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ABSTRACT

In this work, we report a simple and yet efficistencil-printed electrochemical platform that
can be integrated into the caps of sample contwiaed thus, allows in-field quantification of
Cd(Il) and Pb(ll) in river water samples. The devexploits the low-cost features of carbon (as
electrode material) and paper/polyester transpgresmeets (as substrate). Electrochemical
analysis of the working electrodes prepared onemhfit substrates (polyester transparency
sheets, chromatographic, tracing and office papeth)hexaammineruthenium(lil) showed that
their electroactive area and electron transfertideeare highly affected by the porosity of the
material. Electrodes prepared on transparency msuest showed the best electroanalytical
performance for the simultaneous determination ol and Pb(ll) by square-wave anodic
stripping voltammetry. Interestingly, the temperat@and time at which the carbon ink was
cured had significant effect on the electrochemieaponse, especially the capacitive current.
The amount of Cd and Pb on the electrode surfanebeaincreased about 20% by situ
electrodeposition of bismuth. The electrochemidatfprm showed a linear range comprised
between 1 and 200 pg/L for both metals, sensitioftgnalysis of 0.22 and 0.087 pA/ppb and
limits of detection of 0.2 and 0.3 pg/L for Cd(dipd Pb(ll), respectively. The analysis of river
water samples was done directly in the containeera/tthe sample was collected, which
simplifies the procedure and approaches field amalyrhe developed point-of-need detection
system allowedsimultaneous determination of Cddhd Pb(ll) in those samples using the

standard addition method with precise and accuestdts.

KEYWORDS: paper-based devices, electroanalytical devicassparency-film electrodes,

low-cost electrodes, point-of-need detection, heaeyals



1. INTRODUCTION

Heavy metals are considered one of the main sowfcpsllution in the environment. Among
them, lead and cadmium represent a major concerrhéo public health due to their high
toxicity even at low concentrations [1]. For th&ason, the agencies that monitor our health
safety maintain a strict policy on the maximum Is\alowed in the different sources of human
exposure. For instance, the guidelines of the WHedIth Organization set a safe threshold of
Pb and Cd in drinking water below 10 and 3 pgkspectively [2]. Therefore, a highly-
sensitive and accurate analysis of those heavylsnistaecessary to minimize possible human

and environmental exposure.

Electrochemical methods and especially anodic@tigpvoltammetry (ASV) have been widely
used for their quantification with remarkable séwiy, even at trace/ultratrace levels, due to
the possibility of metal preconcentration on thectrbbde surface [3,4]. This approach allows
short response time, miniaturization [5], portapiland lower cost if compared to other
techniques. The current trend towards on-site amalglso requires the replacement of
conventional electrodes [6,7] by other miniatulize@w-cost and disposable alternatives, where
the whole electrochemical cell is integrated in dlimeter device [8,9]. First generation
electrodes made on glass, ceramic or polymerictiatbs have started to be replaced by other
more inexpensive and versatile, such as paperastipl[10-12]. In recent years paper-based
analytical devices (PADs) [13] gained popularitythey meet the so-called ASSUREDe(
affordable, sensitive, specific, user-friendly,idagnd robust, equipment free, and deliverable to

end-users) criteria described by the WHO.

Since Dungchaet al. demonstrated for the first time that electrochémisan be coupled to
PADs [14], numerous studies have used them to agdidferent analytical issuess such as
detection of glucose [15-17], ions [18], proteih8][ DNA [20], or heavy metals [21]. Methods
employed for electrode preparation include stepiiiting, screen-printing and inkjet-printing
[10]. Notice that there is not a single suitablehteque therefore, its choice will depend on
lateral resolution, thickness, homogeneity, speeakerial or ink properties requirements [22],
with this determining the overall electrochemicalfprmance. In general, for metal detection
bare carbon electrodes are not sufficiently samsiéind thus very often require modification
[23]. In this sense, mercury films have worked extely well, however, the trend towards green
chemistry {.e. reduce the use and generation of hazardous sgbs)afR4] has led to their
replacement by more environmental-friendly metalsch as bismuth or antimony. Since its

introduction by Wang's group [25], bismuth (Bi) Hasen incorporated to electrodes in many



configurations. In bulk, where a bismuth precursoadded to the material before electrode
fabrication, is more appropriate for carbon pasteaveen-printed electrodes. Some successful
examples include Bi nanoparticles [26],,84 [27] or Bi citrate [28]. Other more universal
methods are physical deposition (drop-casting),[&Plittering [30,31], or electrodeposition. In
the later, Bi incorporation can be done eitbersitu(Bi is electrodeposited in first place [32]) or

in situ (Bi and the metals are simultaneously electrodiegb§33]).

