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ABSTRACT

The desalination of seawater is one of the most established techniques in the world. In the middle of
the 20th century using water evaporation systems, later with reverse osmosis membranes and now-
adays the possibility of capacitive deionization membranes. Capacitive deionization is an emerging
technology that makes it possible to obtain drinking water with an efficiency of 95%. This technology
is in the development stage and consists of porous activated carbon electrodes, which have great
potential for saving energy in the water desalination process, and which can be used for desalina-
tion process, using an innovative technology called capacitive deionization. A prototype has been
designed and can operate with constant current charging and discharging. Adequate precision has
been achieved, as can be seen in the results obtained. A philosophy of using free software with open-
source code has been followed, such as: the Arduino and Processing Programming Editors; as well
as the Arduino Nano Board, the analog-to-digital converter and the Adafruit digital-to-analog con-
verter. Moreover, a low-cost system has been developed. A robust and versatile system has been
designed for water treatment, and a flexible system has been obtained for the specifications estab-

lished as it is shown in the results section.
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1. Introduction

The desalination of seawater is one of the most estab-
lished techniques in the world. In the middle of the 20th cen-
tury using water evaporation systems and later with reverse
osmosis membranes, however the high energy consump-
tion, generally through fossil fuels, has been an important
issue to solve [1-3].

Nowadays, it is introduced the possibility to pass from
the reverse osmosis to the capacitive deionization, which
is a novel system still under development that, in addition
to remove salt from the water, allows to store energy.

Currently, some media outlets are claiming that the
current hydrological year is the driest hydrological year of
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the decade. In the last 12 months, the Spanish water reserve
has decreased by a volume of water equivalent to that of
the Ebro basin (7,511 hm? of capacity).

These phenomena are aggravated by the evident signs
of climate change and, in countries such as Spain, by the
advance of desertification processes in large areas, caus-
ing water to become an essential resource that water has
become as precious a commodity as oil [4].

Knowing that 97% of the planet’s water is salty, the desali-
nation of brackish or marine water is one of the possible
or seawater desalination is one of the possible alterna-
tives to mitigate the problem. However, current desalina-
tion technologies such as: reverse osmosis and distillation,
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present a serious problem, which is high energy consump-
tion to produce water drinkable, as well as the problem of
boron removal.

Capacitive deionization is an emerging technology
that makes it possible to obtain drinking water with an
efficiency of 95%. This technology is in the development
stage and consists of porous activated carbon electrodes,
which have great potential for saving energy in the water
desalination process, and which can be used for desalina-
tion process, using an innovative technology called capac-
itive deionization (CCD). In CCD, salt ions are removed
from brackish water by applying a voltage difference
between two porous electrodes in which the ions are tem-
porarily immobilized, and dissolved salts are removed
from different types of water.

Design and implementation of a characterization sys-
tem for capacitive deionization units for water treatment,
types of water, ranging from supply water to water from
industrial processes. Capacitive deionization has emerged
over the years as a robust, energy-efficient solution for
water treatment. An effective technology for desalination of
water with low to moderate salt content [5].

Finally, the optimal operating regime is obtained for
water with a salt concentration of slightly less than 10 g/L.
This is since salt ions are minority compounds in the water,
so that they are in the water, so they can be removed from
the mixture with this technology. In contrast, other meth-
ods mostly extract the water phase from the salt solution.
This technology also allows for the possibility of integrat-
ing renewable energy sources and energy storage [6-10].

The main objective of this study is the design and
implementation of a characterization system for capacitive
deionization units in water treatment. It is also intended
to make use of this system to obtain results that will make
it possible to analyse the impact of this technique on dif-
ferent CCD elements. The electrical characterization of
the CCD system has been implemented [11-13]. Although
in more detail the objectives to be achieved are the
following:

(a) To study a control system with a microcontroller that
will allow interaction, control, conditioning of different
tests and data collection with the medium.

