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Abstract: Water quality assessment is vital to identify existing problems and any changes that emerge in water sources over a
period of time. Conventional water quality monitoring systems remain to be limited to on-site sample collection and further
analysis in environmental laboratories. The progress in Arduino-based low-cost and open-source hardware has paved the way
for the development of low-cost, portable, and on-site measuring platforms. In this work, we have assembled an Arduino-based
open-source water testing platform out of commercially available sensors and controllers. The water testing system was
powered by a 9 V battery and had the capability of measuring water turbidity, acidity, and temperature on-site in real-time.
The calibration and validation studies were carried out to assess the measurement capabilities of turbidity and pH sensors in
the lab using calibration samples and UV-Vis-NIR absorption spectroscopy. The water quality platform was tested in an
artificial lake that is located at Sabanci University Campus (Istanbul, Turkey), which serves as a reservoir for treated
wastewaters and rainwater. Untreated wastewater samples were collected from the wastewater treatment station of the
university for comparison. The measurements performed on several locations along the coast of the artificial lake were also
validated in the laboratory. The water testing platform showed significant potential for miniaturization and portability of such
analytical platforms for on-site environmental monitoring.
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1. INTRODUCTION

Industrialization and urbanization resulted in changes on surface and groundwater quality. 844 million people
do not have access to even a primary drinking water service (World Health Organization-WHO and The United
Nations Children’s Fund-UNICEF 2017). The term wastewater is used for any water that has been influenced by
human use. In other words, wastewater can be defined as a by-product of domestic, agricultural, commercial, as
well as industrial activities (Tilley et al. 2014). Thus, the composition and properties of wastewater differ widely
depending on the source. It mostly consists of chemical or physical pollutants ranging from heavy metals, organic
and inorganic particles to toxins. Furthermore, biological contaminants of wastewater are bacteria, viruses, and
protozoa (Andersson et al. 2016). About 1.5 million children under the age of five die due to diarrhea each year
(UNICEF). The fresh water, which is only 3% of the Earth’s natural water resources has been contaminated
gradually with increased human activity (Kumari 2018). As a result, the assessment of the water quality for
drinking or agricultural purposes is imperative (Carpenter et al. 1998). However, the advanced analytical methods
to measure the water quality, e.g., atomic absorption spectrophotometry, gas chromatography or flame photometry,
are either expensive (United Nations Environmental Programme-UNEP and WHO 1996; Kirchner et al. 2004) or
time-consuming that requires sending water samples to a laboratory for analysis (Oeclen et al. 2018). Furthermore,
fast-decaying pollutants such as 1,4-dioxane make the on-site measurements more credible and valuable.

Turbidity, temperature, and pH are essential parameters to evaluate water quality. Turbidity is a measure of
fluid clarity or cloudiness which is caused by the microscopic plants, animals, or solids suspended in that fluid.
High turbidity levels may be an indicator of the existence of pathogens such as viruses, parasites, bacteria, or
chemical contamination (Mann et al. 2007). Water turbidity can be measured by using turbidity sensors that
quantify the light transmittance and scattering caused by the suspended particles in the water when an incident
light beam is sent. The unit for turbidity is NTU (nephelometric turbidity unit).

Temperature affects the metabolism, reproduction, and emergence of most of the organisms that live in water
since they are adapted to live in a narrow temperature range. The temperature of the water may also play a
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significant role in an increased toxic activity, which is caused by pollutants (Cairns et al.1975). Furthermore, less
oxygen can be dissolved in warmer water. The temperature can be measured by using temperature sensors
composed of thermocouples with waterproof housing.

The acidity is expressed in terms of the number of hydrogen ions, and the pH is a measure of free hydrogen
ion concentration in the logarithmic scale. The pH of water decreases as it becomes more acidic (pH<7). Pure
water has a pH of around 7, which means it is neutral. The existence of chemicals in the water affect the pH, which
makes the pH of water an essential indicator of water quality. There are three different ways to measure pH (UNEP
and WHO 1996). The first two are using pH indicator paper or indicator liquid, which both involve subjective
assessment of the color by the human eye. The third method is to use an electrometric pH measurement, which
consists in measuring the electrical potential difference between the H sensitive glass electrode and the reference
electrode. This technique is accurate, fast, and can be performed in situ.