In this paper, we developed a simple and yet efficielectrochemical platform that can be
integrated into the caps of sample containers hod, tallows on-site quantification of Cd(ll)
and Pb(ll) in river water samples. We stencil-ggthtcarbon electrodes on several low-cost
substrates: transparency sheets and chromatogrdmdimng and office papers. As the Henry
group pointed out, transparency sheets are, undere scircumstances, better substrate
candidates than paper itself, especially when dgalvith electrochemical metal detection
[23,34]. We performed in depth electrochemical gsialof the working electrodes and evaluate
how the porosity of the material affects kinetick electron transfer. By coupling the
transparency-film electrodes with sample vial cdpat can be in turn connected to the
potentiostat, we provided here an innovative tracetal detection platform that allows
guantification of Pb(ll) and Cd(ll) directly in th@ntainer where the samples are collected in a
fast, sensitive and reliable way. We then usedetisgstems, mounted on the caps of ordinary
vials, to carry out anodic stripping voltammetry Bb and Cd in water samples as a new

example of the utility of this electrode format.
2. EXPERIMENTAL
2.1. Reagents and materials

Hexaammineruthenium(lll) chloride, lead, cadmiund dnsmuth standards for ICP, iron(lll)
nitrate, copper(ll) nitrate, cobalt(ll) nitrate,ckel(ll) nitrate and zinc(ll) nitrate were acquired
from Sigma-Aldrich. Bismuth(lll) nitrate as well asetic acid, sodium acetate and citric acid
and were purchased from Merck. Carbon sensor p@4@903P14) was purchased from Gwent
Electronics. Adhesive copper tape was acquired EEdAS (Electron Microscopy Sciences). Al

chemicals were of analytical grade.

Whatman No. 1 and P81 grade (with cellulose phdsphmctional groups) chromatographic
papers were purchased from Whatman (GE HealthdéeeSciences). In order to simplify the

notation, Whatman No.1 paper is hamed chromatograpper and P81 grade named ionic



exchanger paper hereafter. Polyester transpardm@es(215 x 279 x 0.11 mm) were purchased

from Highland 90. Navigator 100-gfroffice paper was purchased from a local supplier.

Solutions were prepared by using ultrapure watepleying a Milli-Q Millipore water
purification system. Heavy metal solutions wereppred daily by an appropriate dilution of
standards in 0.1 M acetate buffer.

2.2. Instrumentation

A XEROX Colorqube 8570 printer was used to priné thaper-based analytical devices
following previously established protocols [23]RCT classic hot plate from IKA set at 105

was used to melt the wax on the paper. Buffer golupH was determined with a Crison
micropH 2001 pH meter. Electrochemical measurememi® performed employing a three-
electrode system connected to an Autolab PGSTATd2npiostat (Metrohm) controlled by
Autolab GPES 4.9 software. Electrodes were condedte the potentiostat by using a
commercial screen-printed electrode connector (¥, DropSens) and a 3-pin male

connector with the aid of an insulated alligatap els illustrated in th€igure S1
2.3. Procedures
2.3.1. Mask fabrication

Polyester transparency sheets were used to fabrilsatmasks for stencil-printing. They were
used as received and cut using a laser engravstgrsy(Epilog, Golden, CO). The G@aser
system has a peak power of 30 W and was contrdiledpilog software after uploading
drawing files. The pattern for transparency sheets designed with CoreIDRAW X5 software.
The resulting masks were placed on top of the saties{paper or transparency), previously

fixed on the table with the aid of an adhesive tape
2.3.2. SEM images

A JEOL 6610LV scanning electron microscope was usezharacterize the working electrodes
stencil-printed on transparency sheets. Images weterded with the secondary electron

detector and using an accelerated voltage of 20 kV.

2.3.3. Electrochemical cell and electrodes preparation



In the particular case of chromatographic papealesrof 10 mm diameter drawn with Inkscape
software were printed with a wax printer (XEROX @ujube 8570) and then placed on a hot
plate at 100 °C for 2 min to melt the wax, whicaddo the hydrophobic barriers that constitute
the electrochemical cell. After cool down to rooemperature the stencil-printing process is
started. For the rest of substrates, the electroda cell is just delimited with the aid of an

insulating tape.

The protocol followed for stencil-printing the elexdes was the same for all substrates. First,
the carbon paste was spread by hand over the swi#it the aid of a squeegee. Then, the mask
was carefully removed and the process was rep@atheé x-y directions of the substrate sheets
to fabricate a batch of tens of electrodes as @asden in théigure S2for a transparency
sheet. Although in this work the electrodes wermtpd individually, this process can be
automated allowing the electrodes to be mass-peamtiuthe resulting stencil-printed electrodes
were finally placed in an oven to remove any remmgsolvent and stabilize the surface (curing
step). Before any electrochemical measurement,saghéape was put in the backside of the

paper substrates in order to avoid fluid leaking emnprove the robustness of the devices.

In all devices, the working, reference and auxlielectrodes were carbon-based and, therefore,
the indicated potentials are related to the quieseace carbon electrode. A photograph of the
electrodes fabricated on the different substrageshown inFigure 1 and a general scheme of

the fabrication is presented kigure 2.
[FIGURE 1]
[FIGURE 2]
2.3.4. Electrochemical measurements

Cyclic voltammetry (CV) measurements of [Ru@®éf* species in 0.1 M KCI were performed
by scanning the potential between -0.2 and -0.8 difeerent scan rates. A solution of 2.5 mM

[Ru(NHs)s]*" was employed in all cases.