(b) To study the variation of the concentration due to the
influence of injecting energy into the system, being influ-
enced by the pH of the solution, temperature, conduc-
tivity, etc.

(c) Analyse by numerical methods the variables involved
in the system.

(d) Develop a system capable of testing different situations
that verify the tests described in the articles consulted.

(e) Establish a laboratory-scale electrochemical evaluation
methodology for the ILC. In addition to the tests, the
results obtained will be used to determine improve-
ments in active materials (activated carbon, carbon
fibers, carbon aerogels, etc.) will be determined from
the results obtained and current collectors that make
up the electrodes.

(f) The battery of results generated will serve as didac-
tic material to illustrate the influence of the effects
studied. This material will be useful for future

students and teachers of the School of Industrial and
Civil Engineering of the University of Las Palmas de
Gran Canaria with the research and improvements of
the CCD.

2. Materials and methods

Compared to the classical working modes of the 20th
century there have been several innovations and new tech-
nologies such as: ion-exchange in the membrane (Fig. 1)
[14-18]; and operational optimization in modes such as:
“stop-flow” during ion exchange [19], salt ratio upon voltage
reversal [16], current constant during operation [19], energy
recovered for desalination in relation to cycling [20,21],
flow through electrostatic where water is directly faced
through the electrostatic [22,23] and flow electrodes based
on suspended carbon [24].

Regarding the historical evolution of CCD, a stage is
defined before 1995, when aerogel carbon was developed
for CCD. The peons who worked with the desalination
concept called it “electrochemical water demineralization”
and its originator was Blair and Murphy [25], Arnold and
Murphy [26], Murphy et al. [27] and Murphy and Caudle
[28-31]. The basic standardized methods for supercapac-
itors have been used to study the behavior of the CDI
(Capacity De-Ionization) [32,33]. These methods are con-
stant current charging and discharging, constant power
cycling, cyclic voltammetry, and electrochemical impedance
spectrometry. These procedures and the self-charging and
self-discharging phenomena will be classified into three
typologies: frequency, dynamic and energy characterization.
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Fig. 1. Membrane cell model circuit (capacitive deionization) [10].
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2.1. Frequency characterization

The electrochemical impedance spectroscopy (EIS)
method is used to characterize the electrochemical behav-
ior of energy storage devices.

This method has gained popularity in the last decade,
especially in the determination of the capacity in fuel
cells and batteries due to the development of the electric
car [34,35].

The purpose of the EIS is to study the system response
to the application of a small amplitude periodic alternating
current (AC) signal, these measurements are carried out
at different frequencies, which is why it is in the group of
frequency characterization; however, this technique is very
sensitive, and it is essential to do it as accurately as possi-
ble. Therefore, it is necessary to use several characteriza-
tion techniques because there is no single technique that
gives all the expected results. Complementary techniques
are therefore used.

On the other hand, there are limitations at high fre-
quencies with the CCD due to the low impedance that the
CCD cell can present. One of the factors conditioning the
impedance of the CCD is dissolution, others are caused by
coupling effects between the power supply and the media
system cables [36]. These adversities are limited to low fre-
quencies. In practice, twisted cables are used for the mea-
surement cells to reduce these types of errors.

2.2. Dynamic characterization

The constant current charge/discharge method is the
simplest method to apply with direct current (DC), it
analyses the response of the CDI when a constant charge/
discharge current is applied to it. Despite being a basic
method, it is widely used in the characterization of capac-
itors. Its application is documented with standardiza-
tions and will be the main object of the characterization
of the CDI in this work, being the main endorsement of
the designed device [37-40].

The self-charging or self-discharging of the CDI has its
origin in two main causes. First, when the CDI is charged
or discharged, there is a diffusion of ions from the solution
to the activated carbon electrode, or vice versa. The diffu-
sion immediately after charging or discharging causes a
self-discharge or self-charge, respectively. Secondly, these
phenomena exist due to leakage current. Self-discharge by
diffusion occurs predominantly in the initial stage, however,
self-discharge by leakage is significant after self-discharge
begins [41]. Self-discharge originates during dynamic oper-
ation, for example, the dynamic operating cycle of elec-
tric vehicles [42], whose genome is through the equivalent
impedance method whose phase element is constant.

