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ABSTRACT

Water pollution has been a severe public concern for decades, however, existing analytical
tools that can quantify metallic elements such as electrochemistry, metal colorimetry,
inductively coupled plasma, etc., have certain drawbacks that prevented the establishment
of a long-term, remote water monitoring system. Therefore, such a system is ever in need
and will be introduced in this work. In this work, plasma spectroscopy is used to analyze
metallic elements in solution, and the imposture of Raspberry Pi, an open-source Linux
mini-computer, allows for long-term, real-time, and remote control of the system in a
flexible and low-cost manner. By applying a high pulsed voltage to the electrode
immersed in the solution, plasma can be ignited. Metallic elements, namely Mg, Pb, and
Cu, are tested using the optical emission of the plasma. The detection probe used in this
work comprises a platinum electrode 0.3 mm in diameter surrounded by a glass tube and
underwater optical components to acquire the emission. Raspberry Pi is used to
simultaneously modulate the width of 500-V high voltage pulses, ignite plasma, trigger
the spectrometer, and acquire spectra. Such an arrangement allows for precise
synchronization of voltage pulses and spectra acquisition with the spectrometer.
Raspberry Pi also acts as an HTTP web server in this setup to provide a friendly user
interface and a more secure connection. Precise synchronization of spectrometer and
voltage pulses significantly improves the overall quality of spectroscopic data. Metallic
elements Mg, Pb, and Cu with concentrations of 10ppm, 10ppm, and 10ppm are clearly
identified. A long-term monitoring session lasting up to tens of hours is tested remotely,
and extension to a longer time duration is straightforward. Warning messages can be sent

out instantly via multiple pathways such as E-mail and Line APP. It is shown that this

v



detection system is reliable since proper high voltage pulse width is selected and set prior
to every detection, this guarantees the choosing of an optimal pulse width for each
solution with a wide range of pH and conductivity. As an optimal pulse on-time is chosen
according to the conductivity of each solution, the need for sample pre-treatment is
eliminated. The use of Raspberry Pi replaces the conventional industrial control
equipment with the benefits of reduction in cost and system size. With the flexibility of
programming on Raspberry Pi, the detection process can be designed such that different

detection frequencies can be imposed on demand.

Keywords: Solution Plasma, Optical Emission Spectroscopy, Heavy Metal Detection,

Raspberry Pi, Long-term, Real-time, Web-based
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Chapter 1 Introduction

1.1 Preface

Solution plasma is a term that refers to various plasma systems that operate under aqueous
conditions. In these systems, plasma is generated within the solution or within the
environment in contact with the solution. When using the spectroscopy technique with
solution plasma, existing heavy metals can be recognized as certain characteristic
wavelengths are inspected, the intensities of those metallic wavelengths can then be used
for quantitative analysis after proper processing. Moreover, solution plasma spectroscopy
technique is capable of analyzing multiple heavy metals rapidly and simultaneously while

having little to no interference between each element.

In this work, a Raspberry Pi board is integrated into the plasma generation unit to control
the spectrometer for spectrum acquisition, while simultaneously modulate the pulse on-
time for plasma ignition. By constantly modulating the applied on-time, this innovative
system overcomes the requirement for sample pretreatment. Raspberry Pi also acts as an
HTTP web server in this setup to provide friendly user interface and a more secure
connection. This way, a long-term, remote water monitoring system that is capable of
providing real-time information about real-world solution is introduced. With the
flexibility of programming on Raspberry Pi, the detection process can be designed such
that different detection frequencies can be imposed on demand. Warning messages can be

sent out instantly via multiple pathways such as E-mail and Line APP. The use of



Raspberry Pi replaces the conventional industrial control equipment with the benefits of

reduction in cost and system size.