The detection of Cd(ll) and Pb(ll) was done by squaave anodic stripping voltammetry
(SWASV) with a preconcentration step of -1.4 V 80 s. The square-wave scan was carried
out afterwards from -1.4 to -0.4 V under these dions: square wave amplitude of 25 mV,
frequency of 20 Hz, step potential of 5 mV, and ildgration time of 10 s. Unless stated
otherwise, a solution of 100 pg/L of Cd(ll) and Pb(vas used. All measurements were,



typically, performed by quintuplicate and at rooremperature. The volume of the
electrochemical cell was 70 pL for office papeacing paper and transparency sheets and 30
puL for chromatographic and ionic exchanger pap&he solutions were added to the paper

electrodes on the same side where the cabon pastdeposited.
2.3.5. Incorporation of bismuth to the working electrode

Three different approaches were employed to ingatpdismuth into the working electrode of
the transparency devices. Bulk modification, whadmnsisted in mixing different amounts of
Bi(NO3)3 with the commercial carbon paste before the stg@mititing process. After electrode
fabrication, SWASV was carried out under the candg described in the previous section. In
this way, the Bi(lll) precursor was reduced simoétausly to the preconcentration of Cd(ll) and
Pb(Il). Ex situbismuth electrodeposition, in which a 70 pL drdpBqlll) in 0.1 M pH 4.5
acetate buffer was placed on top of the electramfface and a negative potential of -1 V was
applied for 90 s to reduce Bi(lll) to BiThe electrode surface was gently washed witkapitre
water and carefully dried with a paper towel befS®&ASV. In situ bismuth electrodeposition,
done by addition of a specific concentration ofiiBito the Cd(ll) and Pb(ll) solution in which
SWASYV was performed.

2.3.6. Real sample analysis

The performance of transparency electrodes ford#termination of Cd(ll) and Pb(ll) in real
samples was assessed by analysis of two differatgrveamples: i) river water from Morcin
river (Asturias, Spain), near a coal mine, andvgter from Avilés estuary (Asturias, Spain),
near a metallurgical industry. The samples weréect@dd and filteredn situ with a 0.45-pum
filter paper to avoid any particulate matter, altbb they were visually clear. Measurements
with the point-of-need device described in thedwihg sectionswere performed by evaporation
at room temperature of 5 pL of a 500 mg/L Bi(lldlwion placed in the sample vial. Then, 5
mL of the water sample was collected and manuaikedwith 68 mg of sodium acetate and 17
mg of citric acid salts. This allows us to work endhe optimized experimental conditions of
0.1 M acetate buffer (pH 4.8) and 0.5 mg/L of B)(IIMoreover, this approach is highly
versatile as it allows the preparation of seveaahgle vials with these salts that can be directly
employed for point-of-need detection of aqueouspas Initially Cd(Il) and Pb(Il) were not
detected, therefore, the samples were spiked wittivk concentrations of these metals (10 and
50 ug/L), and the standard addition method was eyepl for the quantification with the point-

of-need system.



3. RESULTS AND DISCUSSION

3.1. Electrochemical behavior of low-cost stencil-printed electrodes

The first aim of this work was to fully charactezithe electrochemical performance of carbon
electrodes stencil-printed on multiple paper typed transparency substrates. Electrodes were
characterized in first place by cyclic voltammeiwith [Ru(NHs)e]** as redox indicator. The
electrochemical detection of Cd(ll) and Pb(ll) byodic stripping voltammetry was evaluated

afterwards.
3.1.1. Cyclic voltammetry studies of low-cost stencil-fied electrodes

Stencil-printed electrodes fabricated on all swies showed a well-defined couple of peaks
characteristic of [Ru(NEe]*>" (Figure 3A) with cathodic peak currents decreasing as follows
5242, -413, -4QGt4, -313, and -2&4 (n=5) pA for chromatographic paper, transparency,
office, tracing, and ionic exchanger papers. Thakgeotential differences between the cathodic
and anodic peaks\E,) followed almost the opposite trend with values66t4, 7G4, 8Gt6,
82+6, and 14512 (n=5) mV for chromatographic paper, transparetreging, office, and ionic
exchanger papersAE, provides information about the electron transfémeics of the
electrochemical process [35]. For a fast (revee3iplrocess, a peak potential difference of 59/n
mV is theoretically expected [36]. It seems thatrethough the electrodes are fabricated with
the same material (carbon paste), the substratesigagficant influence on [Ru(Ne]**
kinetics (typically a fast/reversible one-electrobansfer process). It seems that kinetics of
electron transfer are somehow improved by the mpogous/fibrous nature of the
chromatographic paper compared to the others, wihereelectrodes are just on the surface.
Although the cationic exchanger paper was expetdeprovide better performance towards
cationic species, it showed the highAg, and lowest peak currents so it was not used fr th
following studies. The same happened with traciragpep, which voltammetric response

obtained at scan rates lower than 25 thMms well below the rest of evaluated substrates.
[FIGURE 3]

The reversibility of an electrochemical process kimetic limitations or coupled reactions can
be evaluated from the plot AE, and ratio of peak currentsdips) against the scan rate. In line
with above results, only the chromatographic pamaroached the reversible peaks case with
Ipdipc Close to 1 andAE, close to the theoretically expected value of 59, mhile the

transparency and office paper deviated slighfligre S3. Therefore, this substrate provides
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better electrochemical performance for the hexaarmarathenium reaction, which follows an
outer-sphere one-electron transfer mechanism.Aslan rates, thgdiy ratio is slightly lower
than for high scan rates, a fact previously obsemth other types of electrodes such as
commercial screen-printed electrodes [37] and plgbaelated to the reoxidation of
[Ru(NHs)e]** by oxygen [38], thereby decreasing its concemrasind the anodic peak current.

