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Abstract

The contamination of drinking water and food products by aluminium represents a serious health
issue, as it is associated with chronic neurodegenerative diseases. Herein we report an analytical
electrochemical method for the determination of aluminium(lll) at glassy carbon electrodes, modified
with commercially available tannic acid-capped gold nanoparticles. The combination of gold
nanoparticles and tannic acid as capping/chelating agent results in an accurate and sensitive
detection of aluminium(lll) in aqueous solutions by square wave voltammetry (SWV). Employing the
presented methodology, clear measurable signals are seen even at the low limit of 10.0 pM, markedly
and usefully lower than the permissible level of 7.4 uM for drinking water as defined by the WHO and

which compares favourably with alternative detection methods.
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1. Introduction

The contamination of drinking water and food products by aluminium represents a serious
health issue[1], as it has been associated with the occurrence of Alzheimer’s disease[2], Parkinson’s
dementia[3], renal osteodystrophy[4], and chronic kidney disease[5]. The World Health Organization
(WHO) has reported acceptable levels for aluminium of <3.7 uM and <7.4 uM in treated water for large
and small water treatment facilities, respectively.[6] Thus, a highly sensitive detection method that is
reliable and simple for the routine monitoring of aluminium(lll) in drinking water and food products is
needed.

The analytical determination of aluminium(lll) has conventionally been performed using atomic
absorption spectrometry (AAS)[7], inductively coupled plasma atomic emission spectrometry (ICP-
AES)[8], inductively coupled plasma-mass spectrometry (ICP-MS)[9], neutron activation analysis
(NAA)[10], electrothermal atomic absorption spectrometry (ETAAS)[11], UV-vis diffuse reflectance
spectroscopy (UV-vis DRS)[12] and spectrophotometry[13]. Although these methods offer reasonable
sensitivity and reliability, drawbacks, such as extensive sample preparation, required expertise in
handling, expensive instrumentation, and the limitation to ex situ analysis, cannot be avoided.
Voltammetry with its high sensitivity, rapid analysis time, cost efficiency, and possible adaptation for in
situ analysis is an ideal technique for the routine monitoring of sample contamination by aluminium(lil).
In the literature, the determination of aluminium(lll) in aqueous solution by voltammetry was achieved
via metal-complexation in the presence of complexing agents, such as 1,2-dihydroxyanthraquinone-3-
sulfonic acid (DASA)[14], alizarin S[15], alizarin violet[16], pyrogallol red[17], 8-hydroxyquinoline[18],
cupferron[19], and ionophore JS-1[20]; using thin mercury film electrodes (TMFE), renewable silver
amalgam film electrodes (Hg(Ag)Fe), multi-walled carbon nanotube modified carbon paste electrodes
(MWCNT/CPE), mercury electrodes, hanging mercury dropping electrodes (HMDE), HMDEs, and
screen-printed carbon electrodes, respectively. Although these chelating agents have shown the
capability to form a metal-complex with aluminium ions (AI?*), it is desirable to use alternative
materials with a stronger and more selective binding with A3+,

Herein, we report the electrochemical determination of AI®* in aqueous solutions at a tannic
acid-capped gold nanoparticle modified glassy carbon macroelectrode (Scheme 1) using cyclic and
square wave voltammetry. Because of their high activity towards many chemical reactions, including
molecular adsorption[21], reduction process[22], and metal complexes[23, 24], metallic nanoparticles
are extensively studied in areas of catalysis, sensing, and electronic applications. In the present work,
the large surface area to mass ratio of nanoparticles is exploited alongside their use to support
chemically selective capping agents. Specifically, by drop casting nanoparticles, the surface area of an
electrode is much increased and permits an enhanced analytical performance, resulting in lower levels
of detection during sensing applications. Moreover, since the aggregation/agglomeration of gold
nanoparticles ideally needs to be avoided[25-27], employing gold nanoparticles (AuNPs) in
combination with tannic acid (CzsHs2046, TA) as a capping agent, has been shown to minimise this
effect.[28, 29]