1.2 Research Motivation and Goal

Water pollution with heavy metallic ions has been a severe public concern for decades for
it directly impacts the environment and can cause tragic health problems. Analytical tools
allowing for in-line and real-time monitoring of metallic elements are therefore highly
desired. Techniques such as electrochemical sensors, fluorescence spectroscopy, and ion-
specific electrodes are widely used. These techniques, however, mostly is incapable of
detecting multiple elements simultaneously. It mostly requires the water solution to be
under designated conductivity and pH values for precise measurement. The use of these
techniques is therefore very limited. Lab-scale techniques such as ICP-OES (inductively
coupled plasma optical emission spectrometry) and ICP-MS (mass spectrometry) allow
for analyzing test solutions with a wider range of variety. They, however, are bulky and
expensive. They also require rather tedious sample pretreatment. Operating in a long-term

and continuous manner is therefore challenging.

Therefore, a long-term water monitoring system that is capable of providing real-time

information about real-world solutions is desired and will later be introduced in this work.



Chapter 2 Literature Review

2.1 Heavy Metal Contamination

2.1.1  Sources of Heavy Metal Pollution and Regulations

There are a number of inspection criteria regarding water quality, such as water
temperature, pH value, electrical conductivity, biochemical oxygen demand (BOD),
chemical oxygen demand (COD), etc. Among them, electrical conductivity is a measure
of the saltiness of water and is measured in micro-siemens per centimeter (uS/cm).
Electrical conductivity is of extreme importance when it comes to heavy metal
contamination, for conductivity is an index of how easy it is for electricity to flow in
water, and metallic ions conduct electricity by simply moving in solution. Freshwater is
usually between 0 and 1,500 pS/cm and typical seawater has a conductivity value of
about 50,000 pS/cm. Table 1 listed the conductivity of various types of water [1].
Irrigation water in Taiwan should have a conductivity lesser than 750 pS/cm according

to the Taiwanese government [2].



Table 1. Conductivity of Various Water Types

Water Type Conductivity (4S/cm)
Distilled Water 0.5-3
Melted Snow 2-42

Irrigation Water

<750
(R.O.C)

Tap Water 50 - 800
Potable Water (U.S.) 30-1,500
Freshwater Streams 100 — 2,000

Industrial Wastewater 10,000

Seawater 55,000

Taiwan is a densely populated area with well-developed industries. However, improper
land usage and farmland pollution are frequently reported. Factories are commonly seen
in agricultural districts and industrial wastewater and waste product are often, directly or
indirectly, discharged into nearby water channels without being treated. Heavy metal is
one of the most common and severe issues regarding water pollution, for heavy metal can
easily form complex with inorganic and organic substances in soil, and are difficult to
remove after formation. Nor can they be biodegraded like volatile organic compounds.
Therefore, once the soil is polluted with heavy metals, nearby crops will absorb those
toxic pollutants and accumulate in human body through the inter-related food chain. To
prevent the above scenario, the Environmental Protection Administration of Executive
Yuan, R.O.C. (Taiwan) has established "Soil Pollution Monitoring Standards" in terms of
soil pollution. Another regulation, "Soil Pollution Regulatory Standards", is established

specially to prevent the deterioration of soil pollution. The concentration limits of
4



pollutants are summarized in Table 2 [3].

Table 2. Concentration Limit of Metallic Pollutants in Taiwan (unit: ppm)

Heavy Metal As Cd Cr Cu Hg Ni Pb  Zn
Soil 60 20 250 400 20 200 2000 2000
Regulatory
Agricultural
Standard 5 200 5 500 600
Farmland
Soil 30 10 175 220 10 130 1000 1000
Monitoring
Agricultural
Standard 2.5 120 2 300 260

Farmland




2.1.2  Current Water Monitoring Techniques and Limitations

(1) Metal Colorimetry [4, 5]

Colorimetric technique is one of the easiest ways to detect heavy metals in solution, for
color change occurs when certain oxidation-reduction reaction or coordination reaction
takes place. After applying organic chromogen to the solution, quantification of the
metallic element can be performed according to the product’s color as stable chelate is
formed. Appropriately selected chromogenic agents can achieve in high selectivity, high
sensitivity, and stable product composition. However, this technique is not capable of
simultaneously detecting multiple elements, for each metal requires a specific chromogen.
Also, its performance is easily affected by impurities, meaning pre-treatment of tested

samples is always mandatory.