In the past, these types of measurements were done by dated equipment in the lab. However, free and open-
source software (FOSS) is an available device, nowadays, that can pave the way for important measurements.
FOSS is defined as computer software available in an open-source form, and that can be utilized, modified, and
redistributed without any restriction (Milanovic et al. 2018). These days, FOSS is becoming the norm in software
evolution, with a variety of applications, including science and education (Pearce J. 2013), medicine (Lang 2011),
engineering and nanotechnology (Pearce 2013). Creating both software and hardware is feasible by a transparent
system represented by FOSS and improving open-source hardware results in a significant cost reduction, enabling
the state of the art scientific tools available all over the world (Pearce et al. 2010). According to the literature, there
are various open-source “do-it-yourself” devices, including: a potentiostat (Arevalo-Ramirez et al. 2017), syringe
pump (Wijnen et al. 2014), a colorimeter (Anzalone et al. 2013), pH-meter (Milanovic et al. 2018) which can be
provided by scientists with low costs. However, to our knowledge, the open-source device for measuring Turbidity,
pH, and Temperature values has been provided in a notably smaller range (Garbacz et al. 2013). Considering that
the average cost of commercially accessible measuring units and software comes at huge costs, the cost can be
considered as a limiting factor for providing the abovementioned device in the developing world. To improve the
assays in which these measurements are needed, the affordable open-source “Open Turbidity-pH-Temperature
Control” software has been designed by using low-priced laboratory equipment.

Using open-source hardware and software is one way to decrease the cost while still acquiring reliable
assessment data. As a result, alternative methods which involve practical and cheaper testing platforms with
multiple sensors were reported (Rao et al. 2013; Kelley et al. 2014; Wijnen et al. 2014; Jin et al. 2018; Milanovic
et al. 2018; Oelen et al. 2018; Parra et al. 2018). Rao et al. (2013) designed a continuous low-cost water quality
monitoring system using an Arduino Mega 2560 to control six different sensors: temperature, light, pH,
conductivity, dissolved oxygen, and oxidation-reduction potential. Kelley et al. (2014) used a 20 MHz, 8-bit
microprocessor, which was programmed in the C-based Arduino language to measure turbidity. They 3D-printed
the housing and produced their turbidity sensor in-house. Wijnen et al. (2014) built an open source, mobile water
quality testing platform to measure the turbidity that utilizes both colorimetry and nephelometry. The data
processing was performed by an Arduino Fio board. Lopez-Ruiz et al. (2014) determined the nitrite concentration
and pH of water samples by using a low-cost, paper-based microfluidic device and used a smartphone as the light
source and an image processing computer. Milanovic et al. (2018) constructed a pH-stat device by using free and
open source software and inexpensive hardware such as Arduino Nano and 3D-printed parts. Oelen et al. (2018)
controlled four different sensors with an Arduino board: a TDS (total dissolved solids), pH, turbidity, and
temperature sensors. The resulting device can be used for monitoring the water quality continuously and
autonomously. Moreover, Jin et al. (2018) built the inexpensive hardware for pH determination on a breadboard.
They used an Arduino Nano to evaluate the pH and communicate the data over Bluetooth, utilizing a smartphone
as a monitor. In this work, we have assembled an Arduino-based open-source water testing platform out of
commercially available sensors and controllers.

2. METHODOLOGY
2.1. Design

All the components were assembled on a breadboard. An Arduino Nano microprocessor was used to control
and monitor the sensors. The turbidity sensor (Stock Keeping Unit (SKU): SEN0189 from dfrobot.com) was
composed of a light transmitter and a receiver, which comes with an amplifier. The signal pin was connected to
the analog A0 input of the Arduino board. The DS18B20 temperature sensor (SKU: DFR0198 from dfrobot.com)
was a 1-wire digital temperature sensor which has a unique 64-bit ID burned at the factory that allows connecting
multiple temperature sensors to the same pin.

The pH sensor (SKU: SEN0161 from dfrobot.com) included a glass bulb with H* sensitive coating covering
the electrode. The pH sensor was connected to a circuit board via a BNC (Bayonet Neill-Concelman) cable and
the connection to the analog A1 input of the Arduino board was through this circuit board.

