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Abstract: An electronic microtongue using an electrochemical microcell was designed to monitor wastewater 
quality. The planar electrochemical microcells were micromachined in a microcrystalline Boron Doped Diamond 
(BDD) thin layer using a femtosecond laser. The electrochemical measurements with these BDD microcells were 
conducted using Differential Pulse Anodic Stripping Voltammetry (DPASV) for the major detection of heavy 
metal ions. Global signal obtained for raw wastewater (influent of Waste water Treatment Plant (WWTP)) and 
for water from Arve river were found much higher than those of treated wastewater (effluent of WWTP) and of 
treated wastewater from hospital. The DPASV signals have been processed by Principal Component Analysis 
(PCA) and K-Nearest Neighbours (K-NN). According to PCA results, waters were identified and discriminated 
with 99.75 % of the total variance of the dataset. Using K-NN with cross-validation approach, a good 
performance of the developed model was achieved for K=1 and 100 % of the samples were able to be 
classifiedin their original groups. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

Wastewater treatment is an important step in 
ensuring human and environmental health. It is 
regulated in different ways in various countries, the 
common goal being to minimize the pollution 
introduced into natural water bodies. However, the 

analysis of wastewaters requires sophisticated 
techniques able to monitor every treatment stage. 
Amongst these techniques, electronic tongues take, in 
the last decade, an important place in water and 
wastewater quality monitoring. Commonly an 
electronic tongue (i.e., taste sensor) comprises a set 
of individual sensors with a broad and partially 
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overlapping selectivity towards compounds present in 
an aqueous sample [1]. The sensor array is coupled 
to an appropriate pattern recognition model capable 
of getting information from complex signals. 
Electronic tongues have exploited different 
measuring principles based on electrochemical 
techniques such as potentiometry [2, 3] or 
amperometry [4, 5]. Moreover, stripping 
voltammetry methods especially Differential Pulse 
Anodic Stripping Voltammetry (DPASV) has been 
proved feasible in wastewater trace metal 
measurements [6]. These techniques consist of two 
distinct steps. Firstly, in a preconcentration step, the 
analyte is accumulated from solution onto a suitable 
working electrode surface, which can be achieved 
either by electrochemical deposition or by physical 
adsorption depending on the nature of the analyte. In 
a second step, the potential of the working electrode 
is then adjusted in such a way that the analyte is 
liberated as ions from the electrode, with a resulting 
faradic current allowing a direct quantification of the 
amount of present metallic specie. 

Recently, sophisticated sensors such as Boron-
Doped Diamond (BDD) [7] and also Diamond-Like-
Carbon (DLC) [8] have been elaborated in an 
integrated sensor array and can mimic the electronic 
tongue principle when their signals are subjected to 
suitable chemometrics. Electrodes made of BDD are 
extensively investigated for environmental and 
electroanalytical applications, because of their 
analytical properties, as low background current and 
a wide potential window, corrosion stability in 
aggressive media and resistance to biofouling. 
Moreover, BDD generally exhibits better figures of 
merit when compared to other carbon based 
electrodes [9, 10]. Furthermore, simultaneous 
detection of heavy metals is one of the most 
important potentialities of BDD electrodes. In fact, 
several heavy metals can be captured simultaneously 
without requiring a set of sensors. In this context, a 
new laser machined BDD planar microcells in 
conjunction with chemometric methods, such as 
Principal Component Analysis (PCA) and 
K-Nearest Neighbours (K-NN) were designed to 
build up an electronic microtongue aimed at 
monitoring various stages of domestic and hospital 
wastewater treatments, the electrochemical 
measurements being conducted using DPASV 
electrochemical technique. 

 
 

2. Materials & Methods 
 
2.1. Water Origins 
 

Surface water was sampled in Arve River, 
downstream the Bellecombe Wastewater Treatment 
Plant (WWTP), domestic wastewater (influents & 
effluents) in WWTP of Belleville and the hospital 
wastewater in the hospital of Anamasse-Bonneville 
near Geneva (Fig. 1). The hospital is located near the. 

 
 

Fig. 1. Domestic and hospital wastewater origin: (1) Raw 
wastewater from Bellecombe WWTP, (2) Freshwater 
sample from Arve river, downstream the Bellecombe 
WWTP, (3) Treated wastewater from Bellecombe WWTP 
and (4) Treated wastewater from hospital. F1, F2 and F3 
represent different treatment circuits with different 
throughputs in Population Equivalents. 