Figure 1. Metal Colorimetry Detector [6]



(2) Electrochemical Measurement [7, 8]

The electrochemical measurement technique operates by measuring the current change
on the electrode as various voltages are applied. This way, the quantification of specific
metal ions can be achieved. Anodic Stripping Voltammetry is one of the most common
examples of this technique, it operates by measuring the induced current on the working
electrode during electrochemical stripping. This technique is capable of achieving
excellent selectivity and sensitivity for specific metals. However, it relies heavily on the
electrochemical reaction taking place on the electrode’s surface, meaning the state of the
electrode’s surface and the composition of the electrolyte are extremely critical. Therefore,
this technique might fail to operate under challenging conditions, such as low pH solution
or solution containing organic pollutants. The electrodes also need to be replaced rather

frequently, making it difficult to operate in a long-term and continuous manner.

a_.

N

Figure 2. Anodic Stripping Voltammetry Instrument [9]



(3) Inductively Coupled Plasma (ICP)

The ICP system operates by first vaporizing the liquid solution into gas form, then all the
gaseous analytes are atomized, ionized, and thermally excited due to the extremely high
temperature of the system. By analyzing the plasma spectrum with a spectrometer (ICP-
OES) [10] or analyzing the created atoms or molecules with a mass spectrometer (ICP-
MS) [11], the qualification and quantification of target elements can be achieved. ICP has
the lowest detection limit of all the techniques being introduced in this work, reaching a
single-digit ppb level, and is capable of simultaneously detecting multiple elements in
one operation. ICP is currently the most used heavy metal detection technique in
laboratories world-wide, for it has extremely high versatility and sensitivity and an
extremely low detection limit. However, it is bulky and expansive, and require rather
tedious sample pre-treatments with a warm-up stage. This means remote operation and

real-time feedbacks are not possible with this technique.

Y |

Figure 3. Inductively Coupled Plasma Instrument [12]



In summary, existing analytical tools still contain certain drawbacks that prevented the

establishment of a long-term, remote water monitoring system, such as:

(1) The need for sample pretreatment.
(2) The need for consumables replacement.

(3) Cannot be operated remotely or automatically, and require on-site labor.

Functionality
(Multi-elements Detection,
Complex Environment)

Current
Solution
Plasma
Spectroscopy,

Cost, Size

Figure 4. Overall comparison of various techniques



2.2 Plasma

Plasma is a partially or wholly dissociated gas that is mainly composed of neutral gas,
ion, electron, atom, molecule in the excited state, and gas cluster with free radicals. It is

electrically neutral and is often recognized as the fourth state of matter.

2.2.1 Reaction Mechanism

When external electric field is applied to gas, electrons are transformed into high-energy
particles. As these high-energy particles collide with one another, they undergo a series
of complex chemical and physical reactions [13]. As high-energy electron collides with
atom, the outer electron of the atom dissociates, generating free electron. These newly
generated electrons then collide with other atoms to generate more electrons, until a
complete breakdown is reached. Ionization is the most important reaction regarding the
stability of plasma. As high-energy electron collides with a gas molecule, it destroys the
chemical bonding between particles and generates free radicals. Since free radical carries
unpaired electron and have high reactivity, dissociation is the most important reaction
regarding the reactivity of plasma. As high-energy electron collides with a gas molecule
or atom, the electron on the molecule or atom is excited from ground state to excited state.
As the molecule or atom relaxes back to a lower energy state, energy is released in the
form of electromagnetic waves. Since different wavelengths of light can be emitted due
to different energy gaps, excitation-relaxation is the essence of plasma spectroscopy. The

reactions introduced above are listed in Table 3.