On the other hand, we highlight cyclic voltammetry
(CV), which has achieved the distinction of a procedure
to evaluate the performance of energy storage systems, as
well as to determine the life cycle, the effects of internal
resistance and dissipation losses [43]. The method con-
sists of applying a linear voltage ramp, storing the current
response in the capacitors, this current is directly associated
with the capacity of the component achieving a versatile
procedure [44-49].

Constant power cycling is known as “cycle life testing”
(CLT); it is a methodology for calculating the electrochem-
ical device parameter based on periodic charging and dis-
charging, separated by rest time intervals [50-53].

The procedure consists of charging the device at a given
power until a voltage is achieved [54-57]. Once this point
is reached, the polarity of the current is reversed by apply-
ing a given value, and the current is resumed by revers-
ing the current, so that the charging cycle is continued up
to a higher voltage [45,46].

This is a research study in the industrial field and sev-
eral milestones have been previously established, which
are as follows:

(1) A device capable of characterizing capacitive deioniza-
tion for different tests, shown in Fig. 2, in such a way
that the main characteristics of capacitive deionization
can be obtained, such as equivalent series resistance,
capacitance, etc.

(2) A system capable of collecting the test parameters and
configuring it through a graphical user interface (GUI).

(8) A procedure capable of characterizing the CCD for
stationary flows.

(4) The results obtained will be studied in future research
lines for CCD technology.

2.3. General description of the system

Fig. 3 shows the basic block diagram of the CCD
characterization system and Fig. 4 the interrelation of
blocks. These blocks that make up this diagram define the
genome of the system. It is briefly explained below:

(1) Control and data acquisition system: this part of the
system can store data and control the different param-
eters of the CDI. This part of the system can anal-
yse the data in real time to actuate the power system,
attack cell control; the system offers a flexible and
versatile solution, with respect to traditional systems.

(2) Power system: it is responsible for feeding the attack
cell to the CDI so that it can operate correctly.

(3) Transducers: their task in the system is to transform or
adapt a signal of any kind to the inputs and outputs.
The device has been differentiated into two parts: actu-
ators and sensors, both of which communicate with
the control and data acquisition system. The actuators
generate changes in the power system. The sensors,
on the other hand, continuously evaluate the status of
the parameters of the CDI to be characterized, so that
there is feedback that closes the circuit and allows the
correct operation of the device.

(4) CDI: this is the object of study of this TFM. Its correct
operation is essential to characterize it. Its operating
range has been designed to satisfy the needs required
in the programmed tests.

3. Results

The target prototype developed for characterization
testing shall be capable of charging and discharging at con-
stant voltage and current. In addition, the power supply
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Fig. 2. Parts of the CCD prototype.
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Fig. 3. Block diagram of the CCD system.

shall provide the load with a constant current at 95% effi-
ciency and shall establish the duration for which the nom-
inal voltage is maintained. The device shall be capable of
measuring current and voltage with a maximum error tol-
erance of +1%. Also, voltmeter measurements shall have a
resolution of 0.125 mV for voltage measurement. The input
impedance of these voltmeters must be sufficiently high
for measurement errors to be negligible. To obtain the data,
an analog-to-digital converter (ADC1115) has been used,

which has a series of filters at the input and output of the
converter, resulting in precise, noise-free data.

The designed device must be able to perform constant
voltage and current charging and discharging, as well as
simultaneous voltage and current measurements at the
terminals of the CDIL

The power supply (through the OPA548T) must be able to
provide the constant load current to the CDI with 95% efficie-
ncy and, in addition, set the duration of voltage maintenance.
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The developed device must satisfy the requirement of
an error tolerance of +0.01% for voltage measurement and
an error tolerance of +0.1% for current measurement.

