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ABSTRACT

In this work, an electrochemical method for detection of trace amount of aluminium
(APP*), a heavy metal ion, based on a bare gold electrode (AuE) was developed. Current
responses of the AuE under various type of electrolytes, redox indicators, pH, scan
rate and accumulation time were investigated using cyclic voltammetry (CV) method
to obtain the optimum conditions for A** detection. The sensing properties of the
AuE towards the target ion with different concentrations were investigated using
differential pulse voltammetry (DPV) method. From the CV results, the optimal
conditions for the detection of Al** were Tris-HCl buffer (0.1 M, pH 2) supported
by 5 mM Prussian blue with scan rate and accumulation time respectively of 100
mVs~ and 15 s. Under the optimum conditions, the DPV method was detected with
different concentrations of aluminium ion ranging from 0.2 to 1.0 ppm resulted in a
good linear regression r* = 0.9806. This result suggests that the optimisation of the
basic parameters in electrochemical detection using AuE is crucial before further
modification of the Au-electrode to improve the sensitivity and selectivity especially
for the low concentration of ion detection. The developed method has a great
potential for rapid detection of heavy metal ion (Al**) in drinking water samples.

Keywords: electrochemical sensor, heavy metal, aluminium, cyclic voltammetry,
differential pulse voltammetry
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INTRODUCTION

Aluminium is the most abundant metal in the Earth’s crust that can be found in a
wide variety of chemical forms throughout the environment. Aluminium has been
used tremendously in industrial applications for fabrication of electrical appliances,
automobiles, building constructions, packaging materials, cooking utensils as well as
for the development of vaccines (Mergu, Singh, & Gupta, 2015; Soni, White, Flamm,
& Burdock, 2001; Baylor, Egan, & Richman, 2002). Besides, aluminium is a well-known
flocculant in the water treatment system. The high amount of aluminium from human
daily activities could be changed the amount of aluminium in the environment. The
concentrated aluminium is entering the environment through the raining process.
The pH of the rain is changed more to the acidic condition as aluminium high released
into the air. As a result, acidic raining condition high amount of aluminium is saturated
in natural water and biological systems (Tripathi et al., 2014; Manjumeena, Duraibabu,
Rajamuthuramalingam, Venkatesan, & Kalaichelvan, 2015).

Excessive exposure to this metal element has been linked to serious health problems
related to neurodegenerative and neurological disorders such as Alzheimer’s disease
(Rastogi, Dash, & Ballal, 2017), Parkinson’s disease and dementia (Ramezani, Jahani,
Mashhadizadeh, Shahbazi, & Jalilian, 2018), breast cancer (Kim, Angupillai, & Son,
2016) and other diseases like osteomalacia (Kim et al., 2016; Sarkar, Ghosh, Gharami,
Mondal, & Murmu, 2017). Therefore, accurate determination and efficient monitoring
of aluminium level in the food chain, especially the drinking water system has become
increasingly important. An average safety level of weekly human body dietary intake of
aluminium is 7 mg kg™ body weight while the permissible level in drinking water is 0.2
ppm as per WHO guidelines (Diao et al., 2016; Fu et al.,, 2014; Barcelé & Poschenrieder,
2002; WHO, 2008).