10



Table 3. Plasma Generation Mechanism

Reaction Mechanism
Ionization e"+A-> At + 2e”
Dissociation e +AB—->A+B+e”

Excitation e +A-A"+e”

Relaxation A" > A+ hv

11



2.2.2  Empirical Formula and Observation

Paschen’s Law is an empirical formula that describes the relationship between the

breakdown voltage and the product of pressure and electrode gap.

. B(p-d)
T In[A(p-d)] —In[In (1 + L )l

Where V), is the breakdown voltage, d the electrode distance, p the gas pressure, g, the
secondary dissociation coefficient, A and B are constants. The breakdown voltage of
plasma is defined as the minimum voltage required to successfully generate plasma.
Figure 5 shows the Paschen curve of various gases [14]. The right side of the curve is the
case where gas pressure is high, or the electrode distance is large. In this case, collision
happens frequently and electrons are quickly deprived of their kinetic energy for gas
pressure is high, and the effectiveness of the applied electric field is insignificant for the
electrode distance is large. The left side of the curve shows the case where gas pressure
is low, or the electrode distance is small. In this case, the collision with gas molecules is
difficult for gas pressure is low, and the electron acceleration is not effective for the
distance is short. These scenarios account for the upward concave of the curves.

10°;

Voltage (V)

-
U
1 P

10" 10° 161 107 10°
pd (cm Torr)

Figure 5. Paschen curve of various gas [14]
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2.2.3  Classification

Plasma can be roughly categorized into low-pressure plasma and atmospheric pressure
plasma according to its operating pressure. Low-pressure plasma usually operates at a
pressure of less than 0.001 atm. This means electron has longer mean free path, and it
barely collides with neutral gas nor loses energy during the acceleration process.
Therefore, the electron temperature is higher than that of the neutral gas (T, > Ty),
implying this is a non-thermal-equilibrium system [15], as shown in the left half of Figure
6. Conversely, when the pressure increases, the mean free path decreases, and the high-
energy electrons are more likely to collide with neutral gas. In this case, the gas
temperature and the electron temperature reach equilibrium (T, = T), implying this is a
thermal-equilibrium system. The former is easier to generate plasma due to the fact
electron energy is hardly lost in collision, while the latter often requires an external

electric field to successfully generate plasma.

105 — -Non-thermal
-Transient
& N e U e
= 4 S, 00 TS
o 10 SR
2 —
© —— Thermal plasma
o Cold (non-equilibrium) p _____
o . .
plasma
S 10° S
'_ ) g
i T R Nonthermsi
-Transient
el 121

0 @ 0 W W W W 19 0
Pressure (Pa)

Figure 6. Electron and gas temperature under different operating pressures [15]
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23 Solution Plasma

2.3.1 Principles

Solution plasma [16-20] is a term that refers to various plasma systems which operate
under aqueous conditions. There are a variety of classification methods regarding solution
plasma, among them, the method proposed by Bruggman and Leys [21-23] is the most
commonly used. Bruggman and Leys divided solution plasma into three categories (1.
Direct liquid phase discharge, 2. Discharge in the gas phase with liquid electrode, 3.
Discharge in bubble in liquid) according to the type of electrode being utilized and the
way it contacts with aqueous solution. In these systems, plasma is generated within the
solution or the environment in contact with the solution, such that ultraviolet rays, high
shock waves, and large quantities of highly reactive substances [24], such as hydroxyl
radicals (OH"), oxygen atoms (O), ozone (O3), hydrogen peroxide (H202) [25], etc. are

released, as shown in Figure 7.

