10 to 20 samples per hour, low
waste generation from 800 to 1200 pL and low limits of detection
in the range from 0.1 to 10 pg L~ ! when applying anodic stripping
voltammetry (ASV) for the determination of Pb?* and Cd2+.
Among these methods, several advantages were obtained such
as the minimal handling of solutions, good accuracy, and lower
consumption of reagents. Consequently, these approaches reduce
the cost per analysis compared to non-automated analyses [15,16].

A multicommutation in flow analysis (MCFA) proposed by Reis
et al. [17] is another flow approach which is widely applied in
automated analytical methods. In MCFA, the multicommutation
can be performed by controlling the switch on the three-way
solenoid valves (SV) while a propulsion unit (i.e. peristaltic pump)
is switched on. Another alternative is based on controlling the
solenoid micropumps (uP) as the propulsion device. By using the
uP, the solutions are selected and inserted into the carrier solution
(supporting electrolyte) of the flow system by controlling the
pulsation frequency. Moreover, in MCFA, distinct apparatus can be
inserted along the flow path, such as a mixture chamber. This kind
of chamber characterizes a flow method named flow-batch
analyses (FBA), which was developed by Honorato et al. [18]. By
using this apparatus, constructions of analytical curves, standard
addition methods, dilutions, and recovery studies can be easily
performed with better homogenization, mainly due to the use of
the mixture chamber.

In the literature, the in loco determination, especially in environ-
mental experiments, is encouraged. This kind of analysis is impor-
tant; however, there are few researches performing procedures in
the field, due to difficult environmental conditions, especially
temperature variations during the analyses [19]. The temperature
variation during experiments in loco can lead to very unsatisfactory
results [20]. In electrochemical and/or electroanalytical experi-
ments, temperature variations can affect the enzyme activity in
biosensors [21], repeatability in the production of thin films,
variations in diffusion coefficients and/or the mobility of the species
and/or analytes in solution [22,23]. Furthermore, the generation of a
temperature gradient between the electrode surface and the bulk of
the solution can significantly affect the mass transport, acting
strongly on the diffusion of analytes [24].

To overcome this drawback, a thermostated EFC was developed
to control the temperature of samples during the ASV determina-
tions. For this, an FBA system based on solenoid pPs was con-
structed for the on line and ex situ electrochemical deposition of
bismuth film and posteriorly to determine Pb?* and Cd2?* in
natural, wastewater and tap water samples by SWASV, employing
the screen-printed electrode based on bismuth which was devel-
oped for this purpose.

2. Experimental
2.1. Chemicals and samples acquisition

The buffer solutions acetic acid/acetate (0.2 molL~' pH 4.0
and pH 4.5), phosphate (0.2 molL~! pH 4.0 and pH 4.5) and
Britton-Robinson (BR) (0.4 molL~!, pH 2.0, 4.0 and 6.0) were
prepared and used in the supporting electrolyte studies. Solutions
of 0.02 mol L~ Bi(NO3)5 - 5H,0 in 0.15 mol L~ ! sodium citrate and

1.5 mol L~ ! HClI were used for the electrochemical deposition of
bismuth film [25]. Solutions of certified metal ions were from the
NIST (National Institute of Standards and Technology) (USA), and
1000 mg L~ ! of Pb?* and Cd?>* dissolved in 0.1 molL~! HNO;
were purchased from Merck®™ (Germany). Appropriate dilutions of
these standard solutions were prepared using acetic acid/acetate
(0.2 mol L~! pH 4.0 and pH 4.5) buffer solutions. A certified river
water (1643e Trace Elements in Water, NIST) contain 6.58 +
0.073 ugL~' Cd®>* and 19.63 +0.21 ug L~ ! Pb?* ions was used
for accuracy tests. Deionized water (resistivity > 1.8 M cm)
obtained from a Milli-Q system (Millipore®, USA) was used.
Furthermore, all reagents used were of analytical grade purchased
from Acros® (USA), Sigma®™ (USA) and Merck®™ (Germany).

The water samples were collected from the Monjolinho Lake in
Sdo Carlos (Brazil) at three distinct points. Some samples were
directly collected from the tap through the water distribution system
in Sdo Carlos (Brazil), Lisbon (Portugal) and Alicante (Spain). Other
samples were obtained from the pretreatment from the water
substations (SANEPAR, Brazil), from wastewater from the petrochem-
ical industry (Petrobras®, Brazil), and from the Fatima source in
Alicante (Spain).

The samples were previously collected in decontaminated flasks
cleaned with a solution of 15% (v/v) HNOs, packed in Styrofoam and
maintained between —5 and 5 °C. Then, all samples were filtered
through 045pum filter paper (Whatman®, USA) using a
vacuum pump.