3.1. Proposed test results

This section gives details of the tests carried out and
the results obtained for the characterization of the CCD
system.

3.1.1. Calibration of the equipment

To give veracity and reliability to the results obtained
during the tests, the CCD prototype was first subjected to
a series of calibration tests. The procedure followed con-
sisted in the fact that, knowing an input setpoint, the system
returned a series of expected results since the output data were
known, since a 1 ) resistor was used instead of a CCD cell.

3.1.1.1.
(MCP4725)

Calibration of the digital-to-analog converter

The first test of the CCD prototype was the calibration
of the equipment by setting an input setpoint current to
measure the voltage at the terminals of the 1 ) resistor, see
the results in Table 1. With this experience, the calibration
line of the equipment is determined, obtaining the expres-
sion of the digital-to-analog converter’s transformation of
accounts.

As can be seen in Fig. 5, the slope of the straight line
corresponds to the resistance of 1 Q, and it can also be seen
that the data dispersion is null, so the sample taken refers
to the population and indicates that the CCD prototype
is characterized with the Eq. (1):

y =1.0588X +3.9833 1)

where x is the rated set-point current in mA; y is the
current at the load mA.

Table 1
Calibration of the system in the digital-to-analog converter
(MCP4725)

I (mA) Measures (mA)
-138.890 -142.1 Test 1
-13.889 -10.6
-1.3889 2.1
0 3.9
1.3889 5.6
13.889 18.7
138.890 151.5
-138.890 -143.1 Test 2
-13.889 -10.5
-1.3889 24
0 3.6
1.3889 5.3
13.889 18.6
138.890 151.4
-138.890 -142.9 Test 3
-13.889 -10.5
-1.3889 23
0 3.7
1.3889 5.4
13.889 18.6
138.890 1514

Finally, knowing the current, the voltage is trivial
because the resistance is 1 Q.

3.1.1.2.
(ADS1115)

Calibration of the analog-to-digital converter

This experiment is based on connecting a 1 QO (Ohms)
resistor to the load and establishing an input setpoint current
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to measure the voltage in the measuring cell, with this we
know the current and current of the CCD system, Fig. 6.
With this experience, the calibration line of the equipment
is determined, obtaining the expression of the transfor-
mation of accounts of the analog-to-digital converter.

As can be seen in Figs. 7-9, the data dispersion is null,
so the sample taken refers to the population and indicates
that the CCD prototype is characterized with the equations:
(2) “1” of measured ADC counts, (3) is the sensor current, (4)
“V” of measured ADC counts and (5) is the sensor voltage.

y =141704X + 20340 )

where x is the rated set point current in A; y is the
counts corresponding to the current of the ADS1115.

y=17.691X +2.5387 3)

where x is the rated setpoint current in A; y is the mea-
sured current in V at the sensor;

y =-9466.1X + 5577.9 4)

where x is the rated setpoint current in A; y is the counts
corresponding to the voltage of the ADS1115;

y=-1.1824X +0.6963 )

where x is the rated setpoint current in A; y is the mea-
sured voltage in V at the sensor.

Calibration line

_— y = 1,0560: + 3,0833

150 . »
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Fig. 5. Digital Analogical Converter calibration with the load
resistance.
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Fig. 6. “I” counts measured at the ADC.

3.1.2. Charging and self-discharge tests at an input set point

This section specifies the tests to which the equipment
is subjected for its validation, where the degree of response
of the equipment to an input setpoint will be determined,
characterizing its behavior through the supercapacitors
and the standardized tests.

Three samples were taken in each test to avoid uncer-
tainty and mean error. Furthermore, the data obtained
in the tests are representative of the CCD system.

The first characterization test performed was the
charging and self-discharging of a 1 F capacity supercapac-
itor with a setpoint voltage of 2 V and a setpoint current of
0.1 A. The data generated were stored in a database. The
data generated have been saved in a plain text file with
“.txt” extension for further processing.