| PLASMA GAS PHASE CHEMISTRY |

plasma
HQI N2+,
H,0%, ... OH, O, H, '
(I)-lﬁlObH, NO, HNO,, H,0 yy electrolysis
w_? y e 03, HNOZ evaporation H2l02
sputtering Y A A4 ‘
interface H?Q' A e OH, 0, H H,O
diffusion o .
’ o e (aq)’ e
H,0%, € sqn -« OH, O, H, NO, HNO;, 05, HNO,..
bulk liquid
H* (H,0) e
" Hy0,, HO,, Hy, 0,
HZO Oz’Noz-, Noa‘... Av

LIQUID PHASE CHEMISTRY

Figure 7. Reaction mechanism and existing substances in solution plasma [25]
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2.3.2  Difficulties in Solution Plasma Studies

Although solution plasma has been widely employed in various fields, however, the
mechanism of its physical and chemical reactions had not yet been fully understood due

to its complicated nature. The reasons are listed as follows:

(1) Plasma is generated on a three-phase interface [26], namely, solid phase (metal
electrode), liquid phase (aqueous solution), and gas phase (bubble or gas film).
This makes the mass and heat transfers in between phases difficult to predict. As

shown in Figure 8.

(2) Compared to the generation of plasma in the gas phase, the density of liquid is
1000 times higher than that of gas, resulting in a higher frequency of ionization.

This makes the multi-particles-collision difficult to understand.

(3) Solution plasma contains reactions with responses in different time scales (ps~s)
[27], indicating complex coupling relationships among particles.

Bulk Plasma Convection ' Radiation :I Formation
Electric and ¥ | of Reactive
Species - gravitational forces Species
Boundary Layer Lo o Heat Transfer
D|ffu5|onl )
_— -t
Sheath |Surface Chemistry |+ |Surface Charge Radiation ! Vapor
Interfacial Liquid Layer |Short-lived Species Interfacial Deformation
S Long-lived Species and Convection
UL Secondary Chemistry

Figure 8. Mass transfer and heat transfer of solution plasma
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2.3.3  Solution Plasma Spectroscopy and Its Challenges

The solution plasma spectroscopy technique [28-31] operates by inspecting the
characteristic wavelengths of each metallic element on the plasma spectrum, in order to
determine the existence of those elements. The intensities of those wavelengths can later
be used for quantitative analysis after proper processing. Solution plasma spectroscopy
technique can simultaneously detect multiple heavy metals while having little to no
interference between each element. This is because the electron transfer energy gaps of
different metals are distinguishable on the plasma spectrum, therefore, each element has
its own one or two characteristic wavelengths. Solution plasma spectroscopy is often
utilized to achieve degradation of organic matter [32], material synthesis [33] [34], and

analytical analysis [35] . Figure 9 shows a plasma spectrum with various metal emissions.

60000 - Na H,
50000 -

40000 - OH

30000 +

intensities (a.u.)

P .

a
20000 - mg|| PP 4
Cu

10000 +

0,
Lv\__L ;ll u
200 400 600 800 1000
wavelength (nm)

Figure 9. Plasma spectrum with various metal emissions

Solution plasma spectroscopy is a powerful and robust technique that is capable of
16



detecting multiple metallic elements with little to no interference between each element.

However, there are still many difficulties when it comes to practical application,

(1) In addition to metallic ions, spectrum also includes the emission of other
existing atoms or molecules within the system. This makes it difficult to

extract quantitative information concerning metallic elements.

(2) The formation of plasma in solution is affected by factors such as pH value,
conductivity, etc. If the operating conditions are not strictly managed [23,
36], plasma might fail to exist, or the generated plasma might exist in an
unstable state. Sample pretreatment such as adding acids or salts [37], or
sample pre-evaporation[38] is frequently required. This means both
qualitative and quantitative analysis are rather tedious, or difficult, when it

comes to unknown solutions.

(3) Since plasma generates electric current and heat as it exists, long-term
monitoring is challenging due to its natural decay. For example, mild
damage might occur to the working electrode as time proceeds. This makes

it difficult to monitor and perform metal detection over a long period of time.

All in all, these limitation makes it challenging to accomplish in-line and real-time

analysis of metallic elements with the solution plasma spectroscopy technique.