2.2. Instruments and apparatus

The electroanalytical data were obtained using a portable potentio-
stat/galvanostat (Uniscan®, England) managed by UiEChen™ software.
Six solenoid micropumps (pP), model 120SP1220 (Coleparmer™, USA),
with a pumping capacity of 20 uL per pulse and three-way SV
(Neptune Research®™, USA), model 161TO31, were used. For the
activation of pPs and SV, an actuator board was designed to provide
12 VDC (direct current). This circuit was driven by a USB interface
model 6008 from National Instruments (NI*, USA) in which it was
coupled to a notebook (Semp Toshiba®™, Japan) model IS 1414 and
controlled by software developed in Labview®™ Professional 2011 (NI*,
USA). The polytetrafluoroethylene (PTFE) flow transmission lines with
0.8 mm id. and the two-way connectors of Teflon®™ were used. A
thermoelectric cell (Danvic®, Brazil), model HTC-40-03-15.4, a 12V
rechargeable battery with 7000 mA h~! (Unipower®, Brazil), a micro-
controller PIC 18F4550 model (Microchip®, USA), and an LM35
temperature sensor (Texas Instruments®, USA) were used [21]. A heat
press, model PTM 30 (Brazil) was used for the production of the
screen-printed electrodes. The counter electrode (CE) and the pseudo-
reference (pseudo-RE) were fabricated using conductive graphite ink
and conductive silver epoxy resin (Electron Microscopy Sciences®,
USA), respectively. The other parts of the SPE were fabricated using
copper from printed circuit boards (PCB).

2.3. SPE used for electrodeposition of bismuth film

The screen-printed technology was employed in fabrication the
electrodes [26], where some units were produced in the same lot.
The procedure was illustrated in scheme presented in Fig. 1.

1 IR0 A

Fig. 1. Sequence used to prepare the SPEs.

n SPE
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Fig. 2. Thermostated EFC design. PTFE tube with 0.8 mm i.d. coupled to the EFC used for inlet flow (1), TEC-Peltier (2), temperature sensor (3) and the blank Tygon™ tube or
an external CE with 3.0 mm i.d. used as the outlet flow (4) (A). Inside view from the bottom up of the EFC with details of the O-rings used to seal the base of the EFC (1) and
the SPE (2) (B). Tygon™ tube or an external CE (1), an external RE (Ag/AgCl (3.0 mol L~ KCl)) (2), a TEC-Peltier with a heat dissipation system composed of an aluminum
block and a fan (3), a pair of magnets (4) coupled to a motor axis (5) for mechanical agitation (C).

The design was developed in Coreldraw X3® (step 1) and
printed on transfer paper with a toner from a laser printer (HP
Laser Jet P2035n) and moved to a PCB by heating at 200 °C
for 4 min (step 2). Then, the copper layer was removed by
exposing the PCB to a saturated solution of iron perchloride for
20 min (step 3). Next, a mask made of adhesive tape was used to
coat the substrate for application of the conductive graphite ink
and conductive silver epoxy. Using a small brush, the CE and the
pseudo-RE were produced (step 4). Afterwards, the SPEs were
heated at 150 °C for 45 min to remove the solvent, aiming to
reduce the electrical resistance of these materials. Then, a thin
layer of epoxy resin (Araldite®, Brazil) was used to electrically
isolate the contacts from the SPEs (step 5). After drying the resin
for 4h, the electrodes were appropriately cut. Applying this
procedure, with a single board of 20 x 20 cm?, 65 SPEs were
produced. The dimensions of the SPEs were as follows: WE:
12.6 mm?, CE: 28.2 mm?, pseudo-RE: 9.0 mm?, width: 12.0 mm,
length: 40.0 mm.

The CE based on graphite ink and the pseudo-RE based on
conductive epoxy resin were manually applied. On the other hand,
the amounts employed were quantitatively measurements using
an analytical balance. The masks made of adhesive tape were
based on the CE and RE dimensions that cover just a limited area
under the SPE. However, the more critical step to produce the
SPE-BIiFE consists in the electrodepositing of bismuth film on
the copper substrate. In this step, the geometric area was delim-
ited through the copper substrate produced by screen-printed
technology and the amount of bismuth film was controlled by
chronoamperometric technique.

2.4. Thermostated electrochemical flow cell

In Fig. 2A, the developed EFC is shown, which was composed of
a poly(methyl methacrylate) block, which was machined to allow
coupling of a thermoelectric cell based on Peltier effect (TEC-
Peltier), an LM35 temperature sensor and a SPE for flow electro-
analytical analysis. In Fig. 2B, the EFC was filled from the bottom
up, employing a uP for one of the channels of 0.05 mm i.d. that
was at a tangent to the circumference base. The solution filling the
base of the EFC (1.77 cm?) comprised of TEC-Peltier, covering a
2.0 mm thick Teflon®™ magnetic bar with (2.0 mm width x 6.0 mm
length) (not shown), the SPE, and the temperature sensor, which
required 700 L in total. There was no direct contact between the
TEC-Peltier and the SPE, since a 3.0 mm layer of solution was
located between them. The internal volume of 700 uL was small
enough to allow procedures with detection in flow or to stopped-
flow technique. Fig. 2C shows the set-up where a stainless steel tube
was used in place of the Tygon™® tube (3.0 mm i.d.) as the external CE.
In addition, an Ag/AgCl (3.0molL~! KCl) external RE situated
perpendicular to the upper face of the EFC can also be used instead.
Thus, the EFC can be used with the SPE with three electrodes
embedded in the same device, or can be used with an external RE
and a CE from the SPE; as a result, the EFC has hybrid characteristics.