A script has been created with MATLAB software for
data management on the screen. In this way, a detailed
analysis of each test carried out is carried out. The result
of this first test can be seen in Fig. 10.

Figs. 10 and 11 show that the test was carried out sat-
isfactorily, although there is a small variation of 0.01 A
in the current. This was due to an equipment calibration
problem, hence the importance of having the CCD system
properly calibrated.

The following tests were at the same maximum set point
voltage, but at the set point current of 0.05 and 0.025 A,
respectively. Figs. 12 and 13 show the results of the tests
per screen.
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Fig. 7. Intensity at the sensor.
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Fig. 8. “V” counts measured on the ADC.



F.A. Leon-Zerpa et al. / Desalination and Water Treatment 309 (2023) 93-104 99

Y_sensor
1
0,2

... w=-1.1524% + 06963
- nea

P e,
06 e
e

04

® Y sensar

= Line (V _sensor)
0.3

0,2

[INE

02 015 01 005 i 005 01 015 02
A

Fig. 9. Voltage at the sensor.

1.8

Voltage
Intensity

1471

1.2

leoiA) Y Vg (V)

06

0.4t

0 10 20 30 40 50 60 70
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On the other hand, the system was validated with
another supercapacitor of capacity 650 F at another maxi-
mum voltage and setpoint current. The test results can be
seen in Fig. 14.

Firstly, as can be seen in Fig. 14, the test was carried
out at the set voltage of 0.4 V and set current of 0.1 A.
This test lasted 1 h. It should be noted that the results are
as expected for a supercapacitor with these characteristics,
the reason being that the setpoint current is very small and
the capacity of the supercapacitor is too large.

On the other hand, quality results have been obtained
without the adverse effects of noise. This was possible
because the design of the CCD system foresaw the need to
have a noise-free reading of the data when characterizing.
For this reason, the use of the analog-to-digital converter
(ADS1115) is fundamental to the system. This converter has
a series of input and output filters that result in accurate
and noise-free data.

Finally, the self-discharge of the CCD for 1, 100 and
150 F supercapacitors has been analysed and characterized
(Figs. 15-18). The results shown are satisfactory and, with
this, the characterization system is again validated.
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Fig. 11. Charge and self-discharge test (Voltage — Current)
Vc_max=2Vand I c=0.1A.

s 2r | —— ——
=} ~T
o B
> 1F /_‘/’/ -
5 i | | | | . .
0 10 20 30 40 50 60 70 80 20
i(s)
0.06 T T T T T T T T

cor®
:
=1
|

= 0.02 | | 1

0 10 20 30 40 50 60 70 80 9
i(s)

Fig. 12. Load and self-discharge test at Vc_max = 2 V and
I_c=0.05A.

As can be seen in Fig. 19, there are anomalies at the
beginning of the charge and self-discharge. It has been
deduced from the results obtained that an equivalent
series resistance coexists due to the poor connection of the
supercapacitor with the system terminals, resulting in a
series resistance of 56 Q. This can be seen in more detail
in Fig. 20.

3.1.3. CCD charging and discharging test

In this section, the system will be validated based on the
standardized tests for supercapacitors. For the first charge
and discharge characterization test of the CCD system, the
initial data have been programmed via the interface cre-
ated with processing. Table 3 shows the data given to the
interface.

Once the data has been entered on the screen, the test
is started. Once the test has been completed and the data
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obtained has been managed, the result on the screen is
shown in Fig. 19.

First, the test is satisfactory. Proof of this is the correla-
tion with the behavior of the standardized tests, see chap-
ter 3 of this study. Fig. 20 shows each of the times that
make up the experiment, which are: time 1, time 2, time 3,
time 4 and time 5.

Secondly, the test responds to the initially programmed
times and the input setpoints (V___ and I ).

Finally, the cleanliness of the data obtained should be
highlighted, as the noise phenomenon in the result is neg-
ligible, Fig. 19. This has been possible with the analog-to-
digital converter (ADS1115) which inhibits the noise
generated by the instrumentation elements of the system.