The cyclic voltammograms recorded for the electsoda office paper did not show highly
defined peaks for low scan rates, but the faragescesses of interest were defined when the
scan rate increasefligure S4. This may be due to absorption of the solutioloagier times of
analysis, which deteriorates the paper, or evehdaaeneration of hydrogen bubbles, due to the
hydrogen evolution reaction that starts at negagiggentials close to those of the reaction.
Analysis of the dependencies of the peak curremtthe scan raté={gure S5 showed that for
transparency, chromatographic and office paper# lathodic and anodic peak currents
increased linearly with the square root of scae (&t?), which denotes a diffusion-controlled
eletron transfer reaction. Therefore, the voltamimetesponse can be assessed in terms of

Randles-Sevcik equation (for a planar electrodb&C and a reversible process):

ip = (2.69x18) n*2 A C D*?v? (1)

where } is the peak current intensity (A), n is the numbérelectrons transferred in the
electrochemical reaction, A is the electrode ace&)( C is the bulk concentration of the analyte
(mol/cnt), D is the diffusion coefficient of the analyte(fs), and v is the scan rate (V/s). The
electroactive area of the electrodes can thus tmated according to eq. (1), as the rest of the
parameters (n, D, C, v) are known (D=9.1X10r/s, 0.1 M KCI) [39].

As the previous studies suggest, the area appedrs highly reliant on the substrate material
and decreases following the tendency 0I0DO05 (chromatographic paper), 0.@86004
(transparency), and 0.0¥8.001 cni (office paper). Obviously, the porous/fibrous matwf
chromatographic paper allows absorption of parthef carbon paste, spreading it over the
cellulose fibers and generating an area higher floanother substrates. It should also be
considered its more hydrophilic nature, which eaalddsorption of the solution added to the
electrochemical cell, making contact with the inmetlulose fibers of the paper previously
modified with carbon paste. In the case of hydrdphcubstratesi.g. transparency and office
paper) the difference in electroactive area is mati with a slightly higher value for

transparency electrodes. It seems that even ibtfiee paper could absorb part of the carbon



paste, the electrode surface behaves similarlyhéottansparency substrate, which does not

absorb the carbon paste and the solution only malasrficial contact with the electrode.

For comparison, the geometric area of the electrod®s calculated to be about 0.13dsee
Figure S6. The difference between the estimated geometea and the empirically obtained
electroactive area can be explained due to nonanduadditives found in the commercial
carbon paste or the pasivation of the carbon strectt is difficult to know these substances as
the composition of the commercial paste is progrieinformation of the manufacturer, but it
may contain several additives to improve the prigerof the paste (viscosity, affinity to the

substrate, etc.).

3.1.2. Anodic stripping voltammetry of Cd(Il) and Pb(lI$iag low-cost stencil-printed

electrodes

A very different response was observed in the sgwave anodic stripping voltammograms
(SWASYV) recorded with electrodes on transparenfficeoand chromatographic papeRdure

3B). Office paper showed no faradaic electrochenpoatesses and, despite maintaining a good
contact with the solution for short-term measuretsierthe mechanical stability was
compromised with time. Even when adhesive tape puason the backside of the device, its
robustness did not improve and therefore it dodgssaem to be a good choice for long-term
measurements. The other two substrates show ¢hggrisg signals for both Pb(Il) and Cd(ll)
with comparable peak potentials and a small shi&s40 mV towards more positive potentials

in case of chromatographic paper.

The amount of metal deposited on the electrodeaser{ .q9 was estimated by integration of

the total charge under the voltammetric peakgd@ccording to the following equation:

Qads= NFAI ags (2)

where n is the number of exchanged electrons, EhesFaraday constant and A is the
electroactive area of the electrode. For transggrenbstrates, the value Iofyswas found to be
39.2 nmol/crh and 21.6 nmolicikfor Cd and Pb respectively, which corresponds to a
preconcentration of about 55% of the initial mefdle preconcentration efficiency was lower
for chromatographic paper with about 44% and 51%lags values of 10.9 nmol/cfrand 6.72

nmol/cnt for Cd and Pb respectively. Although the electtivacarea is higher in this case,
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since the only mass transport is diffusion, deptetf analytes in small pores could happen

during the preconcentration time with this comprsing sensitivity of analysis.