In plants, TA is a naturally occurring polymer, exhibiting a range of structures, molecular

masses, and physicochemical and biological properties[30, 31]. TA consists of a central glucose core



and surrounding covalently attached digalloyl ester groups, containing reactive functional groups, such
as hydroxyl and phenolic hydroxyl, which can bind metals[31, 32]. Generally, the catechol or galloyl
groups of TA provide binding sites for metal ions, ranging from mono-type to tris-type complexes[30,
33]. Diverse metals and heavy metal ions such as Fe(llD[32], Ti(IV)[34], Hg(I1)[35], Pb(IN[36],
Cu(ID[37], Ni(IN[38], and AI(lI)[39, 40] are reported to complex with TA by adsorption. Stability
constants of these complexes, indicating the affinity of the metal with TA, differ, and much higher
values have been reported in the literature for AlB* than for other ions[30, 34, 40-43]. This suggests the
use of TA for the selective detection of AIF*. The proposed methodology below is based on the
complexation process between AIP* and TA, at tannic acid capped-gold nanoparticles, drop casted
onto a modified glassy carbon electrode (AuUNPs@TA-GCE). To the best of our knowledge, no
strategy for the determination of Al** in combination with TA by voltammetry has been suggested in
the past.

The presented work demonstrates a sensitive, reliable and cost-efficient alternative method for
the detection of aluminium(lll) in agueous solutions. All voltammetric experiments were achieved using
a freshly modified electrode. The reusability of the electrode was not assessed, as sensing principles

are commonly transferred onto disposable screen printed electrodes in later steps.

Tannic Acid

Glassy Carbon Macroelectrode

Scheme 1. Tannic acid and the AUNPs@TA-GCE.

2. Material and Methods
2.1.Chemicals

Tannic acid-capped gold nanoparticles (AuNPs@TA, 2.2 x 10 particles mL?,
NanoComposix, San Diego, USA), with a hydrodynamic diameter of 68 nm, as indicated by the
manufacturer, were used as received. Tannic acid (C7sHs2046, average molecular mass 1701.2 gmol,
Sigma-Aldrich, Gillingham, UK) solutions were prepared freshly for all experiments since the
compound can be oxidised and decomposed by exposure to light and atmospheric oxygen[30, 44].

Aluminium sulphate (Al2(S04)3.16H20, >97%, Alfa Aesar, Karlsruhe, Germany) was used as a source



of AP*. Where water is referred to, nanopure water with a resistivity not less than 18.2 MQ cm at 25 -C
(Millipore water purification system, Millipak Express 20, Watford, UK) was used. HCI-KCI solution
solutions of pH1.0 and pH2.0 were prepared by mixing 97.0 mL of 0.1 M HCIl and 3.0 mL of 0.1 M KCI
(pH1.0) or by mixing 10.6 mL of 0.1 M HCIl and 89.4 mL of 0.1 M KCI (pH2.0).[45]

2.2.Instrumental

All electrochemical measurements (cyclic voltammetry and square wave voltammetry) were
carried out inside a Faraday cage at 25 + 1 *C using a p-Autolab Type Il potentiostat (Metrohm
u3AUT71335, Autolab B.V., Utrecht, The Netherlands) and data acquisition was controlled by GPES
software (version 4.9). A three-electrode system was used for all electrochemical measurements. A
1.48 + 0.02 mm radius glassy carbon electrode (GCE) and a 1 mm radius gold electrode were used as
working electrodes (CH Instruments, USA). A saturated calomel electrode (SCE, Hg/Hg:Clz, saturated
KCI) functioned as a reference electrode and a platinum wire was used as a counter electrode.