 
 
Bellecombe WWTP. This is an experimental site 

of particular interest to achieve a specific research 
program (www.sipibel.org) to answer questions 
related to the characterization, treatability and 
impacts of hospital effluents. The site has a new 
hospital with a network of collection of 
individualized wastewater, where a processing line 
can be fully dedicated to the program of study over 
several years, a discharge in the Arve River which 
feeds a part of water resources for human 
consumption of Geneva. Therefore, a total of  
20 samples of different wastewater treatment stages 
were analyzed. Samples were picked up from their 
origin localization in March 2012. 
 
 
2.2. Reagents 
 

Sulphuric acid (H2SO4) 95-97 % and hydrogen 
peroxide (H2O2) 30 % used for cleaning, and 
potassium citrate used in buffer were provided from 
Sigma-Aldrich (l'Isle d'Abeau Chesnes, France). 
Nitric acid (HNO3) 68 % and hydrochloric acid (HCl) 
37 % were provided from VWR international 
(Fontenay-sous-Bois, France). 

 
 

2.3. BDD Electrode Fabrication 
 

Electrochemical microcells were made of a film 
of 300 nm of Boron-Doped microcrystalline 
Diamond (BDD) deposited on an insulated silicon 
wafer of 4” in diameter provided from Neocoat 
company (La Chaux-de-Fonds, Switzerland). 300 nm 
thick polycrystalline Boron-Doped Diamond with 
boron concentration higher than 8000 ppm was 
grown by MPECVD on silicon coated with an 
insulating layer of silicon oxide and silicon nitride 
(Si/SiO2/Si3N4) of 0.5 µm thickness, were purchased. 
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The 3 electrodes, working electrode (1 mm diameter), 
counter electrode and pseudo-reference electrode, 
were cut up from the BDD wafer by micromachining. 
This one was conducted by MANUTECH USD using 
a femtosecond laser (5 kHz, 2.5 W, 800 nm, 150 fs); 
a scanner head; a set of XYZ moving plates. The 
parameters used during processing were: power  
150 mW; optic scanner 80 mm and speed  
10–20 mm/s. The microcell resulting from laser 
machining is shown in Fig. 2. The working electrode 
is in the centre, around it is the ‘‘reference’’, and the 
counter electrode is on the edge. Instead of the 
conventional saturated calomel electrode, the device 
used a pseudo-reference made of BDD [11]. 

 
 

2.4. Apparatus 
 

A PalmSens sensor PC interface (Eindhoven, The 
Netherlands) was used to apply differential pulse 
voltammetry to the microcell. It was connected to a 
PC computer loaded with specific software. The flow 
cell was a 5 μL cell made of PEEK, provided by 
BVT Technologies (Brno, Czech Republic). An  
O-ring seal defined the measuring volume, and the 
electrical contacts were obtained by pressure 
on the front side of the BDD electrodes. 

 
 

2.5. Measuring Conditions 
 

Prior to the experiments and after each calibration 
concentration, the BDD microcells were cleaned in a 
mixture of H2SO4 (95–97 %)/ HNO3 (68 %)  
[V:V = 3:1] at 200–215 °C for 1.5 h, subsequently 
heated to 80 °C for 15 min in a mixture of H2O2 
(30 %)/ ammonia (25 %) [V:V = 1:1] and finally 
ultrasound cleaned in distilled water, then in ethanol 
and finally dried with nitrogen. 

Daily, BDD microcells had to be cleaned and 
activated in 10 mL of Piranha solution, a mix of 
H2SO4 (95–97 %)/H2O2 (30 %) [V:V = 7:3] 
for 5 min. [Handle with care.] BDD microcells were 
then rinsed with distilled water, dried under nitrogen 
flow, and activated by cyclic voltammetry 
in 0.1 M HNO3. Finally, DPASV was used for all 
determinations. Instrumental parameters and standard 
measuring conditions were performed as follow: 
deposition potential and time were –2 V and 5 s 
respectively; start and end potentials were –2 and 
0.5 V respectively, and scan rate 50 mV/s. 
 
 

 
 

Fig. 2. The three electrodes cut up from the BDD wafer  
by laser-machining, the working electrode is in centre, then 
around it the "reference", and finally the counter electrode 

on the edge. 