3.2. Optimization of the transparency electrode for lead and cadmium detection
3.2.1. Effect of the curing step in the anodic strippiegponse

The temperature and time at which the carbon pasteired (curing step) after the stencil-
printing process was critical for the good eledtemical performance of the transparency
electrodes towards heavy metals. Several timestemg@eratures, such as 80 °C (30, 60, 120
min) and at 37 °C (1 to 15 days) were tested. M#yithe evaporation of the solvents needed
more time at lower temperatures. No significanfedénces were observed for the different
times evaluated for the curing step at 80 P@yre S7A), suggesting that 30 min were enough
for solvent evaporation. Interestingly, when theides were left at 37 °C for longer times, the
capacitive current of the electrochemical resparadually decreased, until becoming constant
after 10 daysFigure S11shows the SEM images corresponding to day 1 apd 8af curing.
Reduction of the capacitive current was accompahied substantial increase of the stripping
peak currents for Cd(ll) and Pb(ll) as showrFigure S7B The effect of the curing time at 37
°C is significant as the capacitive current deaddsy 70% (from 88 pA to 26 pA at -1V,
approximately) and the stripping peak currents eased by almost 40% for both metals.
Enhancement of the sensitivity is linked to ther@ase in the ratio between faradaic and
capacitive currents. Then, after these studiesirdmesparency electrodes were allowed to cure

for 10 days at 37 °C before use in order to oldaiices with a better electrochemical response.

3.2.2. Bismuth effect on stripping currents

Certain metals form binary or multi-component aflowith bismuth (e.g. lead, cadmium,
thallium or indium) [25,40], which helps to increathe amount deposited. In this study, the
concentration of Pb(ll) and Cd(ll) was fixed comdtaand different methods of Bi(lll)
incorporation were evaluatedeg bulk modification, drop-casting and electrodeposili The
stripping currents of Pb(Il) and Cd(ll) increasetdiwincreasing concentration of Bi(lll) until a
maximum at 0.5 mg/L of Bi(lll) where they startdecreaseRigure 4). This behavior has been
attributed in the literature to the increasing nembf nucleation sites, and therefore a more
efficient alloy formation. However, when the Biflitoncentration is too high, the film formed
is thicker and the metallic preconcentration is leffective [41]. We can also observe that
situ Bi(lll) deposition provided the highest strippiqgak currents and therefore we moved

forward with this approach and 0.5 mg/L Bi(lll) cantration.
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[FIGURE 4]

From the charge under the stripping pedkgure S8, we can estimate the amount of Pb(ll)
and Cd(Il) on the surface to be 24.7 nmoflcemd 50.1 nmol/cfy respectively, which
corresponds taan increase of 14% and 28% compared to bare cadbectrodes. The
interpretation of the shape of the stripping soweage voltammetric responses (net, forward
and backward components) can provide interestifagrimation on the mechanism following the
metal deposition onto the generated bismuth filnrchkkiet al. proposed three possible main
mechanisms: i) simple anodic stripping mechanisna &implified way: reduction controlled by
diffusion and oxidation controlled by adsorptiom),anodic stripping mechanism coupled with
adsorption and iii) anodic stripping mechanism wittiteractions [42]. In fact, background
subtracted cyclic voltammogram$igure S9 show that although the Pb(ll) and Cd(ll)
diffusion coefficients are comparable and two etatd are transferred in both reactions, the net
peak current for Cd is higher than this of Pb, vaith(Cd)/i,(Pb) ratio of 3.0. This suggests that
the reaction mechanism is indeed different.

For Cd, the peak of the forward component appdaagatential slightly more negative than the
backward component, ~8 mV. Although both compondwtge narrow peaks, the half-peak
width is slightly higher for the backward peak campnt (39.81.0 vs. 35.5:0.9 mV, n=5),
suggesting that diffusion has a greater effechia tase. For Pb, the peaks of the forward and
backward components appeared at the same potandahe half-peak widths for the forward
(291 mV) and backward (32 mV) components are slightly narrower than for The net
peak is also narrower (#1 mV for Cdvs. 35t1 mV for Pb), mainly due to peak potential
differences in Cd components. We also analyzedatlsorption of metal ions according to
Ip(forward) I p(backward) ratio. The highest value obtained for Cd (2306) compared to Pb
(2.11+0.07) indicates that the adsorption of Pb(ll) oe thismuth film is stronger than the
adsorption of Cd(ll), a fact also suggested byreower backward peak for Pb.

3.3. Analytical evaluation of transparency electrodes for Cd(11) and Pb(l1) detection
3.3.1. Calibration plot

Parameters that can affect the stripping resposseh as buffer pHFRgure S10, were
evaluated in order to find the optimal operatioc@hditions. Afterwards, calibration curves for

the simultaneous determination of Pb(ll) and Cd{iére carried out in the range 1-200 ppb by
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SWASV (Figure 5). The resulting plots were linear over the rangsaged for both metals,
following the equations,(uA) = 0.6¢0.1) + 0.22£0.02) [Cd(II)] (na/L) (R=0.998) anddpA)

= 0.1¢:0.1) + 0.087£0.004) [Pb(ll)] (ng/L) (R=0.995) for Cd(ll) and Pb(ll), respectively.
Limits of detection (LOD) estimated as the concatin corresponding to a signal that has a
peak height equal to 3 times the standard deviatigdhe blank were 0.2 pug/L and 0.3 pg/L for
Cd(Il) and Pb(ll), respectively. This LOD meets fay the legal requirements of <10 pg/L for
Pb and <3 pg/L for Cd (WHO guidelines [2]). The lgtieal response of different devices was
similar with a variation of the calibration slopes same-day measurements of 7.5% and 4.8%
(in terms of RSD, n=5) for Cd(ll) and Pb(ll), respieely. The inter-electrode precision
evaluated from the voltammetric response of a 1ML ;golution of Cd(Il) and Pb(ll) (n= 10
different devices) was 8.2% and 8.8% for Cd(ll) &1x{ll), respectively. These overall results
demonstrate the good reproducibility in fabricatminlow-cost transparency electrodes (even

being manually printed), so the use as disposablees is completely reliable.