The HC-05 Bluetooth SPP (serial port protocol) module transmitted and received the serial data through its
digital pins called as Transmit (TX, digital pin 1) and Receive (RX, digital pin 0) respectively. The RX pin was
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connected to the digital D11 input of the Arduino. The RX line was connected to the digital D10 input after a
voltage divider employing a 2.2 k and a | k resistor coming from the 5 V line of the Arduino.

The Arduino was powered by a 9 V battery. All the components are fed from the 5 V line of the Arduino. An
illustration of the components used in the device and the real photograph of the device are shown in Figure 1.
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Bluetooth Arduino Nano
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Figure 1. An illustration of the components used in the device (Top)
and the actual open source hardware (Bottom)

2.2. Calibration and Validation

The turbidity sensor consists of and near-infrared light emitting diode (LED) and photodiode sensor.
Depending on the turbidity of the solution, the amount of light reaching from the LED to photodiode decreases
leading to decrease in the photodiode voltage with respect to the unobstructed transmission of emitted light. The
turbidity sensor was calibrated using pure water as 0 NTU, calibration standarts of 400 and 1000 NTU (Figure 2).
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Figure 2. Turbidity calibration samples vs turbidity sensor voltage
The linear fit performed on the NTU values vs voltage readings yielded the following calibration equation:

Turbidity value (in NTU) = —1010.59 X V + 3820.487 €))

where V is the voltage reading from the liquid whose turbidity is to be measured.

For the validation of turbidity measurements, the samples from four designated sites and treatment center as
well as turbidity calibration samples of 400 NTU and 1000 NTU were also analyzed using UV-Vis-NIR
spectroscopy. The absorbance of samples was recorded using Cary 5000 UV-Vis-NIR spectrophotometer. The
wavelength of 750 nm was selected to bypass visible absorbance of particles in the samples. Thus, the absorbance
values are highly depended on the scattering of the particles in the samples. The correlation of turbidity levels and
absorbance at wavelength a of 750 nm were shown in Figure 3. In line with measured turbidity levels, absorbance
at wavelength a of 750 nm stayed below 0.16 for Site 1 and Site 2 and rose to 0.24 - 0.28 for Sites 3, 4 and treated
samples. Meanwhile, the untreated sample showed a high level of absorbance of 2.918 as expected.

The pH sensor was calibrated using three different buffer solutions with pH values of 4.01, 7.00, and 10.01.
After operating the pH sensor over the Arduino Nano through the circuit board that came with the pH sensor, the
potentiometer on the circuit board was adjusted to match the serial monitor reading to the correct pH value of that
buffer solution. This calibration was performed for three times for an optimized setting. For validation of the pH
sensor, all collected samples and calibration standards were also measured using Hanna HI2210-01 benchtop pH
meter. The validation of the pH sensor readings were correlated with the benchtop readings in laboratory.

The temperature sensor does not have to be calibrated when the proper Arduino library (Dallas Temperature)
was pre-calibrated. The source codes that control each of the sensors can be found online.
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Figure 3. Validation of turbidity readings with absorbance measurements at a wavelength of 750 nm (left) for
samples from 4 designated sites, untreated water waste, treated water, and 400 & 1000 NTU calibration
standards and pH measurements of samples from 4 designated sites, untreated water waste, treated water and
standard pH calibration solutions (pH 4.01, pH 7 and pH 10) (right).
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3. RESULTS AND DISCUSSION

The Sabanci University has an artificial lake which was transformed from a 7-8 meters deep amorphous pit in
the foundation of the university. While transforming the pit into an artificial lake, the bottom of the pit was levelled
and deposited with clay and gravel. The artificial lake was filled with rain, stormwater drains of the campus
buildings, and treated sewage. The lake remains to be used for irrigation reservoir for plants in the campus. Upon
the arrival of fish eggs by seagulls, the artificial lake formed a natural fauna.