Several analytical methods for the aluminium detection in different matrices are
available such as fluorescence method (Manjumeena et al., 2015), flame atomic
absorption spectrometry (Altunay, Yildinm, & Giirkan, 2018), graphite furnace atomic
absorption spectrometry (Dravecz, Bencs, Beke, & Gali, 2016), flow injection/sequential
injection analysis (Khanhuathon, Siriangkhawut, Chantiratikul, & Grudpan, 2015),
inductively coupled plasma mass spectrometry (Silva et al., 2015), near-field enhanced
atomic emission spectroscopy (Wang et al, 2018), inductively coupled plasma
dynamic reaction cell mass spectroscopy (Skalny et al., 2018), UV-vis spectroscopy
(Lima, Papai, & Gaubeur, 2018; Eleckova, Alexovi¢, Kuchar, Balogh, & Andruch, 2015),
neutron activation analysis (Mohseni et al., 2016) and high-performance liquid
chromatography (Ziofa-Frankowska, Kuta, & Frankowski, 2015). However, most of
these methods are complicated, time-consuming, and required skilled operators to
perform the ex-situ analysis (Ma, Yuan, Chai, & Liu, 2010; Rana, Mittal, Singh, Singh, &
Banks, 2017; Suherman et al., 2018).
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In recent years, electrochemical techniques for determination of aluminium are a
subject ofimmenseinterest by researchers worldwide as a simple and rapid alternative
to the aforementioned conventional methods. On top of that, an advanced method
allowed for the fabrication of portable device via in situ analysis (Suherman et al.,
2018; Ramezani et al., 2018). In electrochemical sensing, selection of suitable working
electrode is important as it has a direct impact on the current formation. Among the
various type of working electrodes for electrochemical sensing applications, gold
electrode offers favourable characteristics in terms of electrocatalytic and conductive
properties, good selectivity, high signal to noise ratio, and have been widely used for
detection of varying heavy metal ions including ions of hexavalent chromium (Wu et
al.,, 2019), arsenite (Wen, Wang, Yuan, Liang, & Qui, 2018), mercury (Yang et al., 2015),
cadmium and lead (Xuan & Park, 2018; Gumpu, Veerapandian, Krishnan, & Rayappan,
2017) as well as zinc and manganese ions (Gilbert et al., 2018, Gilbert, Siddiquee,
Saallah, & Tamrin, 2019). However, in most cases of electrochemical sensing based on
Au-electrode, the electrode is simply used, modify and functionalised for detection
of the target ion. As the current response obtained during the electrochemical
measurement is highly influenced by various factors such as types of the electrolytic
solution, redox indicators, pH, scan rates and accumulation times, investigation of the
effect of these factors towards the current response is of great importance to obtain
the optimum conditions that can give a good current response. To the best of our
knowledge, there is no paper published on the optimisation of the electrochemical
method for aluminium ion detection using a bare gold electrode.

MATERIALS AND METHODS

Chemicals for preparation of buffer including potassium hydrogen phosphate,
potassium dihydrogen phosphate, sodium citrate dihydrate and sodium chloride were
purchased from Systerm while sodium citrate dihydrate and citric acid anhydrous were
obtained from Nacalai Tesque. The other buffer materials including hydrochloric acid,
ammonium acetate and Tris-HCl were purchased respectively from J. T. Baker, Ajax
Chemical and FIRST Base. The chemicals of redox indicator were obtained from Nacalai
Tesque (potassium hexacyanoferrate (lll) and potassium ferrocyanide (ll) trihydrate),
Systerm (methylene blue) and Sigma-Aldrich (iron (Ill) chloride). Aluminium sulphate
as a target ion was obtained from Systerm.
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Instrumentation

All electrochemical measurements were carried out using a potentiostat/
galvanostat (PGSTAT) electrochemical workstation (Metrohm-Autolab B.V) with a
standard three-electrode system consisting of a bare gold electrode, platinum wire
and silver chloride as the working, counter and reference electrodes, respectively.
Voltammograms obtained from the CV and DPV methods were analysed with NOVA
Autolab 1.11 software. All experiments were conducted at a room temperature
condition of 20 + 2°C.

Pre-treatment of the Bare Gold Electrode

The bare AuE pre-treatment was conducted according to the method previously
described by Siddiquee, Yusof, Salleh, Tan, and Bakar (2010). First, the working
electrode (gold) was polished with alumina slurry (0.3 = 0.5 um in diameter) for 2
minutes followed by subsequent cleaning and rinsing with distilled water. Then, the
electrode was dried using nitrogen gas before submerged together with the counter
electrode (platinum) and the reference electrode (silver chloride) in 3 M potassium
chloride (KCl) solution. These three electrodes were used to measure the current flows
through the electrolytic solution after applying the potential (external current).

Preparation of the Electrolytic Solutions

Five types of electrolytic buffer solutions were studied including acetate buffer
(Chaiyo etal., 2016; Honeychurch, Rymansaib, & Iravani, 2018), phosphate buffer saline
(Gholivand, Akbari, Faizi, & Jafari, 2017; Trachioti, Hrbac, & Prodromidis, 2018), citrate
buffer (Gumpu et al., 2017), ammonium buffer (Ferancova, Hattuniemi, Sesay, Raty,
& Virtanen, 2016) and Tris-HCI buffer (Ensafi, Amini, & Rezaei, 2013). The mentioned
buffers were prepared in 0.1 M concentration. These buffers were widely used for the
detection of heavy metal ions.