[FIGURE 5]

Importantly, simultaneous determination of Cd(IhdaPb(ll) with the reported transparency
electrodes seems to be the simplest and mostlebakhe hitherto suggested bismuth-modified
low-cost electrodesT@ble 1) as well as most applicable for on-site analybige substrate used
is usually cheaper because with a single transpgreineet tens of devices can be fabricated.
This fact leads to cheap and disposable deviceéscmabe used for the determination of very
low concentrations of these metals. It is intergstio compare the performance of the device
described here with a previous work in which tramepcy sheets were also employed as
substrate and the working electrode was modifieth \yraphene/polyaniline [23]. Although
with comparable linear range and LOD, our devicansha significant sensitivity improvement
(about 6X for Cd and more than 2X for Pb). The gmity is a very important analytical
parameter, especially when trying to detect comaéinhs near the limit of detection. Moreover,
the fabrication procedure reported here was fakdss, tedious, and simpler as we did not use
composite materials such as graphene/polyaniline.@hhanced sensitivity could be attributed
to the use of different commercial carbon paste ltads to electrodes with higher electroactive
area, as can noticed by comparing the peak curfentsoth devices. Therefore, the carbon
paste is also a very important parameter that shioellconsidered in the fabrication of devices,

as it also happens for screen-printed electrodsis [4

[TABLE 1]
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3.3.2. Interference study for Cd(Il) and Pb(ll) simultanealetermination

The possible interferences presented in solutiomdny-target metals such as Cu(ll), Co(ll),
Zn(ll), Fe(lll) and Ni(ll) were studied to evaluatbe selectivity of the Cd(ll) and Pb(ll)
simultaneous determination. A solution of 50 pgfICd(1l) and Pb(ll) was employed, while the
concentration of the non-target metals was vare8-{0 mg/L). The parameter employed to
evaluate the interfering effect was the tolerarat®1{44], and a metal concentration modifying
the peak current by > 12% was considered inhibitdhjs value was chosen considering the
reproducibility of the method previously estimatee®@% RSD). The tolerance ratio of the
interfering speciesT@ble SI showed that under the working experimental coma, the
interference from metals such as Fe(lll), Zn(lIp(I) and Ni(ll) until concentrations around 5-
10 mg/L was insignificant. A greater interferindest was found for Cu(ll), with a tolerance
ratio of 20 for 50 pg/L of Cd(Il) and Pb(ll). Thisay be due to the competition between copper
and bismuth for surface sites in the electrodejpositep, as they do not form a metallic alloy
[40]. However, this fact was not a problem for tleal samples tested in this work, as
demonstrated in the following section. If real s&spwith a high content in Cu(ll) were
analyzed, several strategies could be used in dodeeduce this interference: ferrocyanide
addition [45,46], Zn(ll) addition (it is known th&@n and Cu form an intermetallic compound
with ferrocyanide [47]), or selective complexatioin the metals.

3.3.3. Electrochemical point-of-need detection in a samgé

Transparency electrodes were integrated into tpeo€aample vials in order to obtain a point-
of-need system for portable detection. Electrodesewstencil-printed and the transparency
sheets were properly cut to introduce them in tla¢ eaps (with a circular geometry and
septum). Then, the transparency sheet was attaeittedhe aid of a small amount of adhesive
glue on the inner surface of the septum. Adhesiopper tape was placed for electrode
connection and extracted between the septum andador the potentiostat connectivia
alligator clips. Insulating tape was precisely pldon the transparency to cover the connections
and copper tape to prevent the contact with thetisol. Thus, the electrodes were integrated
into the caps as shown in tikégure 6. Salts were added as described in the Experimental
section in order to have an appropriate buffertemiuof 0.1 M acetate of pH 4.8 and 0.5 mg/L
of Bi(lll). After the addition of 5 mL of sample time vial, the cap was placed onto the vial and
the vial was turned upside down, so the solutiamctoontact the electrodé&igure 6C). The
copper strips were connected to the potentiosttit alligator clips and the measurement was

performed.Figure 6D shows the voltammetric response under the optonenditions for a
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solution of 100 pg/L of Cd(ll) and Pb(ll). The uskcitric acid (about 10 mM) to regulate the
pH has no significant effect on the magnitude ef $ignal compared to using an acetic/acetate
buffer solution. The point-of-need system allows #imultaneous and direct detection of heavy
metals in a container that can be used to collantptes. Furthermore, the versatility and
robustness of the transparency substrate leatie teasy fabrication of electrodes with different
geometries that can be coupled to different comtaimnd be used for direct electrochemical
determination of other analytes. They could bechtd to complex systems where other stages
of the analytical process could be performed swchample filtering or species separation. In
addition, portable commercial or lab-made potetditssmay be ideal for using these point-of-

need devices in field applications.