2.6. Feature Extraction 
 

The features used for data analysis were extracted 
from the DPASV voltammograms of the BDD 
sensor. DPASV signals contain hundreds 
of measurements and usually overlapping regions 
with non-stationary characteristics. Thus, their high 
complexity should be reduced in order to avoid 
redundancies in the information and achieve proper 
mathematical models with correct generalization 
ability [12, 13]. In other words, by retrieving 
particular information from the original 
voltammogram, extracted features might be obtained 
that can confer more selectivity to BDD sensors. 
Several strategies have been previously reported 
for the feature extraction from the sensor response 
[14, 15]. Basically, they consist of either choosing 
directly amongst the voltammograms points [16, 17] 
or to compute new variables such as the Fast Fourier 
Transform (FFT) [18] or the Discrete Wavelet 
Transform (DWT) [19] to extract important features. 
Here, we opted for extracting specific features 
amongst the sensor response points. To achieve this 
aim, not only the traditional potentials and peak 
intensities but also additional features that can better 
characterize the sensor and analysis system were 
used. Hence, four representative features from the 
DPASV voltammograms were extracted, such as the 
potential of the major peaks, their maximum 
intensity, their half height width and finally 
their area. 

Extracting the four aforementioned features from 
BDD voltammogram was an automated process via a 
written-in-house MATLAB 7.0.1 program. 

 
 

2.7. Pattern Recognition Methods 
 

The main objective of using pattern recognition 
methods in this particular application is to evaluate 
the performance of the electronic microtongue at 
identifying and discriminating domestic and hospital 
wastewaters. Performance is assessed by employing 
both unsupervised and supervised methods. 

PCA pattern recognition technique is a powerful 
unsupervised method often employed with gas and 
liquid sensor arrays [20, 21]. The main objective 
of PCA consists of expressing information by a lower 
number of variables called principal components  
[22, 23]. These principal components are linear 
combinations of the original response vectors. The 
principal components are chosen to contain the 
maximum data variance and to be orthogonal. PCA 
allows reduction of multidimensional data to a lower 
dimensional approximation, while simplifying the 
interpretation of the data by the first two or three 
principal components (PC1, PC2 and PC3) in two 
or three dimensions and preserving most of the 
variance in the data. 

K-NN is a non parametric supervised learning 
algorithm that has found wide usage in pattern 
recognition in gas and liquid application  
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fields [24, 25]. Basically, it assumes that similar 
patterns are assigned as belonging to one class based 
on the notion of distance. Although the Euclidean 
metric distance is the one commonly used, other 
metric distance can also be used (i.e., Chebyshev, 
Mahalanobis, Minkowski and Hamming). K-NN 
classifies an unknown test sample by finding the K 
nearest neighbours in the training set using a metric 
distance and assigning the label of that class 
represented by a majority among the K neighbours 
[26, 27]. The choice of K is optimized by calculating 
the prediction ability with different K values. 
Small K values are frequently preferred. If K=1, so 
the algorithm is simply called the nearest neighbour 
algorithm. 

PCA and K-NN were performed using the 
MATLAB 7.0.1 software (MathWorks Inc., Natick, 
Massachusetts, USA). 
 
 

3. Results and Discussion 
 

3.1. DPASV Voltammograms 
 

The first set of DPASV voltammograms, clearly 
shows the effect of wastewater treatment on the 
signal from the electronic microtongue (before and 
after wastewater treatment, Fig. 3). Indeed, in the 
treated wastewater, we have observed a significant 
decrease in the major peaks present in the untreated 
water.  

However, the voltammograms of the treated 
domestic and hospital wastewater are apparently very 
similar. Finally, the voltammogram of the waters of 
the Arve river seems closer to untreated wastewater 
than treated ones (Fig. 3 (n 1) and Fig. 4 ( n 2)). 

 
 

 
 

Fig. 3. DPASV obtained with the BDD micromachined 
microcell on (1) Raw wastewater from Bellecombe WWTP 
and (3) Treated wastewater from Bellecombe WWTP. 

 
 

Fig. 4. DPASV obtained with the BDD micromachined 
microcell on (2) Freshwater sample from Arve river, 
downstream the Bellecombe WWTP and (4) Treated 
wastewater from hospital. 

 
 
3.2. PCA Results 
 

The outcomes of the set of wastewater 
experiments were evaluated using PCA and K-NN, as 
introduced in Section 2.6. 