The seven 0.8 mm i.d. PTFE blue tubes penetrate into the EFC,
but before reaching the inner circumference, they are reduced in
length by 2 mm and 0.05 mm i.d., thereby preventing each tube
from crossing the inner circumference of the EFC.

Fig. 2B shows a 6.0 mm i.d. thermoplastic O-ring used to seal
the SPE; a piece of aluminum was used to hold and press the
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O-ring to seal the SPE (not shown), with a thermoplastic O-ring of
2.1 cm i.d. to seal the EFC in its base. A small magnetic bar was
needed to promote the mechanical agitation during the pre-
concentration step in ASV (Fig. 2C). For this, a 12 VDC motor with
two magnets coupled to its axis was used and it was controlled by
software. Besides the apparatus described, a heat dissipation
system composed of an aluminum block and a fan was used and
is shown in the figures; this was necessary to sink the heat
generated in one of the faces of the TEC-Peltier. Moreover, the
thermostated control of the EFC base of the TEC-Peltier was driven
by a microcontrolled board that was developed for this purpose.

The internal volume of the EFC, disregarding the volumes
occupied by the magnetic bar, LM35 sensor and SPE, was 970 pL.
An EFC with a nominal volume of 1300 uL was projected to allow a
higher dilution capacity. However, as a balance had to be main-
tained between the lowest amount of chemical reagents and no
loss of flexibility and robustness, the model with 700 uL was used
in this work.

The EFC developed shows features of the flow-batch chamber
used by Honorato et al. [18] in flow-batch analysis. However, this
EFC can be used in other procedures, such as FIA, SIA and MCFA,
among others, as it is more versatile and appropriate for electro-
chemical experiments. Thus, due to the use the EFC as a chamber,
the flow system is better characterized as FBA.

For more details of the EFC developed, an illustrated video in
AVI format is supplied as supplementary data online.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.talanta.2014.03.015.

2.5. Control of the FBA system

To pump solutions through the transmission lines in the FBA
system, the solenoid pPs were used as propulsion devices to inject
solutions within the EFC. For this, potential pulses of 12V were

Table 1
Sequence of the experiments employing FBA with puP and SV.

applied at a frequency of between 1 and 10 Hz to evaluate the flow
rate. The symbols (1) and (0) were adopted in Table 1 to represent
the on and off states of the uPs, respectively. The solenoid of the uP
has a limit time response of 80 ms to execute one pulse. Therefore,
by applying 4 Hz (250 ms) for each task (ON or OFF), a complete
cycle takes 0.5 s to pump a 20 pL aliquot of solution. Therefore, a
flow rate of 40 uLs~' or 2.4 mL min~! was obtained. Also, the
frequency of cycles performed was proportional to the flow rate of
the pumped solutions and the number of cycles for each pP defines
the total volume pumped for each one.

The electronic circuit of the actuator has a small dimension
(4.0 cm x 4.0 cm) and controls the pP, SV and magnetic stirrer.
It basically consists of digital control lines from the 6008 USB
interface (NI™, USA), a current driver (ULN2003A), resistors, and
LEDs which are used as flags (ON/OFF). Calibration tests of uPs and
SV were performed using software developed in Labview®.

2.6. Thermostated EFC and FBA procedures

In Fig. 3, the FBA manifold developed to perform the on line
and ex situ bismuth electrochemical deposition and further Pb?+
and Cd?™ ions determination by SWASV is shown.

As can be seen, when the SV1 is switched on, air is inserted into
the EFC for two purposes: (1) to dry and clean the EFC, as the air
bubbles are very effective for this purpose, and (2) to reduce the
consumption of the supporting electrolyte, thus generating less
waste. The alternative channel “drain” was commutated by
switching on SV2, which was the most efficient procedure for
drying and cleaning the EFC. This drain consisted of a channel of
0.05 mm present on the base of the EFC for which the solutions are
discarded. As 700 uL was sufficient to fill the EFC, a combination
of uPs was used in various configurations, allowing wide flexi-
bility for the analytical procedure, such as on line dilutions, the