The GCE and gold electrode was polished using microcloth polishing pads and a water-
alumina mix (1.0, 0.3, 0.05 um, 5 minutes on each grade, Buehler, IL, UK), rinsed with nanopure
water, and dried under Nz flow. All analyte solutions were degassed using a high purity N2 flow (BOC
Gases plc, UK) for 5 min before measurement. After polishing, the GCE was modified immediately by
drop casting 25.8 uL of AUNPs@TA, which approximately corresponds to a surface concentration of
one monolayer if the particles are uniformly dispersed on the surface. After drying under N: flow, the
modified electrode (AUNPs@TA-GCE) was immediately used for electrochemical experiments. A gold

electrode was used without further surface modification.

2.3.Characterisation

Size and aggregation/agglomeration state of the AuNPs@TA were characterized using
Scanning Electron Microscopy (SEM, JSM-6500F, JEOL Ltd., Japan), with an accelerating voltage of
5 kV using a secondary electron imaging mode. A glassy carbon plate (MFCD00133992 GC plate, 3
mm thick, type 2, Lancashire, UK), cleaned in aqua regia, was used as an electron imaging substrate.
After polishing, SEM samples were prepared by drop casting AUNPs@TA onto the GC plate surface.
Microscopy images were analysed for particle size and distribution using ImageJ (National Institute of
Health, USA) and OriginPro 2017.

3. Results and Discussion

In this section, we first present the electrochemical characterisation of solution phase TA and
of immobilised AUNPs@TA. Subsequently, the complexation of Al** and the AUNPs@TA-GCE system
is discussed by analysing the resulting peak currents during cyclic voltammetry and evaluating the
effects of scan rate, the concentration of target analyte and the electrode exposure time to sample
solutions. Finally, an evaluation of the experimental parameters for square wave voltammetry (SWV)
is presented, optimizing the electroanalytical performance of the chemical sensor. We demonstrate
that useful measurable detection for APR* is achieved below the reported practicable level for

aluminium(lll) in drinking water.



3.1. Solution Phase Electrochemistry of Tannic Acid

Solution phase TA was electrochemically characterised in aqueous acid by cyclic voltammetry
using a 2.0 mm gold macroelectrode at varying pH, TA concentrations, scan rates, and electrode
exposure times (Figure 1). After polishing, the macroelectrode was exposed to TA concentrations,
ranging from 1.0 mM to 15.0 mM. Cyclic voltammetry measurements revealed an oxidation peak of TA
at a peak potential of 0.58 V vs SCE at pH1.0 (Figure 1la) and a peak potential of 0.54 V vs SCE at
pH2.0. The shift in peak potential with pH is consistent with the need for deprotonation prior to electron
transfer and the difference of ca 40 mV suggests the loss of fewer protons than electrons. For a
particular concentration of TA, the current was approximately independent of pH, consistent with the
TA being fully protonated at the pHs studied and with literature reports[31, 46] of the pKa of TA (range
from 2.5 to 8.5), which were independently verified in our work which suggested the effective pKa of
TAis ca 3.7.

A linear peak current behaviour on scan rate was observed (Figure 1b), suggesting the TA
oxidation on the macroelectrode surface is a surface-controlled (adsorption) process. Furthermore, the
immersion time of the macroelectrode in a 1.0 mM TA solution, prior to CV analysis, was found to play
an important role to maximise the oxidation of TA, as the prolonged exposure of the macroelectrode to
TA results in the increased adsorption of TA to the electrode surface. By varying the exposure time
from zero to 30 minutes at open circuit potential, a maximum peak current at 10 min was identified.
The adsorption of TA onto macroelectrode surface and its electrochemical reaction is represented in

equation (1), where x and y are discussed below.
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Figure 1. Electrochemical characterization of solution phase TA by cyclic voltammetry. (a) Cyclic voltammogram
of 1.0 mM TA in HCI-KCI solution at pH1.0. (b) Linear peak current behaviour at various scan rates.

Next, the understanding of the electrochemical behaviour of TA in its combination with gold

nanoparticles (AuNPs) is addressed in the following section.