We utilized an open-source, cost-effective and portable water quality testing platform that can measure the
turbidity, temperature, and pH of the water in real time, and transfer the results to smartphones over a Bluetooth
module, eliminating the need for a dedicated monitoring device and expert. The samples were collected from the
artificial lake inside Sabanci University campus as well as untreated and treated water from Sabanci University
Wastewater Treatment Plant. In this center, treated water is provided through some operations where the first step
is pre-treatment, which consists of screening, equalization, and pumping station (Sabanci University 1999). This
is followed by biological treatment, including sequencing batch reactor with blower-diffuser aeration. Next step is
advanced treatment such as filtration. Following this, chlorine disinfection of the effluent is applied to the sample.
Finally, sludge treatment is utilized by using a sludge dewatering system. In order to provide precise results,
calibration is required. By performing this step, the device offers an accurate indication or output signal when it is
installed.

The samples of the artificial lake were collected from 4 different sites along the coast of the lake, as shown in
Figure 4. Site 1 was the small artificial waterfall which feeds the artificial lake. Site 4 was close to the waterways
of water treatment station feeding into the artificial lake. We also collected samples from a water treatment center
to assess the quality of untreated and treated water. The collected samples were also analyzed in the lab, as shown
in Figure 5. Initial visual assessment, the treated and samples along the coast are highly transparent with a low
level of large particles inside.

SABANCI UNIVERSITY
WATER TREATMENT
STATION o ®SITE3
_Stadium cu
@SITE4
SABANCI
UNIVERSITY
Saba '|:;| Un |':"'.\[|w ARTIFICIAL LAKE ®SITE2
Sport Center
Q ¢\ Sabanci Universitesi
Helikopter Pigt
Q Sabanci Goster Merkaz!

®SITE 1

Figure 5. The samples collected from the designated sites for absorbance, and turbidity measurements (left),
Android-based smartphone application interface (right).
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The on-site measurements showed that the turbidity levels were below 300 NTU along the coast of the artificial
lake and the treated water sample collected from the water treatment center, as shown in Figure 6. The untreated
water sample was highly turbid, reaching around 2506 NTU, and the collected samples tended to sediment within
minutes. Site 1 had an artificial waterfall, and Site 2 was placed close to the waterfall. The accelerated surface
waves tend to push the large particulates to the north end of the shallow cost of the lake. Turbidity levels of Site 1
and 2 remained around 71 and 101 NTU, respectively. However, the shallow and considerable calmer Sites 3 and
4 had 253 and 273 NTU, respectively, and were close to the treated water turbidity level of 283 NTU. The samples
mentioned above were also collected in falcon tubes for absorbance analysis.

The acidity of the artificial lake was measured as higher than a pH of 8. The pH levels were increased as the
collection site were further away from the artificial lake and closer to the treatment channel connected to the lake.
The pH level of 8.38 was measured on Site 1. Site 2 and 3 showed a slightly higher pH of 8.5. Site 4 showed highly
elevated levels of pH around 8.74. Meanwhile, the collected samples from untreated and treated water showed a
pH level of 7.84 and 8.23, respectively.
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Figure 6. Graph of turbidity, pH, absorbance and temperature measurements from various sites on shores of the
artificial lake, untreated, and treated samples from the water treatment center.

4. CONCLUSIONS

The low cost and widespread availability of open-source hardware enabled environmental scientists to exclude
the use of high-cost analytical equipment and perform analyses on site. The presented on-site water pollution
testing platform was used to monitor the water quality of an artificial lake that is feed with the treated wastewater.
Noteworthy is the fact that instrument error is probable to occur due to various factors including environmental
issues, electrical supply, the addition of excessive components to the output loop and process alteration. However,
these errors can be minimized if not eliminated by applying a calibration procedure. An error can be defined as
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the dissimilarity between the indication and the actual amount of the measured parameter. To determine and rectify
device errors, periodic calibrations were applied. The most stable probe is the temperature sensor due to the
standard thermometer that has been used in our assay. Also, we obtained balanced and stable data for pH
measurements. Unlike temperature and pH sensors, a significant deviation was observed in the turbidity sensor.
This defect is related to the structure of the turbidity sensor suffering from waterproofing, although it was weak.
On the other hand, the device is cost-effective and portable, promoting the development of robust software
equipment which we are growingly reliant on.

This initial work and results act as stimuli for further studies on open-source on-site measurements systems.
Future work may lead researchers to construct a remote-controlled model ship, which probes the water quality
continuously along the artificial lake with integrated navigation. The growing repertoire of water quality
monitoring with commercially available open-source sensors such as ammonia and dissolved oxygen would
further improve the applicability of the proposed open-source sensing platform.
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