Steps Description uP1 SV1 Sv2 s? uP2 uP3 uP4 uP5 uP6 P° T (s)"
1 Filling the channels 1/0 1 0 0 1/0 1/0 1/0 1/0 1/0 20 10
2 Addition of Bi>* 0 0 0 1 0 0 0 1/0 0 35 17.5
3 Temperature control? 0 0 0 1 0 0 0 0 0 0 30
4 Cyclic voltammetry 0 0 0 0 0 0 0 0 0 0 84
5 Electrochemical cleaning 0 0 0 1 0 0 0 0 0 0 10
6 Drainage/air 1/0 0 1 1 0 0 0 0 0 40 20
7 Cleaning 1/0 1 0 1 0 0 0 0 0 35 17.5
8 Drainage/air 1/0 0 1 1 0 0 0 0 0 40 20
9 Addition of Bi** 0 0 0 1 0 0 0 1/0 0 35 17.5
10 Temperature control 0 0 0 1 0 0 0 0 0 0 30
11 BiFE ex situ deposition 0 0 0 1 0 0 0 0 0 0 180
12 Drainage/air 1/0 0 1 1 0 0 0 0 0 40 20
13 Cleaning 1/0 1 0 1 0 0 0 0 0 35 17.5
14 Drainage/air 1/0 0 1 1 0 0 0 0 0 40 20
15 Addition of blank® 1/0 1 0 1 0 0 0 0 0 35 175
16 Addition of Pb® 1/0 1 0 1 1/0 0 0 0 0 1-35 0.5-17.5
17 Addition of Cd*® 1/0 1 0 1 0 1/0 0 0 0 1-35 0.5-17.5
18 Simultaneous/Pb-Cd*® 1/0 1 0 1 1/0 1/0 0 0 0 1-17 0.5-8.5
19 Addition of sample® 1/0 1 0 1 0 0 0 0 1/0 1-35 0.5-17.5
20 Temperature control 0 0 0 1 0 0 0 0 0 0 30
21 Pre-concentration 0 0 0 1 0 0 0 0 0 0 180
22 Measurements by ASV' 0 0 0 0 0 0 0 0 0 0 3
23 Drainage/air 1/0 0 1 1 0 0 0 0 0 40 20
24 Cleaning 1/0 1 0 1 0 0 0 0 0 35 175
25 Drainage/air 1/0 0 1 1 0 0 0 0 0 40 20

2 Magnetic stirrer was always used, except for steps 1, 4 and 22.
b Maximum number of pulses per actioned pP.

¢ Maximum time for each step. The pP4 was used just to interference study that not was included in this experimental sequence.

d Activation of the TEC-Peltier for 30 s at a rate of 30 °C min~".
€ Selection of blank solution, metal ion standard solution, or sample.
f SWASV for 3 s, and DPASV for 22 s.
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Fig. 3. The FBA manifold. The pP1 and pP5 were used to pump 20 uL per pulse of
acetic acid/acetate buffer solution pH 4.0 (1) and solution of Bi** electrochemical
deposition (5), respectively. The pP2, pP3, pP4, and pP6 pump 20 pL per pulse of
the stock solutions of Pb?* (2), Cd*>* (3), samples (4), and potential interference
solutions (6), respectively. Moreover, waste (7), SV1, SV2: three-way solenoid
valves. EFC coupled with Peltier and an alternative channel to drain solutions for
disposal.

construction of analytical curves, standard addition, recovery
assays, and interference studies.

To ensuring that the air bubbles do not leak through the
connections in the flow manifold developed, the PTFE connections
must be very well sealed, using for example PTFE tape and/or the
proper ferrules based on silicon to sealing and to hold the air
pressure.

2.7. Electrochemical deposition of BiFE

In previous works published by our research group [25,27], the
optimization of Bi>* solution for the ex situ electrochemical deposi-
tion of Bi under copper substrate was described, as well as the
chronoamperometric parameters. A 20 mL aliquot of 0.02 mol L™ ! Bi
(NOs); - 5H,0 in 0.15 mol L~ ! sodium citrate and 1.5 mol L~ ! HCl was
used. However, herein, only 700 uL was employed with an on line
electrochemical deposition employing a reduction potential of
—0.18 V vs. Ag/AgCl (pseudo-RE) for 180 s.

Once the bismuth film is electrodeposited onto copper sub-
strate, just bismuth effectively participates in the Faradaic process.
Additionally, in the presented conditions, Cu had showed a good
substrate to electrodepositing bismuth, since that compound-
based carbon present a poor adherence of the bismuth film.
Because of this, for these substrates, just in situ electrodeposition
is used. The bismuth film electrodeposited onto copper substrate
had been characterized by scanning electron micrographs (SEM) as
described in previously work [27,28].

2.8. Effect of the supporting electrolyte

The electrochemical behavior of the supporting electrolyte
used in electrochemical assays for SPE based on BiFE (SPE-BIiFE)
was evaluated mainly by cyclic voltammetry. The following sup-
porting electrolytes were studied: acetic acid/acetate buffer solu-
tion (0.2 mol L™, pH 4.0 and 4.5), phosphate buffer (0.2 mol L™,
pH 4.0 and 5.0) and Britton-Robinson (BR) buffer (0.04 mol L™,
pH 2.0, 40 and 6.0). The potential window, residual current,
voltammetric profile and peak current were the main parameters
evaluated.