3.2. Characterisation of AUNPsS@TA

The size characterisation of the gold nanopatrticles capped with tannic acid (AUNPs@TA) was
carried out using scanning electron microscopy (SEM) using secondary electron imaging (SEI) mode.
Figure 2a presents an SEM micrograph of AUNPs@TA, where a mean diameter size distribution of 60
+ 3 nm (standard deviation) was obtained (Figure 2a, inset). The particle surface charge was
guantified by measuring the zeta potential in nanopure water at 25 ‘C, whereby an average zeta
potential of the AUNPs@TA of -30.9 + 13.1 mV with a conductivity of 0.023 mS cm was obtained.
This value suggests a high stability of the colloidal gold dispersion.[47]

In agreement with literature[44, 46], an estimated effective radius of the TA molecules of 1.3
nm was calculated from the structure and known bond lengths and angles, corresponding to an area
of ca 7 x 1018 m? of nanoparticle surface, occupied per TA (see S1 for calculation details).
Therefore, the amount of TA in one monolayer was estimated to be ca 1,750 molecules per
nanoparticle.

Next, AUNPs@TA were electrochemically characterized by cyclic voltammetry in HCI-KCI
solution at pH1.0, revealing an oxidation peak at a potential of 0.31 V vs SCE (Figure 3a, blue
curve), attributed to the oxidation of TA[48] as illustrated in equation 1. For this purpose, a GCE was
modified by drop casting ca 5.7 x 108 AuNPs@TA, corresponding to a surface concentration of
nanoparticles of approximately one monolayer. This volume contains ca 102 TA molecules in total
(see S1 for calculation details).

Cyclic voltammetry of AUNPs@TA-GCE in HCI-KCI solution at pH1.0 at a range of scan rates
between 25 and 100 mV s showed a linear behaviour of the AUNPs@TA peak current as a function
of scan rate (Figure 2b) suggesting that the oxidation process of AUNPS@TA at the GCE surface is a
surface-controlled (adsorption) process. Furthermore, an investigation of the electrochemical current
behaviour in dependence of the pH reveals a decrease in peak potential with increasing pH values
(Figure 2c), along with a decrease in the peak currents. The response reflects the loss of protons on
oxidation but the complexity of the TA structure precludes the quantification of the exact number of
electrons and protons being transferred, except the sub-Nernstian slope of Figure 2c suggests y >> x.

Further, the effect of exposure time of the AUNPs@TA-GCE to the control solution, HCI-KCI
solution at pH1.0, prior to voltammetric measurements were studied at zero and 30 min. The resulting
peak at the potential of 0.31 V vs SCE exhibits a higher charge at 30 min compared to zero exposure
time, suggesting the swelling of the capping agent layer on the AUNPs over prolonged exposure times.
The exposure time prior to the CV being recorded plays a very important role to enable sensitivity of
sensing performance, since it allows to improve the accessibility of the capping layers and to increase
the possibility of AIR* being complexed. However, the length of exposure time needs to meet
reasonable time scale of analysis without compromising the sensitivity and linear range of the

response. This is discussed further below.
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Figure 2. Characterisation of AUNPs@TA. (a) SEM micrograph of AuNPs@TA (inset: size distribution of
ﬁ:}]ﬁEIS@TA). (b) The linear relationship between peak current and scan rate. (c) Dependence of peak potential
3.3. Complexation of Al** by AUNPS@TA

To explore the complexation of Al¥* by AUNPs@TA, cyclic voltammetry was performed in HCI-
KCI solution at pH1.0, using first an unmodified glassy carbon electrode (GCE) in the presence of 2.0
mM APR* (Figure 3a, red curve). No AB* related signal was seen. After immobilization of AUNPS@TA
at an approximate coverage of one monolayer of nanoparticles, the cyclic voltammogram exhibited an
oxidation peak (“peak 1") at a potential of 0.31 V vs SCE (Figure 3a, blue curve), which, as above, is
attributed to the oxidation of TA to form the TA-quinone (Scheme 2, green). By exposing the modified
AuNPs@TA-GCE to 2.0 mM AlR*, a second oxidation peak (“peak 2") becomes apparent at a potential
of 0.52 V vs SCE (Figure 3a, green curve), which is attributed to the oxidation of TA complexed with
At (Scheme 2, red). The possibility of a peak contribution from sulphate anions SO4?- of Al2(SO4)3
(AlR* source), was excluded after a control measurement in K2SQO4 solution (Figure 3a, black curve).
A peak charge of 0.14 uC, related to the number of TA oxidised per nanoparticle (Figure 3a, green
curve, peak-1), and peak charge of 0.23 uC, related to the complexation of TA with AI¥* (Figure 3a,
green curve, peak-2), were obtained by cyclic voltammetry at the scan rate of 100 mV s,