17



2.4  Raspberry Pi

Raspberry Pi is a low-cost and miniaturized sized (85mm x 56mm) single-board computer
that is designed to support students in low-income areas to engage with computing. This
mini-Linux computer has 2 micro-HDMI displays and 4 USB ports. It also has 40 GPIO
pins that are capable of inputting or outputting digital signals, which makes the control of
any compatible electronics rather simple and straightforward. Raspberry Pi has been
utilized in multiple scientific fields and analytical applications, such as microfluidic
biosensors [39] [40] [41], electrochemical analysis [42], optical spectroscopy or imaging

systems [43] [44], etc. An actual image of Raspberry Pi is shown in Figure 10.

85 mm

Power over Ethernet
(PoE) via PoE hat

5V DCvis GPIO  40-Pin GPIO Header Mounting Hole o

2.4 GHz and 5 GHz
802.11 ac Wireless
LAN, Bluetooth 4.2
BLE

Broadcom BCM283780
Cortex - A57 64bit SoC |
1.4 GHz 1GB RAM

<1 2usBPorts

] 2USB Ports
56 mm

<1 LANPort

At csl
SVvie HOMI Camera

MicoUSB Port

Introduction to Raspberry Pi 3 B+

www.TheEngineeringProjects.com

Figure 10. Raspberry Pi [45]
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Chapter 3 Experiment Apparatus and Methods

3.1 Experiment Apparatus

3.1.1 Plasma Generation Unit

A detection probe with a dimension of 150mmx20mmx20mm is created as the plasma
generation unit. It has a center pinhole of 7mm in diameter. This is where the working
electrode is placed. The working electrode is a glass tube 7mm in diameter with a 0.3mm
diameter platinum wire in the middle. The grounding electrode is a platinum wire 0.5 mm

in diameter and 10 cm in length.

3.1.2 Power and Pulser

A 500V DC power supply (GPR-100H15, GW Instek) is used as the high-voltage source.
A switching device is imposed to control the passage of this high-voltage source and will

be addressed as “pulser” throughout this work.

Pulser is composed of an insulated gate bipolar transistor (IGBT, IXYP20N120C3), an
operational amplifier, a 9V battery, and a Raspberry Pi board. As Raspberry Pi sends out
a digital signal of 3.3V through its GPIO pin, IGBT’s G gate opens, and high voltage is
allowed to pass through the C gate. Since IGBT requires at least 6V of input signal to
function, an amplifier is employed within the setup to boost the signal from 3.3V to 8V.

The 9V battery is used to provide the additional power supply requested by the amplifier.
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3.1.3  OES Acquisition Unit

The underwater lens has a 10mm focal length and a 90 degrees reflective angle, this
design structure helps guide the optical emission of plasma into the optical fiber (600 pm
diameter) with little to no loss of emission intensity. A spectrometer (OES-2030-010-
FUV2, Li-ion Ltd, Taiwan) is positioned at the other end of the optical fiber to record the

emission.

l Plasma generator unit |

Remote controller
Spectrometer /ﬁ |
o

(fr. t Al‘ Alert system

J

Plasma ignition

High Voltage power

Figure 11. Device Setup
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3.2 Experiment Methods

3.2.1  Chemicals/Solution Preparation

In this work, six metallic elements, namely Mg, Cu, Pb, Mn, Sr, and Zn are tested. Nitrate
salts are used. Mg(NO3), (Alfa Aesar, 98.0-102.0%), Cu(NO3), (J.T. Baker, -),
Pb(NO3), (Sigma-Aldrich, >99.0%), Mn(NO3), (Alfa Aesar, 98%), ST(NO3), (Alfa
Aesar, 99.0%), and Zn(NO3), (J.T. Baker, 99.0-101.0%) are used without further
purification. Solutions of different concentrations and conductivities are prepared.
Calculated amount of metal solution, deionized water, and Sodium Nitrate are separately
added to determine the concentration and conductivity of each solution. The
concentration of heavy metals ranges from 10mg/L to 200mg/L, and solution
conductivities are controlled to be within the range of 3000 to 18000uS/cm, which is the
typical conductivity range of industrial wastewater. All solutions have a pH value of

around 5.
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3.2.2  Remote Operation of Raspberry Pi