Preparation of the Redox Indicators

Three redox indicators including plusferocyanide ([Fe(CN¢)]*) (Peng et al., 2016),
methylene blue (MB) (Ensafi et al., 2013) and Prussian blue (PB) (Wen et al., 2018) were
investigated to‘boost’the current response and improve the performance of the bare
AuE.These redox indicators were dropped onto the surface of the electrode and left for
2 minutes to allow attachment on the surface of the electrode. The concentrations of
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all redox indicators were standardised to 5 mM for 10 uL. Then, these redox indicators
were applied for the detection of aluminium ions. The combination of the matched
buffer with redox indicator is shown in Scheme 1 with the current response.

Preparation of the Al** Analyte

The concentration of AI** was set at 0.2 ppm according to the standard drinking water
quality by WHO (2008) and Engineering Service Division, Ministry of Health, Malaysia
(2016). A 0.2 ppm of aluminium sulphate (Al,(SO,);) was diluted directly into 10 mL
of buffer solution under 100 mVs™ with potential volt ranging from 0.0 to 1.7 V for CV
measurements. Five different buffers were tested at 0.2 ppm of Al in the presence of
three redox indicators. For the DPV procedure, different concentrations of aluminium
ion were detected from 0.2 to 1.0 ppm.

A 10 pL of (5 mM) redox indicator was dropped onto the surface of the Au electrode
and left for 2 minutes. Then, the electrode was cleaned with Tris-HCl buffer solution
before the electrochemical measurement. In this procedure, all electrodes (working
electrode, the counter electrode and reference electrode) were submerged into 10
mL of buffer solution containing 0.2 ppm of aluminium ion. The setting of optimal
electrochemical measurements such as the potential range from 0.0 V to 1.7 V; stop
and start potential = 0.8 V; scan rate = 100 mVs™" under 15 s of accumulation time.
These measurements were determined through optimisation step using the CV
method. The DPV method was performed at different concentrations of A+,

RESULTS AND DISCUSSION

To obtain the best results for AIP* detection using bare AuE, selection of
electrochemical conditions including types of buffer and redox indicators, pH, scan
rates and accumulation times are crucial as these conditions have a direct impact to
the current signals during electrochemical measurement. Therefore, in this study,
these parameters were studied and optimised using the CV method and applied for
detection with different concentrations of Al** using the DPV method.
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Selection of Buffer and Redox Indicator

Electrolytic solutions consisted of both the positively-charged (cation) and negatively-
charged (anion) ions. Generally, the positive charge ion attracts to the negative
terminal while the negative charge ion moves to a different direction (positive
terminal). When an external force is applied in the form of potential, the current
travels into different medium known as an electrolytic solution. The medium with the
presence of the charged ions capable to conduct the electricity and exhibited the
formation of current in the form of voltammogram graph.

In this study, five types of buffer were tested as electrolytic solution as these buffers
have been used by other researchers for detecting varying heavy metal ions such
as zinc (Honeychurch et al., 2018), cadmium (Trachioti et al,, 2018; Gumpu et al,,
2017), arsenite (Gumpu et al., 2017), lead (Tarley et al., 2017), mercury (Gumpu et al.,
2017), nickel (Ferancova et al., 2016). Effect of the buffer towards the electrochemical
detection of aluminium ion is depicted in cyclic voltammograms as shown in Figure
1. Tris-HCI buffer supported by 5 mM Prussian blue (PB) showed the highest peak
current responses as compared to other buffers and redox indicators. The magnitude
of oxidation almost twice was higher than that of the reduction which indicated that
the two ion radicals were diffused onto the surface-active area by competition process
(Ranaetal., 2017).