The PCA score plot was used as an exploratory 
technique to investigate clustering of data points 
within the multi-dimensional space of water features. 
To achieve this aim, four characteristic features were 
obtained from the DPASV voltammograms for each 
wastewater. These variables were organized in a 
rectangular matrix as a database. A mean-centering 
pre-processing technique was applied to the dataset. 
Fig. 5 shows the projections of the experimental 
results on a three-dimensional (3D) space formed by 
the first three principal components (PCs). A value 
of 94.92 % data variance explained by the first two 
PCs and of 4.83 % of data variance explained by the 
third PC indicates their importance for pattern 
separation. This means that the differences existing 
among samples along the first two axes are more 
significant than those existing along the third axis.  

However, the third PC contributes to the 
discrimination between freshwater from Arve river 
and treated wastewater from hospital.  
Raw wastewater from Bellecombe and treated 
wastewater from Bellecombe WWTP can be easily 
discriminated in the PCA plot. In summary, the first 
three PCs explained 99.75 % of the total variance 
in the wastewaters data set. The PCA score plot 
showed that a clear discrimination was possible 
between all the wastewaters under study. 
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Fig. 5. 3D-score plot of PCA performed from BDD 
extracted features. A total of 20 samples were analyzed. 
As can be observed, a correct discrimination is obtained 
for the different wastewaters: (1) Raw wastewater from 
Bellecombe WWTP, (2) Freshwater sample from  
Arve river, downstream the Bellecombe WWTP,  
(3) Treated wastewater from Bellecombe WWTP  
and (4) Treated wastewater from hospital. 
 
 
3.3. K-NN Results 
 

Supervised classification was performed in order 
to test the electronic microtongue capability to 
identify domestic and hospital wastewater samples. 
The choice of K is optimized by calculating the 
prediction ability with different K values and we have 
found out that K-NN with K=1 is the best choice for 
our application since a superior classification rate 
was reached. The distance criterion used in the 
present study was the Euclidean distance. Initially, 
the classification model was constructed in which all 
the wastewater samples were used as the training set. 
In a second stage, to validate the classification model 
thus obtained and its stability in predicting, a 4-fold 
cross-validation step was performed (the samples 
were split into 4 groups, each of them containing  
25 % of the total). In order to perform this cross-
validation procedure, 3-folds were used for training 
and the last fold was used for test. The same process 
was performed four times with four different training 
and prediction sets, ensuring that all the samples were 
included in the prediction set. The classification rate 
is given by the average rate over the 4-folds. 

Table 1 reports the confusion matrix, which 
means the true class value against the class value 
predicted by the electronic microtongue; the values 
are given in percentage and are obtained by 
averaging over the four test sets. It may be seen that 
for all the wastewater clusters the percentage of 
correctly predicted samples of the test set was 100 %. 
 
 
Conclusions 

 
This work focused on the challenging task to 

develop an electronic microtongue based on BDD 

sensors coupled with a DPASV electrochemical 
method in order to create a tool capable 
of discriminating domestic wastewaters from hospital 
ones. The planar electrochemical microcells were 
micromachined in a BDD microcrystalline thin layer 
using a femtosecond laser. The data collected from 
DPASV voltammograms were pre-processed by 
extracting relevant information. A clear difference 
was found between hospital and domestic 
wastewaters by DPASV voltammograms and data 
analysis. PCA and K-NN were used for the 
qualitative classification. PCA results showed 
satisfactory discrimination amongst the tested 
wastewaters and K-NN with cross-validation 
approach reached 100 % success rate in the 
recognition of the analyzed wastewaters. 

The electronic microtongue developed can 
constitute the base of new field monitoring devices 
paving the way to qualitative in situ measurements. 
Work is underway to transform this electronic tongue 
in an in situ quantification tool of metals. 

 
 
Table 1. K-NN Classification results of wastewaters: (1) 
Raw wastewater from Bellecombe WWTP, (2) Freshwater 
sample from Arve river, downstream the Bellecombe 
WWTP, (3) Treated wastewater from Bellecombe WWTP 
and (4) Treated wastewater from hospital. 
 

Actual 
Predicted 

(1) (2) (3) (4) 
(1) 100 %    
(2)  100 %   
(3)   100 %  
(4)    100 % 
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