Table 3
Data initially programmed in the processing interface

Time 1 0.3 Minutes

Time 2 45 Seconds

Time 3 0.025 Hours

Time 4 45 Seconds

Time 5 0.025 Hours

I 0.1 A (Amperes)
. 1.8 V (Volts)

Capacitor capacity 1 F (Farads)

Table 2

On the other hand, another test has been carried out
with different initial conditions to those described above
to validate the CCD system. The data entered by the inter-
face are shown in Table 4.

The results per screen can be seen in Fig. 21.
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Fig. 19. Charge and discharge test at V.
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=18Vand I =0.1A.

Calibration of the system in the analog-to-digital converter (ADS1115)

V_sensor I_sensor V_counts_measures I_count_measures Sample
0.860 0.091 6,892 735 Measure 1
0.816 0.757 6,527 6,060

0.713 2.292 5,710 18,365

0.698 2.515 5,591 20,152

0.696 2.541 5,578 20,354

0.695 2.563 5,565 20,535

0.680 2.784 5,450 22,302

0.597 4.020 4,785 32,260

0.860 0.090 6,889 730 Measure 2
0.814 0.760 6,524 6,090

0.713 2.290 5,710 18,346

0.698 2.515 5,592 20,142

0.696 2.542 5,578 20,358

0.695 2.565 5,565 20,542

0.680 2.783 5,450 22,290

0.597 4.020 4,785 32,261

0.860 0.090 6,887 730 Measure 3
0.814 0.761 6,524 6,100

0.713 2.292 5,710 18,362

0.698 2.515 5,592 20,145

0.696 2.543 5,577 20,366

0.695 2.565 5,567 20,546

0.680 2.783 5,450 22,290

0.597 4.020 4,786 32,260
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Fig. 20. Detailed graph for the loading and unloading test at
=0.1A.
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Table 4
Data programmed for the second loading and unloading test
Time 1 0.3 Minutes
Time 2 45 Seconds
Time 3 0.1 Hours
Time 4 45 Seconds
Time 5 0.1 Hours
I 0.1 A (Amperes)
Vo 2 V (Volts)
Capacitor capacity 1 F (Farads)
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Fig. 21. Charge and discharge test for the 1 F supercapacitor with

Table 5

Data programmed to characterize the CCD system

Time 1 1 Minutes
Time 2 45 Seconds
Time 3 0.025 Hours
Time 4 45 Seconds
Time 5 0.025 Hours
I 0.1 A (Amperes)
. 1 V (Volts)
Capacitor capacity 1 F (Farads)
1 T T T T T
Voltage
S Intensity
08 1
g 06 5
a
Q
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<
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Fig. 22. Charging and discharging test characterizing a 1 F

supercapacitor.
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Fig. 23. Charge and discharge test at V.

cmax

200

250 300

=1VandI_ =0.1A.

other input setpoints.

In Fig. 21, it can be seen in time interval 5 that the capac-
itor self-charges once this period starts. The cause is the
inertia of the capacitor in maintaining an equilibrium state,
even though the attack current in the CCD system is 0 A.

Finally, a new charge-discharge test is carried out with
a supercapacitor of capacity 1 F (Farad), with different ini-
tial conditions to those previously described. The data
initially programmed by the interface are shown in the
following Table 5.
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Figs. 22 and 23 show the results of the test per screen.

4. Conclusions

The conclusions obtained in the development of this
study are as follows:

(1) A prototype has been designed that can operate with
constant current charging and discharging.

(2) Adequate precision has been achieved, as can be seen
in the results obtained.

(3) A philosophy of using free software with open-source
code has been followed, such as: the Arduino and
Processing Programming Editors; as well as the Arduino
Nano Board, the analog-to-digital converter and
the Adafruit digital-to-analog converter.

(4) Alow-cost system has been developed.

(5) A robust and versatile system has been designed for
water treatment.

(6) A flexible system has been obtained for the specifica-
tions established.
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