2.9. Evaluation of the parameters of DPASV and SWASV

The parameters of differential pulse anodic stripping voltam-
metry (DPASV) and square-wave anodic stripping voltammetry
(SWASV) techniques were evaluated by univariate analysis, mainly
observing the anodic peak current (Ip) and profile of the voltam-
mograms obtained.

2.10. Influence of temperature on Pb°>* and Cd®* electrochemical
response

Using the TEC-Peltier system for thermostatic control of the
solutions within the EFC, in loco simulations of temperature were
carried out by changing the temperature during Pb>* and Cd?*
ions determinations using the SPE-BIiFE. For this, standard solu-
tions were inserted into the EFC and cooling or heating procedures
were performed. On average, a period of only 30 s was necessary
to obtain thermal stabilization within the EFC before experiments
with ASV. The electrochemical experiments with different tem-
peratures were performed with a precision of +1 °C. Acetic
acid/acetate buffer solution (pH 4.0) was used as the supporting
electrolyte.

2.11. Operational sequence of the FBA system

To perform the operational sequence of the FBA to carry out
procedures such as temperature control, ex situ electrochemical
deposition of Bi under SPE, and further determination of electro-
active metal ions, a series of steps was used, which is presented in
Table 1. At each step, pulses (P) of each pP were performed, with
each pulse representing a complete cycle of switching ON/OFF
(1/0) of each pP. For the experiments, a pulse frequency of 4 Hz
was used. The same methodology was adopted for SV and the
magnetic stirrer (S). The Pb?* and Cd?* stock solutions were
prepared in acetic acid/acetate buffer solution at pH 4.0 in order to
minimize the effects of pH change and ionic strength of the
solution and to avoid hydrolysis via the addition of aliquots of
solutions during the on line dilution.

The following procedures were performed for on line and
ex situ electrochemical deposition of Bi with detection by ASV.
Initially, all channels of the flow system were filled with the
respective solutions by switching on all pPs for 20 pulses (20 uL
per pulse). Then, 700 uL of electrodeposition solution was pumped
by WP5 using 35 pulses at a flow rate of 40 uL s~ to fill the EFC. All
flow was stopped and the pC-TEC-Peltier (TEC-Peltier driven by a
microcontroller) was activated for 30 s for the thermal control of
the solution at 25+ 1 °C. Following this, a cyclic voltammogram
was performed to evaluate the electrochemical deposition of
bismuth film [25]. Thereafter, the SPE was electrochemically
cleaned to remove BiFE by applying +0.2 V vs. Ag/AgCl (Pseudo-
RE) for 10 s. Subsequently, the cleaning procedure was carried out.
This step consists of drainage of the solution employing air
bubbles by simultaneously switching on and triggering pP1 and
SV2 for a flow rate of 40 pLs~!, thereby discarding the solution.
Then, SV1 was switched on simultaneously with pP1 for 35 pulses
with SV2 switched off to drive the supporting electrolyte solution
to clean the EFC system. Again, 700 pL of electrochemical deposi-
tion solution was pumped through using pP5 to fill the EFC. The
temperature was controlled and chronoamperometry was per-
formed by applying —0.18 V vs. Ag/AgCl for 180 s to reduce Bi®*
under SPE copper substrate [25]. This yielded SPE-BiFE which was
ready to be used. After this, the cleaning procedures were
performed and the FBA system was employed for the determina-
tion of Pb2* and Cd?* by ASV through the activation of proper uP
(steps 15-19 in Table 1).
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2.12. Potential interference by employing the SPE-BiFE with SWASV

In order to evaluate the potential interference in Pb?* and
Cd?* determination, some cations and anions that are commonly
found in natural and tap water samples were studied, employing
the SPE-BIiFE with SWASV and FBA approaches [10,25,26,29]. Thus,
the following ions were evaluated: Na*, K*, Ca®*, Li*, Mg?™,
Fe3*, ClI-, NO; —, CO5%~, SO4%2~, PO,>~. In addition, electroactive
ions were studied, such as Ni?*, Cu®>*, A3+, Hg?*, Cr** and
Mn?*, and other compounds such as humic acid (HA) from the
turf and vermicompost (1.0% (w/v)) dissolved in 0.02 mol L~!
NaHCOs.

To perform this procedure, pP3 and pP2 were activated by
8 and 16 pulses to add aliquots of Pb?* and Cd?™* solution into the
EFC, respectively, while pP4 was used for propulsion of the
solution with potential interference. The final concentrations of
the analytes in the EFC were: 50.4 gL~ ' Cd>* and 509 pgL~!
Pb2*. The percentage of interference was calculated based on the
difference of the Ip (n=3) compared to response without the
interferent species. Any interfering concentrations were evaluated
in ratios of 1:1, 1:10, and 1:100 (analyte: interferent).