Next, the effect of scan rate was addressed to identify whether the AUNPsS@TA system in the
presence of AP is a surface-controlled or diffusion-controlled process. To assess this effect, a
AUNPs@TA-GCE was immersed into a HCI-KCI solution at pH1.0 containing 2.0 mM AIR* and cyclic
voltammograms at a range of scan rates between 10 and 120 mV s were obtained. Figure 3b
presents the linear dependence of both peak currents on the scan rate, which suggests that the
oxidation of AR*/AUNPs@TA complex is, as expected, a surface-controlled (adsorption) process, as
with the oxidation of the uncomplexed TA. Note that “peak 1" is considerably enhanced in the
presence of Al** suggesting that the partial complexation of the TA leads to a greater accessibility of
the capping layers. The peak potentials for both peaks were essentially scan rate independent hinting
at an electrochemically reversible process.

Furthermore, the electrochemical response with respect to AI¥* concentration during the
complexation process was investigated by cyclic voltammetry. A AUNPs@TA-GCE was immersed in
HCI-KCI solution at pH1.0 containing Al** at the relatively high concentrations from 0.1 to 10.0 mM.
The results indicate that “peak 2" current resulting from APR*/AuNPs@TA complex increased

monotonically with AIB* concentration (Figure Sla), within the concentration range studied.



In addition, various surface coverages of AUNPs@TA on the GCE surface were analysed to
find the optimal condition for AI®* uptake during voltammetric measurements. The GCE surface was
modified by drop casting varying amounts of AUNPsS@TA, corresponding to surface coverages in a
range of 0.1 to 1.5 monolayers (Figure S1b). After drop casting, the AUNPs@TA-GCE was immersed
in HCI-KCI solution at pH1.0 containing 2.0 mM AIR*. Increasing the amount of AUNPs@TA resulted in
an increase of both peak currents during cyclic voltammetry. However, considering the cost of
AuNPs@TA and the time required to modify the electrode surface, one-monolayer coverage was
selected for further experiments.

Finally, the time of exposure of the modified electrode to the analyte solution, prior to
voltammetric measurements (hereafter referred to as the “exposure time”), plays an important role
during the optimization of the sensitivity of the sensing performance. The exposure time that
generates a significant peak current increase, related to the detection of APR* within a reasonable
timescale (<30 min) during cyclic voltammetry, was evaluated by immersing the AUNPs@TA-GCE in
HCI-KCI solution at pH1.0 containing 2.0 mM AI¥* at various exposure times (Figure Sic). The peak

current of “peak 2" increased continuously; a 30 min of exposure time was selected as giving good

sensitivity.
—— GCE in 4.0mMK ,S0, 209 o Peak-1, R% = 0.9972
34 =——GCEin2.0mMAI* 2 _
—— AUNPS@TA-GCE in HCI-KCI Buffer pH1.0 ®  Peak-2, R =0.9921
—— AUNPS@TA-GCE in 2.0 mM Al **
5] Peak-2
<
= Peak-1
g 1-
5
&)
0,
-1 4 b
(a) (b)
T T T T T T T T 0.0 T T T r T T
00 01 02 03 04 05 06 07 000 002 004 006 008 010 012
Potential vs SCE / V Scan Rate / Vs~