The oxidation peak formed at 1.6130V (3.6907 mA) while the reduction was formed
at 0.4704 V with the current response of —0.9821 mA. The formations of the peak for
all buffers are not in a position of potential range. All the peaks were shifting from
one to another. This shifting of current responses was due to the diffusion of the
aluminium ion on the surface of the bare AuE. Based on the current responses, Tris-
HCI buffer supported by 5 mM Prussian blue was selected as an electrolytic solution
for detection of A**.
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Figure 1 CV analysis of different buffers (0.1 M, pH 2) in the presence of 5 mM redox indicators. The
buffers such as acetate buffer, ammonium buffer, citrate buffer, phosphate buffer saline and Tris-HCI

buffer tested with potential range from 0.0 V to 1.7 V. and 100 mVs™' scan rates. The experimental work
was repeated at least three times (n>3)

Effects of the Different pH Ranges

The influence of the pH of the electrolytic solutions on the detection of AI** was
studied by CV in the presence of 0.2 ppm of Al**in 0.1 M Tris-HCl buffer supported by
5 mM Prussian blue, with pH values ranging from 2.0 to 9.0 (Figure 2A). The pH value
was calibrated using either 1 M hydrochloric acid (HCI) or 1 M potassium hydroxide
(KOH). The cyclic voltammograms were obtained under the potential ranged from 0.0
to 1.7 V.
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Figure 2 CV analysis for optimisation of the pH values for pH 2 to 9. The optimisation of pH was applied
to 0.1 M Tris-HCl buffer supported by 5 mM Prussian blue in the presence of 0.2 ppm AP**. The graph
of different pH values 2(A) and the comparison of oxidation and reduction peaks for every peak point
formed on 2(B). The repetition of the experiment was conducted more than three times (n>3)
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Based on Figure 2(A), there was no much different on the current response on
oxidation and reduction reactions. Therefore, the comparison of the current response
was evaluated based on the peak current responses by oxidation and reduction
peak current signals in Figure 2(B). Oxidation and reduction peaks were formed
with different potential ranged of 0.0 V to 1.7 V. Oxidation peaks were formed at
more positive potential point at 1.6227 V to 1.6768 V while reduction closed to 0.0 V
specifically potential point between 0.3947 V to 0.4655 V. At this potential, electron
flowed at the highest potential rate as indicated by the highest peak signal before
its declining to form a horizontal line where the equilibrium state of both oxidation
and reduction current located. Overall, the oxidation peaks were always higher than
the reduction peaks for all the pH value assay. At the reduction peak, pH 2 until pH 5,
almost similar current responses were obtained. Above pH 5, the current responses
were gradually decreased. As for the oxidation peak, at pH 2 to pH 8, the current
responses were fluctuated and rapidly declining at pH 9. The pH 2 (Tris-HCl buffer) was
selected as the optimal pH as both oxidation and reduction peak currents obtained
maximum value.

Effects of Scan Rate

The effects of scan rate were evaluated using the CV method by adjusting the rate
of current flow in the system in the electrochemical measurement. Electrochemical
measurement for scan rate analysis was performed as 50 mVs™', 100 mVs™', 150 mVs™'
and 200 mVs™" as shown in Figure 3(A). Based on Figure 3, the current signal getting
higher as the scan rate adjusted at a higher value.
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Figure 3 CV analysis for optimisation of scan rate from 50, 100, 150 and 200 mVs~' for (0.1 M, pH 2) Tris-
HCl buffer supported by 5 mM Prussian blue with the presence of 0.2 ppm AF*.The graph for different
scan rates (A) and line graph of the comparison between oxidation and reduction potential peaks current
response (B). This experiment was conducted more than three times (n>3)
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Thisindicated that scanrate proportions to peak current signal. According to Suherman
etal. (2018), this formation was due to surface controlled of bare AuE to aluminium ion
based on the shifted graph. Absorption of the aluminium ion was depending on the
speed of the current flow promoted by the scan rate. The faster the current flow, the
higher the current response as shown by the 100 mVs™' scan rate until overoxidation
occurred when the scan rate above 100 mVs™" was applied. Oxidation peaks with a
scan rate of 150 mVs~" and 200 mVs™" were invalid due to the flat current response as
the speed of the current increased. Despite the validity, the scan rate of 50 mVs™' and
100 mVs~" were left to compare. From Figure 3(B), it was seen that the 100 mVs™' scan
rate has higher oxidation and reduction peaks compared to the 50 mVs™' scan rate.
Therefore, 100 mVs~' was chosen as the optimal scan rate for this study.