3. Result and discussion
3.1. Calibration tests of the FBA system

Tests were performed to evaluate the minimum time required
for the activation of the pPs; generally, 0.1s or 10 Hz was
employed. Moreover, 4 Hz, equivalent to a flow rate of 40 uLs~ ',
was employed for each pP. For higher flow rates, the standard
deviations were increased, possibly due to the gradual increase of
the hydrodynamic impedance. However, it was noted that stan-
dard deviation lower than 4.0% were obtained (n=6). Additionally,
according to the performed assays, the volume pumped was in
close agreement with the nominal value described by the manu-
facturer, with a precision of 0.8% for 20 uL per pulse (20.0 + 0.2 plL),
which was reproducible over five cycles.

3.2. Sampling frequency

Using Table 1, it was possible to estimate the sampling fre-
quency, taking into account steps 15-25. Thus, for example, the
time required to complete a determination by SWASV ranged from
271.0 to 288.0s, which was equivalent to a sampling rate of
between 12 and 13 h~'. For a new analytical cycle, the sequence
should be initiated at any step between 15 and 19. For DPASV, a
frequency between 11 and 12 h—! was estimated. As can be seen,
the FBA system was able to determine Pb?>* and Cd?* ions by single
or simultaneous analyses; however, the simultaneous procedure
was mainly presented herein. As aforementioned, for the calculus of

Ao —F:

24 1 E—
20 —"1
E 12

6_

0_

-1.1 -1.0 -0.9 -0.8 -0.7 -0.6
E/(V)Vs. Ag/AgCl

sampling frequency, the ex-situ deposition of BiFE was performed
only once.

3.3. Supporting electrolyte

In Fig. S1, in the supplementary data, the cyclic voltammo-
grams (CV) of the SPE-BIFE in different supporting electrolytes are
presented. In addition, the cyclic voltammogram of Pb?>* ions was
presented showing its reduction/oxidation electrochemical profile
in different supporting electrolytes. For all cyclic voltammograms,
a potential sweep rate of 50mVs~' was used. The CVs were
obtained using the CE based on conductive graphite ink, the Ag/
AgCl as pseudo-RE and BiFE as WE. According to the voltammo-
grams obtained, the most suitable supporting electrolytes were
acetic acid/acetate buffer and phosphate buffer at pH 4.0, and BR
buffer at pH 6.0. However, based on the widest cathodic potential
window, lower residual current and the profile of the oxidation
peaks and reduction from the reversible system Pb%*, the acetic
acid/acetate buffer solution (pH 4.0) was selected [5,9].

3.4. Optimization of parameters from the DPASV and SWASV

Experiments were performed in order to determine the best
parameters for DPASV and SWASV for the simultaneous determi-
nation of Pb?* and Cd?™ ions. In the pre-concentration step, the Ip
increased until a pre-concentration potential of —1.4 V, however,
at —1.2V, a better repeatability was acquired with low Hy
evolution. Similarly, the Ip increase was proportional to the time
applied for pre-concentration until 180 s; after this, the Ip tended
to reach a plateau. To obtain a balance among the sensitivity,
precision and sampling frequency, a pre-concentration potential of
—1.2V and a time of 180 s were applied using the stopped-flow
technique, with the stirrer switched on, as described in Table 1.
The parameters of DPV and SWV were evaluated based on
maximum Ip, baseline definition, and resolution based on poten-
tial width at half-height peak (AEpy/;), which is important for
simultaneous determinations. For both pulsed voltammetry tech-
niques, an increase in Ip was correlated with an increase of the
pulse amplitude (a) and potential sweep rate (v); however, the
AEp1,2 became wider, impairing the resolution of the voltammo-
grams obtained. Thus, the parameters selected for DPASV were:
(a) 70 mV, pulse application time (7) of 5ms and (v) 50 mV s~ .
For SWASV, the parameters were: (a) 70 mV, step potential (AE) of
5mV and frequency (f) of 70 Hz. By employing the optimized
parameters, both SWASV and DPASV techniques supplied well-
defined and undistorted voltammograms, as presented in supple-
mentary data (Fig. S2). However, SWASV showed a higher Ip with
narrower AEpq;, than DPASV, and was therefore used for further
electrochemical experiments.

w

1/ (uA)

-0.8 -0.7 -0.6 -0.5

E/(V) Vs. Ag/AgCl

-0.9

Fig. 4. Evaluation of the effect of temperature on the voltammetric determination by SWASV for Cd?* (A) and Pb?* (B) using SPE-BiFE. Parameters for SWASV: (a) 70 mV,
(AE) 5mV and (f) 70 Hz. Egep and tqep were —1.2'V and 180 s, respectively. Acetic acid/acetate buffer pH 4.0 was used as supporting electrolyte.
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Fig. 5. Simultaneous analytical curves employing SWASV and SPE-BIFE for the

determination of Pb?>* and Cd?* ions. SWASV parameters: a (mV)="70, AE (mV)=5

and f (Hz)=70 Hz, potential and time of electrochemical deposition were —1.2V
and 180 s, respectively.