Figure 3. Characterization of AI®* detection at GCEs. (a) Voltammograms of modified and unmodified GCE
electrodes at a scan rate of 100 mV s™. (b) The linear relationship of peak currents at various scan rates.
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To assess the complexation process for analytical purposes, a AuNPs@TA-GCE was
immersed into HCI-KCI solution at pH1.0, containing AI** at concentrations ranging from 10 pM to 10.0
mM with an exposure time of 30 min, and cyclic voltammograms at a scan rate of 100 mV s were
obtained. The amount species involved in the “peak 2" reaction, n (moles), was calculated from the
peak charge, Q (Coulomb), obtained from cyclic voltammetry (Figure S2a) based on Faraday’s law of
electrolysis. To obtain the effective electrode coverage, I" (mol cm-2), the calculated number of moles

was divided by the geometric area of the electrode, A (cm?), as shown in equation (2),

Q (@)

zFA
where z is the number of transferred electrons (z=2) and F is the Faraday constant (96485.33 C mol?).

To determine effective electrode coverage, a linear baseline correction was performed to
measure the charge under the voltammetric peaks. As shown in Figure 4, a linear log-log relationship
between the effective electrode coverage and the concentration of Al®* in solution was observed for
both “peak 1" and “peak 27, with an intercept of -10.79 + 0.02 and -10.67 + 0.02 respectively. In HCI-
KCI solution at pH1.0 and 30 min exposure time, the presence of Al?* resulted in significantly higher
effective electrode coverage, compared to a control solution, lacking Al¥*. At a low concentrations of
AR (10.0 pM to 0.1 mM), the closely similar positive slope values of 0.097 + 0.003 and 0.100 + 0.002
for “peak 1" and “peak 2" respectively, indicate that the response of the TA capped is likely to reflect
AR induced swelling of the capping layer with an increased accessibility of chelating and oxidisable
sites. The fact that the slope is below unity may indicate that the surface of the capping layer is partly
saturated with AIP*. Note, at higher concentrations of AlF* (0.5 mM to 10.0 mM), “peak 2" increased
strongly while “peak 1" remained relatively constant. For concentration above 0.1 mM, the effective
electrode coverage of “peak 2" increased much more rapidly than “peak 1”. Furthermore, standard
deviations shown in Figure 6, result from experimental measurements in triplicates. These values
remain relatively constant, indicating a good precision of the proposed methodology.

It should be noted that TA can form complexes with other ions. To address possible
interferences from other ions, we carefully reviewed the literature reporting experimental stability
constants of various ions and TA. The TA/AR* system is reported to have the highest stability constant
of all metal/TA complexes. A table reporting the constants as well as experimental validation for Zn?*
ions can be found in the supporting information (Table S1 and Figure S4). Where no stability
constants are recorded for ions, such as Cu(ll), Ni(ll) and Ca(ll), available literature confirms no
significant influence is expected due to insufficient binding of ions to TA at low pH or electrochemically
inert complex formation.[30, 49, 50]

The effect of the exposure time of the AUNPs@TA-GCE to the analyte and a control solution
was investigated. At zero exposure time (as represented by 1.0 uM and 0.1 mM AR+, Figure 4), the
coverage of both “peak 1" and “peak 2" was lower compared to an exposure time of 30 min,
suggesting the swelling degree of AuNPs@TA film, as noted above, was affected by lengthier

exposure time and increased accessibility of the chelating sites.
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Figure 4. Dependence of the effective electrode coverage of the AI**/TA complex on the solution containing AlS*.
Note the log-log scale.

The above demonstrates a possible new analytical sensing method for AI®*. However, the
identified required exposure time of 30 minutes is disadvantageous for the routine monitoring and
assessment of samples. In the following, we demonstrate that this aspect can be improved by

conducting square wave voltammetry (SWV) analyses with the established sensing methodology.