Effects of Accumulation Time

The effects of accumulation time on electrochemical detection of Al** was investigated
using the CV method. Before analysis began, the accumulation time was applied to
allow the current flow into the system first by generating the current to breakdown
the chemical compounds into single radial ions such as cation and anion. These ions
were transferred into the cathode and anode as a result of oxidation and reduction
peaks current as shown in Figure 4(A). The range of accumulation was selected from
5 - 40 s. All the accumulation times showed not many different responses except for
the 10 s, where the current response dropped drastically (Figure 4(B)).
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Figure 4 CV analysis for optimisation of the accumulation time from 5, 10, 15, 20, 25, 30 and 40 s for (0.1
M, pH 2) Tris-HCI buffer supported by 5 mM Prussian blue at the presence of 0.2 ppm aluminium under
100 mVs™' of scan rate. The graph of different accumulation times (A) and the line graph for oxidation and
reduction peaks formed by cyclic voltammogram. This experiment was conducted at least three times
(n>3)
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At this accumulation time, the lowest current response at oxidation and reduction
peaks were obtained as compared to the other accumulation times. Theoretically, this
factor might be due to the net charge concentration and surface-active site. According
to the Nernst-Planck equation:

aC; - N
C—l+ uove(Ve uTy) =Dy,
t

Where is the electric current, is the diffusion coefficient, gradient concentration and
is ionic strength. When the current as experiencing momentum due to diffusion
coefficient and gradient concentration of the current (, it is expressed as:

i = —DVC;

Based on the equation, AI** experienced the repulsion force as it approaches the
surface of the electrode due to the similar positive charge of both the ion and the
electrode. This statement leads to the second condition, as aluminium ion experienced
momentum, has convicted its electrons. As aluminium lost 3 electrons, aluminium
oxidized into AIP*. The 3 electrons are forced transferring to the bare AuE which Au3*
under 100 mVs™ of scan rate. Its force against the electromagnetic force produced
by different terminal charges with the presence of external force such as current for a
non-spontaneous chemical reaction to occur. The concentration of its current, then,
expressed as:

lcon = WG

Where is ionic strength and is the concentration of the aluminium (Wang, 2001). The
second factor might be happened was due to surface active site. The current signal
was depending on the absorption site capacity according to Langmuir isotherm as
shown below:

KP,  No. adsorption site occupied

0= 14+ KP, No.adsorption site available

As the rate of adsorption was while the rate desorption was . The equilibrium reaction
between the rate of adsorption and the rate of desorption leads to the stability of
the system (Wang, 2001). Therefore, 10 s showed the reaction was not fully complete
in term of electron transfer and the surface-active area was still available. When
the accumulation time was above 15 s, the peak of the current became stable until
reaching 40 s. For the oxidation peaks, the highest current responses were observed
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at a potential between 1.5 to 1.6 V due to the saturation of the ion on the electrode
surface (Rana et al., 2017). A similar trend was observed at the reduction peaks where
the highest current response formed at potential applied between 0.4 to 0.5 V. The
selection of the 15 s was compared to other accumulation times due to sharp peak
form between 10 to 15 s. This is the strong evidence of the electron transfer on the
system (Rana et al., 2017). The formation of the peak from 10 to 15 s almost twice as
compared the interval between the accumulation times. Therefore, 15 s was selected
as an optimal accumulation time.

Detection of Different Concentration of Al3*

Differential pulse voltammetry (DPV) is widely used for detection with different
concentrations of AP** ranged from 0.2 to 1.0 ppm (Figure 5). After optimisation
using CV analysis, DPV analysis was performed to test the current response related to
different concentrations of AI¥* under the optimum conditions (Table 1).

Table 1 Optimum conditions applied for DPV analysis

Parameter Optimum condition

Buffer Tris-HCl buffer (0.1 M, pH 2)
Redox indicator 5 mM Prussian Blue
Scan rate 100 mVs™'

Accumulation time 15s
Reduction range 0.2Vto 0.8V

The reduction range of 0.2 to 0.8 V was selected due to the stability of the current
response as shown in Figure 5(A). As mentioned previously, the concentration of
aluminium ion was set at 0.2 ppm according to the safety level of AFF* in the drinking
water standardised by Ministry of Health, Malaysia (2010) following the WHO guideline.
The formation of reduction peak was observed from 0.55 to 0.75 V. The sensitivity of
the bare AuE was about —0.0382 mA.
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Figure 5 DPV analysis for different concentrations of aluminium in (0.1 M, pH 2) Tris-HCI buffer solution
fixed as 0.2, 0.4, 0.6, 0.8 and 1.0 ppm with range potential 0.55 - 0.75 V under 100 mVs~' of scan rate. DPV

results of different concentrations aluminium ion (A) and the line graph for reduction peaks among the
different concentrations (B). This experiment was repeated more than three times (n > 3)
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Based on Figure 5 (A), the current is shifted to the left as the increasing amount of
the aluminium added (from 0.6526 V to 0.6375 V) indicating the presence of APt in
the electrolytic solution. Also, the peak current response was proportional to the
concentrations of aluminium as its approaching positive current. The peaks of the
current response formed at reduction potential as the amount of the aluminium
increasing. This is the strong evidence that aluminium is a strong reducing agent as its
formed high peak at negative current axis according to standard reduction potential.