3.5. Influence of temperature on the SWASV of Pb>* and Cd**

Aliquots of 160 and 140 pL stock solutions of Pb>* (111.3 pg L~ 1)
and Cd?* (2203 pgL~!) were pumped and added to the thermo-
stated EFC to evaluate the effect of temperature on the SWASV
experiments. When the temperature of the system increased, a
displacement in the anodic peak potential and an increase in Ip
were observed, as shown in Fig. 4. The changes in temperature
modified the standard potential and mass transport of the species as
well as the viscosity of the solution [24]. The change in the mass
transport was a consequence of the shift in the diffusion coefficient.
Thus, in general, this process increases the peak current when the
temperature is raised [22,23]. In fact, Ip undergoes a maximum
variation between —42.1% (T=15 °C) to 63.1% (T=40 °C) and -50.4%
(T=15 °C) to 102.4% (T=40 °C) for the Cd*>* and Pb** ions, respec-
tively, using the Ip at 25°C as a reference. The change in the
magnitude of Ip is a major problem that affects in loco electroche-
mical analysis, which is subject to abrupt changes in temperature.
Therefore, the remaining trials were conducted with the temperature
controlled at 25 +1 °C.

3.6. SPE-BIiFE with FBA approach used to construct the analytical
curves

Analytical curves were constructed by the simultaneous addi-
tion of the stock solutions of Pb?* and Cd?* ions into the EFC by
appropriate multicommutation of pP2 and pP3, according to step
18 in Table 1. The analytical curves were linear by applying
successive pulses from 1 to 12 for each pP. To fill the EFC, for each
pair of aliquot of Pb?* and Cd?* solution added, aliquots of acetic
acid/acetate buffer solution (pH 4.0) were added, triggering the
uP1 and SV1 according to Table 1. As shown in Fig. 5, the
construction of analytical curves for the simultaneous determina-
tion of Pb?* and Cd%* ions was performed and the major results
are summarized in Table 2.

Observing the data presented in Table 2, it can be seen that
satisfactory repeatabilities were obtained using the FBA system
with SWASV with relative standard deviations (RSD) of 2.9% and
41% for 28.6ugL~! Pb>* and 63.0ugL~! Cd?*, respectively.
Moreover, linear ranges from 3.20 to 38.4 pgL~! and from 6.30
to 75.6 ugL~! for these ions were respectively obtained. Addi-
tionally, good analytical results were achieved, supplying LDs of
0.10 and 0.60 pg L~ (S/N=3). The repeatability of the method
employed was evaluated by testing the analytical sensitivity with
four concentrations of standard solution of Cd>* and Pb%* ions
with n=3, constructed for each of the five ex-situ SPE-BiFE
produced. Thus, RSD of 6.5% and 8.0% were obtained. The lifetime

Table 2
Main results obtained for SPE-BiFE-FBA with SWASV.

Analytical performance parameters Pb%+ cd?+
Sensitivity (uA/ug L=1) 0.71 0.42
Coefficient of regression (r) 0.990 0.992
Limit of detection (ug L) 0.10 0.60
Limit of quantification (ug L~') 0.33 2.00
Linear range (ug L™1) 3.20-38.4 6.30-75.6
Repeatability (RSD)? 2.9%[28.6 41%/63.0

3 Based on RSD (n=3)/analyte concentration in (ug L™!).

of each BIiFE was also found to be approximately 70-80 measure-
ments.

After this lifetime, the bismuth film was removed by electro-
chemical treatment and a new bismuth film was again deposited
onto the copper substrate (SPE-BIiFE).

3.7. Potential interference by employing the SPE-BiFE with SWASV

Among all of the evaluated potential interference, only the
Cu?* and Hg?™* ions with concentrations higher than 50.4 and
50.9 ug L' (refer to concentration ratio higher than 1:1) gener-
ated interference levels greater than 10%. Therefore, these con-
centrations were considered the maximum tolerated for the
proposed electrochemical method. In the case of Cu?* ions, these
interferences are possibly associated with the formation of inter-
metallic compounds with Cd and Pb metals in the active sites on
the surface of the SPE-BiFE. In the case of Hg?* ions, the
interference encountered can be attributed to the competition
reactions between Hg?* ions and the active sites of BiFE regarding
the Cd?* and Pb?* jons that are free in solution, or even blocking
the active sites of the BiFE surface, as discussed in some previous
studies [7,12,30,31]. Moreover, the HA concentration tolerated was
calculated to be 1.0 x 1072% (w/v). Higher concentrations of HA
generated interferences levels higher than 10% in the determina-
tion of Cd®>* and Pb?* ions, since HA is known to be a macro-
molecule with a high capacity for complexation. However, this
interference can be removed by precipitation and centrifugation of
HA in acid solution prior to measurements [32].