3.4. Optimised Parameters of the Chemical Sensor

Given the high surface area of the modified electrode, capacitive and background currents can
hide currents due to APR*/TA complex oxidation. By using square wave voltammetry (SWV), the
capacitive current can be reduced. SWYV in the present system requires careful optimisation of several
analytical parameters, namely exposure potential and time, frequency, and pulse amplitude. To
determine an optimum exposure time, a AUNPs@TA-GCE was immersed in HCI-KCI solution at pH1.0
containing 2.0 mM AR* and a holding potential of 0 V vs SCE was applied for exposure times ranging
from 5 to 300 s. A potential sweep was carried out at a frequency of 40 Hz, and amplitude of 0.02 V.
As shown in Figure 5a, “peak 2" was increased up to an exposure time of 300 s, after which a strong
analytically useful signal is seen. This demonstrates a significant improvement in terms of time over
the cyclic voltammetry approach and is reasonable for routine monitoring. The optimised parameters
were independently validated at the lower concentration of 1.0 uM AI®* (Figure S5).

Analysis of the operating frequency during SWV (Figure 5b) showed an increasing peak
current for peak-2 up to 80 Hz, indicating optimal sensitivity for this parameter. Finally, the amplitude
for SWV was examined. In the presence of 2.0 mM AI®*, the pulse amplitude was varied from 0.01 to
0.1 V. As shown in Figure 5c, peak currents of peak-2 increased upon increase of the pulse amplitude
up to 0.04 V, which was therefore selected as the optimum pulse amplitude for all subsequent

experiments.
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AUNPs@TA-GCE system in HCI-KCI solution at pH1.0, containing 2.0 mM Al3*,

3.5. Measurement of Low Concentrations of Al

Having established a successful sensing strategy for the detection of AIP* at AUNPs@TA-
GCEs, the lower detectable levels were determined by SWV in HCI-KCI solution at pH1.0 by selecting
a frequency of 80 Hz, a pulse amplitude of 0.04 V, and applying a holding potential of 0 V vs SCE for
an exposure time of 300 s. Figure 6a shows that very clear signals are seen for concentrations of Al3*
in the range 0.1-10.0 uM corresponding to the range of interest for drinking water. Lower “measurable”
signals were also extracted. The determined “measurable” lower limit here represents as the lowest
concentration that can be distinguished significantly from the background signal. To determine a
“measurable” lower limit for the proposed system, a polynomial (typically of order 3) fit was performed
to extract the signal from the baseline. Subtracting the polynomial baseline from the original data, an
electrochemical signal, significantly greater than the background (Figure S3), can be seen for
concentrations as low as 10 pM (Figure 6b). As shown in Figure 6b, a linear log-log relationship
between the coverage (mol cm) and the concentration of AI** in solution was observed for “peak 2" at
concentrations ranging from 10.0 pM to 2.0 mM AP*. A linear trend was observed from 10.0 pM to
10.0 uM A, At concentrations exceeding 10.0 uM Al¥*, the modified electroactive area of the
electrode probably tends to saturated with AB*. A “measurable” lower limit of 10.0 pM compares
favourably with alternative methods[15, 20] while offering lower costs and the potential to be
applicable in routine water quality assessments. A relative standard error of 39% for the determination
of AI** concentration from the calibration curve was calculated (see supporting information for details).
This error confirms the high sensitivity of the proposed method, as concentrations of even one order of
magnitude below the critical limit of 7.4 uM, defined by the WHO, can be distinguished with statistical
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significance. We note, however, that for use in heavily contaminated water, as opposed to drinking

water, the possible effect of humic acid and/or surfactants might need to be investigated.
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Figure 6. Determination of Al** by SWV. (a) Representative voltammograms of AUNPs@TA-GCE in the presence
of AI®*. (b) A linear log-log relationship between the effective electrode coverage and various AI** concentrations.
Error bars represent the relative standard deviation.

4. Conclusions
An electrode modification method is presented, employing tannic acid-capped gold

nanoparticles (AUNPs@TA) for the sensitive detection of AI* in water. SWV measurements revealed
a “measurable” low limit of 10.0 pM and a linear range up to 10.0 uM, evidencing the excellent utility of

the proposed analytical method.
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