Determination of the reactions between the target ion and the surface of the bare
AuE was conducted by analysing the data using a line graph as shown in Figure 5(B).
The peak points among the concentrations were collected and the linear regression
equation was obtained as y = 0.002x — 0.0294, where y stands for the peak of the
current (mA) while x is the different concentrations of the aluminium ion (ppm) with a
good linear correlation of r> = 0.9806. The peaks of the current response were closer to
positive current as the high amount of aluminium added as mentioned before.

The possible electrochemical mechanism of these findings might be due to the affinity
of target ion to the surface of the electrode. In the electrolytic solution, the cation
produced by the buffer itself. Based on the chemical composition of Tris-HCI buffer
(C4H,;NO3), it might produce complex compound NH,NaC(CH,OH);.HCI due to the
addition of sodium chloride (NaCl) into the solution. The possible chemical reaction
by the formation of buffer in the electrolytic solution is as below:

NaCl + NH,C(CH20H);.HCl ————— NH,NaC(CH20H)3.HCI + CI-

Based on Alfred Werner’s coordination theory, 1 HCl bound directly onto N in the
form of NH,C(CH20H);.HCl. When the NaCl was added, the NH,NaC(CH20H),.HCI
was formed and it released Cl~to bind with H* from water molecules (Berke, 2014).
The other possible reaction was the formation of Na* which was possible cation that
competed with AP*. This formation happened during the electrolysis process when
the Na* breaks into the single radical ion from Tris-HCl buffer’s chemical structure. The
chemical reaction is shown below:

The mixture was directly dissolved in the distilled water which was containing the
cation identified as H*. Therefore, the possible ions that might present in the solution
are Na* are H*including the target ion (AI**). These ions chemically competed to
attach on the cathode terminal by chemical affinity order. Theoretically, the more
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positive radical ion compared to other cations, the higher chance of the ion to attach
on the surface of the electrode. The affinity of APt is stronger than H*, while Na* is
lower than AI** and H*. This order might be affecting the accumulation of the ion on
the surface of the bare AuE. Based on the affinity order, AI** was expected to attach
on the surface of the electrode but at the same time, the Na* and H* competed on
the same site which shows the unstable peak formation of different concentrations.
Also, AI** was expected to attach on the surface of the electrode when the current
response shifted to the left as shown in Figure 5(A). The other consideration the line
graph was not linear as expected due to the charge of the electrode itself. Bare AuE
has positive one ion (could be 2+ and 3+) based on it electron configuration (5d™
6s'). The repulsion force might happen between two elements with identical charges
due to magnetic force. Some AP* might be repelled away from the bare AuE (positive
charge) which indicated by the current responses in Figure 5(A) with less amount
of aluminium shows the highest peak current response. However, the characteristic
of the electrode itself as a good conductor enhanced the current flow through the
system as well as increasing the current intensity cannot be denied. Therefore, the
detection of APB* using AuE is successfully sensing through optimisation of all the
important parameters.

CONCLUSION

This research paper reported the rapid detection of AI** using electrochemical methods
through comprehensive optimisation of the important parameters such as buffer,
redox indicator, pH value, scan rate, accumulation time and concentration window.
The current response showed a good linear correlation (R?> = 0.9806) with reversed
current reaction, indicated by the reduction peaks when different concentrations
of aluminium are applied into the DPV method. The proposed method can detect
aluminium ion in 15 s. Finally, this optimised conditions, an electrochemical sensor
is successfully detected of aluminium ion on the ranged of 0.2 to 1.0 ppm with high
sensitivity (—0.0381663 mA). Therefore, the proposed method holds great potential
for simple, rapid and in situ analysis of aluminiumin drinking water and other sources.
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