[FIGURE 6]
3.3.4. Simultaneous determination of Cd(Il) and Pb(llyiwer water samples

To evaluate the potential of the transparency eldes for real sample analysis, two different
water samples were tested: river water, from a me&ar a coal mine, and estuary water, near a
metallurgical industry. Cadmium and lead levelsevendetectable and, therefore, the samples
were spiked with 10 and 50 pg/L of the metals tousate polluted water. The analysis of these
samples was performed using the standard additiethad with the point-of-need system
described in the previous section. Each sampleanal/zed five times and the results obtained
are shown in th&able 2 Recoveries ranged from 88 to 121% and the RSB §hwas below
10%, indicating that the system is accurate andoteible. These results show that both the
transparency electrodes and the point-of-need mysdee suitable for the simultaneous
determination of low concentrations of Cd(ll) and(lB in real samples with accuracy and
precision, and could be used to detect contamirsdagles.

[TABLE 2]
4. CONCLUSIONS

Herein, we reported stencil-printed electrodesitabed on different low-cost substrate®.(
polyester transparency sheets, chromatographicintraand office papers). We showed that
porosity of the material affect the kinetics of atten transfer, being higher in the case of
chromatographic paper. Electrodes fabricated onnsparency sheets, office and
chromatographic paper showed the best performamceerms of cyclic voltammetry, but
transparency films were the most suitable for tlection of Pb(ll) and Cd(ll) at low

concentrations. It was found that the curing stape( and temperature) and the modification
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with a bismuth film have a significant effect onetlsignal/noise ratio. Good analytical
performance (in terms of sensitivity, reproductyililinear range) was found with these low-
cost analytical devices and compares well with o#tectrodes previously described, with the
advantage of having a lower manufacturing cost. Vémsatility and robustness of a substrate
such as transparency sheets allowed the incorporafielectrodes into the cap of sample vials
in order to analyze real samples directly in thetamer where the sample is collected. Simple
stencil-printed bismuth-modified transparency elmbts have proven to be a suitable substrate
for the fabrication of low-cost, disposable anaigtidevices for the determination of heavy
metals in waters with the ability to employ thenpwint-of-need systems in field applications.
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TABLES AND FIGURES
Table 1 Analytical figures of merit of low-cost bismuthedified electrodes employed for

Cd(Il) and Pb(Il) determination.

Electrodes* Linear range Sensitivity LOD Ref.
(Hg/L) (A L/pg) (Hg/L)
Cd(ln) Pb(l1) Cd{r)y  Pb(r)  Cd(l)y Pb(l)
This work 1-200 1-200 0.22 0.087 0.2 0.3

Graphene/PANI transparency —; 4, 1300 0038 0035 01 0.1 [23]
electrodes

Bi/C composite SPE 1-50 1-50 0.024 0.025 1.5 2.3  [26]

Bi/PSS/SPCE up to 45 up to 45 1.17 0.39 0.10 0.27 [48]

Paper/SPCE 10-100 10-100  0.011 0.009 23 20 [49]

Carbon micro-thread 5.110 5.110 0.62 0.47 108 087 [50]
electrode

Ex situ Bi deposition/SPCE ~ 0.8-17.2 0.48-19.6 - - 024 0.14 [30]

Bi,O4/SPCE 0.33-9 052120 - - 010 0.16 [30]

In situ Bi deposition/SPCE ~ 1.35-14.5 0.83-23.3 - - 0.40 0.25 [30]

Sputtered Bi SPE 0.33-12.3 0.53-19.8 - - 0.10 0.16 [30]

Bi citrate/SPCE 5-40 10-80 0.028 0.040 11 0.9 [b1]

*Abbreviations: PANI: polyaniline, SPE: screen-ped electrode, PSS: polystyrene spheres, SPCEerscre

printed carbon electrodes.

Table 2 Determination of Cd(ll) and Pb(ll) using the peoi-need detection system in natural

water samples after spiking with 10 and 50 pg/eath metal.

Added (png/L) Found (png/L) Recovery (%)
Cd(ly  Pb(l) Cd(l)  Pb(l

. 10 10.6:0.9 10+1 98-116 94-121
River water
50 53t2 472 101-110 89-97
10 10+1 10t1  90-114 88-105
Estuary water
50 51+5 49+5 93-112 89-108
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Figure 1. Picture of the different low-cost electrodes emphb in this work fabricated by

stencil-printing on chromatographic paper, transpay sheets, office paper and tracing paper.
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Figure 2. Schematic drawing of the stencil-printing processfabricate several low-cost

electrodes on a transparency sheet.
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Figure 3. A) Cyclic voltammograms of 2.5 mM [Ru(N}]** in 0.1 M KCI recorded at 50
mV/s using the stencil-printed electrodes fabridab® low-cost substrates. B) Square-wave
voltammograms recorded with stencil-printed elesdofor 100 pg/L of Cd(Il) and Pb(ll) in 0.1

M acetate buffer pH 4.5 with a preconcentratiop ste-1.4V, 240 s.
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Figure 4. Effect of the Bi(lll) concentration on the Cd(ldnd Pb(ll) stripping peak currents

using the A) bulk, B) ex situ electrodepositionda@) in situ electrodeposition methods to
generate the bismuth film. Peak currents were pbthirom the square-wave voltammograms
of 100 pg/L of Cd(ll) and Pb(ll) in 0.1 M acetatefter pH 4.5 with a preconcentration step of -