3.8. Recovery and certified method employing the FBA and the
SPE-BIiFE

The samples were acquired from the Monjolinho Lake (Sdo
Carlos, Brazil) (A), wastewater from the petrochemical (Petrobras,
Brazil) (B), and tap waters from Lisbon, Portugal (C) and Alicante,
Spain (D). The recovery test was carried out to evaluate the
accuracy of the proposed electrochemical flow method. In samples
A and B, the recovery studies were carried out by adding Pb?>* and
Cd?*; in sample C only Pb?* and in sample D only Cd** were
added, according to Table 3.

Based on the data presented in Table 3, the recovery tests were
satisfactory, ranging from 90.1 to 111.0, thereby suggesting that
potential interfering species were not found or were not present at
concentrations above those considered tolerable, as previously
discussed.

After the recovery tests, the accuracy of the electrochemical
method was validated employing a certified river water (1643e
Trace Elements in Water, NIST). According to NIST, the certified
water has the following concentrations of Cd?>* and Pb%* ions:
6.58 +0.073 pg L~ ! and 19.63 +0.21 ug L™, respectively. After a
proper calibration employing the standard addition method, the
concentrations found were: 6.8 +03 pgL~'and 189+ 0.8 gL,
respectively. Supported by the data, relative errors less than 4.0%
for n=5 and the t-unpaired values of 1.47 and 1.83 were
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Table 3
Results of recovery test.

s Added (pgL™1) Found (ug L") Recovery (%)

Pb2+ cd2+ Pb2+ cd2+ le CRZ

A 6.4 12.6 70+0.5 13.0+£0.5 109.8 103.0
12.7 25.2 133+0.2 241+0.7 104.5 95.6
19.1 37.8 18.9+0.8 36.5+0.4 99.3 109.3

B 32 6.3 32401 5.7+ 0.5 101.6 90.1
9.5 315 10.6 £ 0.5 32.0+09 111.0 101.9
22.2 113.0 201+ 0.6 1140+ 0.8 90.5 108.4

C 6.4 - 6.6 +0.2 - 104.6 -
15.9 - 16.6 £ 0.8 - 109.6 -
254 - 279+06 - 103.6 -

D - 12.6 - 11.8+0.9 - 93.3
- 25.2 - 276+08 - 109.5
- 37.8 - 38.5+0.5 - 106.6

2 Samples.

b percentage of recovery (%) for Pb?*.
¢ Percentage of recovery (%) for Cd?*.

Table 4
Comparison among the results from the present work and others found in the
literature.

BiFE Flow parameters Pb%+ cd?+ Sub
Refs. Flow °F Y aL LD L LD
(™) (uL)  (ugl™") (ugLl™") (ngl™") (ngLl™")
[14] SIA 5.5 6000 0.5-15.0 0.01 0.5-15.0 0.01 fCNT
[12] SIA 14 1440 0.0-70.0 0.89 0.0-70.0 0.69 &C
[33] SIA 10-15 1440 2.0- 0.80 2.0- 0.80 'CNT
100.0 100.0
[8] "FIA- 15-20 1000 0.0-70.0 1.00 0.0-56.0 2.00 iGC
SIA
[13] MSFIA 14 1300 - - 50-60.0 0.79 5C
kpr FBA 12-13 700 3.2-384 0.10 6.3-75.6 0.60 'Cu

2 References.

b Sampling frequency.

€ Reagent consumption per analysis.
d Linear range.

€ Substrate for the BiFE deposition.
f carbon nanotubes.

& Carbon.

" Hybrid system FIA and SIA.

1 Glassy carbon.

J Multi-syringe flow injection analysis.
X Present work.

! Copper.

respectively obtained. These values are in close agreement at a
confidence level of 95%, t-test (4, 95%)=2.78.

Based on these results, particularly in terms of analytical
performance parameters, recovery and accuracy tests, the electro-
chemical method developed showed good sensitivity required for
the quantification of Pb?* and Cd?* ions in water samples with
satisfactory accuracy, either for individual or simultaneous deter-
minations. In Table 4, the analytical performance of the developed
electrochemical method and others described in the literature are
presented for comparison.

The proposed procedures showed satisfactory results compared
with those previously reported, and since 700 puL of reagent was
consumed, an analytical frequency of 13 h~! can be achieved with
low LDs. Moreover, the low waste generation of only 700 pL per
determination and the on line temperature control of the solutions
are features of the developed electrochemical method that can be
very useful for the in loco electrochemical determinations, not only
for the determination of metal ions, but also for organic com-
pounds [25].

4. Conclusions

The thermostated EFC system afforded an analytical procedure
that was fully automated, with multitasking and which produced
measurements with controlled temperature. In fact, on line
procedures such as the electrochemical deposition of Bi, cleaning
of the SPE, recovery studies, analytical curves, interference, and
pre-concentrations were performed without physical modification
of the EFC and were all fully automated. Furthermore, the detec-
tion with a stopped flow for analyte determination was performed
using SWASV with a sampling frequency of 13h~!, with a
consumption of 700 pL of reagents per determination. Moreover,
the LDs and LQs for Pb?* and Cd?>* were compatible with those
achieved by employing similar methods which have been pre-
viously reported in the literature.
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