1.4V, 240 s.
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Figure 5. A) Square-wave voltammograms of Cd(ll) and Pbfigm 0-200 pg/L in 0.1 M
acetate buffer pH 4.8 withn situ deposition of 0.5 mg/L Bi(lll) using stencil-pred
transparency electrodes. B) Calibration plots regméng the stripping peak currents for Cd(ll)

and Pb(ll) in relation to the metal concentratiorsolution.
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Figure 6. Picture showing the integration of the transpayeglectrode onto the cap of a sample
vial. A) Internal side with the transparency eled#s, which is in contact with the solution and
B) external side with the adhesive copper tape eyepl for the potentiostat connection. C)
Picture of the point-of-need detection system diliwith 5 mL of a sample solution and
connected to the potentiostat by alligator clipsSquare-wave voltammograms for 100 pg/L of
Cd(Il) and Pb(ll) in 0.1 M acetate buffer pH 4.8 (thM citric acid) measured using the point-
of-need detection system involving the integratidra transparency electrode onto the cap of a
sample vial. 5 pL of 500 mg/L of a Bi(lll) solutiomere firstly deposited (and left to evaporate)

in order to obtain a solution with a 0.5 mg/L comication of Bi(lll).
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Research Highlights

» Characterized four low-cost substrates: transpgrerizomatographic, tracing and office
papers.

» Heavy metals showed better electrochemical perfoc@an transparency-based electrodes.

» Capacitive current decreased notoriously when tineg time of the ink on paper was
increased.

* Vial-coupled transparency electrodes allowed ildfanalysis of water samples.

* The limits of detection were 0.5 pg/L for Cd(Il)caa pg/L for Pb(ll).
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ACCEPTED MANUSCRIPT

Figure S1. Picture of a transparency electrode connectédetotentiostat using a commercial

connector for screen-printed electrodes and a 3r@ile connector.

Figure S2. Picture of a transparency sheet (A4 dimensiongh wens of stencil-printed

electrodes. Individual electrodes are generatecukting the transparency sheet.
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Figure S3. Variation of the peak potential difference (A)daipd/ipc ratio with the scan rate of

the cyclic voltammograms obtained for 2.5 mM mM (RHs)s)*>" in 0.1 M KCI using

electrodes fabricated on transparency sheets, etogmaphic paper and office paper.
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Figure S4. Cyclic voltammograms of 2.5 mM [Ru(NM]*" in 0.1 M KCI at several scan rates
(10, 25, 50, 100 and 250 mV/s) using the stendiltpd electrodes fabricated on transparency

sheets, chromatographic paper and office papgrecésely.
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Figure S5. Anodic and cathodic peak currents variation it square root of the scan rate of
the cyclic voltammograms obtained for 2.5 mM mM (RHs)]*" in 0.1 M KCI using

electrodes fabricated on transparency sheets, @togmaphic paper and office paper.
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Figure S6. Schematic drawing of the dimensions of the stemrited electrodes. The

geometric area of the working electrode was es@thasing these dimensions.
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Figure S7. Effect of the curing time (at 80 °C and 37 °C)tba square-wave voltammograms
for 100 pg/L of Cd(ll) and Pb(ll) in 0.1 M acetdbaffer pH 4.5 measured on transparency
electrodes modified with a bismuth film by the situ deposition using 5 mg/L of Bi(lll).

Similar results were found for the curing time8@t°C, but significant lower capacitive currents
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were obtained with increasing curing times at 37 °C
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Figure S8. Square-wave voltammograms for 100 pug/L of Cddid Pb(ll) in 0.1 M acetate

buffer pH 4.5 measured on bare transparency etéetrand modified with a bismuth film by
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thein situ deposition using 0.5 mg/L of Bi(lll).
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Figure S9. Net, forward and backward components of the sguave voltammograms
obtained for 100 pg/L of Cd(ll) (A) and Pb(ll) (B) 0.1 M acetate buffer pH 4.8 measured on
transparency electrodes modified with a bismuth fily thein situ deposition using a 0.5 mg/L
of Bi(lll). The baseline was subtracted to the mesges in order to normalize the currents and be

able to evaluate easily the responses obtained.

Figure S10. Effect of the acetate buffer pH on the strippimglp currents for 100 pug/L of Cd(ll)
and Pb(Il). The stripping peak currents increasedegplly with increasing pH, especially for
cadmium, with the optimal pH being 4.8. It seemat tthhis pH is the most effective for the
preconcentration of the metals with the Bi filmdahe succeeding stripping step. Thus, pH 4.8

was chosen for the following experiments.
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Figure S11. SEM images corresponding to transparency sheétscatrbon ink cured at 37 °C

for: A)1 day and B) 15 days.

Table S1. Tolerance ratio of interfering metal ions in thlectrochemical determination of 50

pg/L of Pb(ll) and Cd(ll) on transparency electrade

12% Tolerance Ratio
Interfering metal

cd(l) Pb(l1)
cu(ll) 20 20
Ni(ll) 100 100
Co(ll) 100 50
Fe(lll) 200 200
Zn(IN) 200 200