Raspberry Pi can be operated remotely, which offers users the benefit of mobility. In this

system, there are two remote ways to connect to the Raspberry Pi, they are:

(1) Secure Shell Protocol (SSH)

SSH is a TCP application protocol used to make secure connections to a remote device
in order to perform file-sharing or host configuration tasks. One may navigate Raspberry
Pi's file system with the SSH protocol using the Linux command line. However, the
operating interface on one's computer is the terminal for Mac OS (or MobaXterm, an
online free app, for Windows OS), not exactly the most user-friendly interface, so this
method is recommended for system managers inside the lab only, and not common users.
Also, since users may gain full access to the entire operating system, meaning all the files
and directories, inside the minicomputer, it is also not wise to permit this full access to

common users.

(2) Hypertext Transfer Protocol (HTTP)

Even though SSH has proven to be a simple and secure way of connection for people such
as the system admin, however, it has some drawbacks that prevent the water monitoring
system being developed from becoming a user-friendly and secure product for common
users. For instance, SSH uses terminal as its operating interface, which requires a certain
degree of programming knowledge upon operation, and, SSH allows full access of the

entire operating system to authorized user in a manner that is not wise nor recommended
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in terms of system security. Therefore, a new connecting method and interface are desired

and shall be introduced.

In this system, Raspberry Pi is programmed to function as an HTTP web server with
Nginx, a web server software program that serves web applications to clients over the
internet. With this web-based transfer protocol, users can easily submit their experimental
parameters (ex: pulse on-time, spectrometer integration time, mode resting time,
monitoring duration, frame per detection, etc.) through the self-developed website on
their browser without the risk of exposing the entire Raspberry Pi's operating system. A
"Security Check" stage is designed to appear prior to the actual "Parameters Setting" stage
so that those who do not know the correct passcode will be rejected and those who do
may proceed. After submitting a number of parameters with one's cellphone or computer,
plasma is ignited accordingly. A compressed file containing numerous plasma spectrums
will then be delivered to the user's Download folder after the entire server-side operation
is completed. The website interface is written in HTML, CSS, and JavaScript, while the
server-side code is written purely in JavaScript. Plasma ignition and spectrum acquisition

is written purely in Python.

3. Parameters
:hz?r:‘EAERING 1. Passcode

EARRATORY. ﬂ

2. Pass/Fail
6. Compressed Plasma Spectrums

Figure 12. Web-based Plasma Ignition Illustration
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3.2.3  Plasma Ignition by Raspberry Pi

By integrating Raspberry Pi into the solution plasma system, the mini-Linux computer

will be performing two tasks simultaneously to generate plasma.

Raspberry Pi is connected to the spectrometer via a USB port, and with the help of the
programming scripts provided by the vendor, direct manipulation of the OES device can
be achieved. This way, Raspberry Pi can replace the conventional, large-size personal
computer as the spectrometer reader. Data is delivered to and saved within the Raspberry
Pi operating system folder. One of the GPIO pins on Raspberry Pi is connected to
IGBT’s G gate. As the pin outputs a digital signal of 3.3V for some time interval, the G
gate opens for that amount of time and the high voltage of 500V provided by the DC
power supply flows through the C gate. Plasma is then ignited on the end of the working
electrode that is immersed in the liquid solution. This way, the Raspberry Pi board will

be replacing the industrial, high-cost pulsing machine as pulser.

The two tasks mentioned above, spectrometer reading (data acquisition) and pulsing (data

creation), are exactly synchronized by using Python. This means the two tasks start

simultaneously and the spectrometer only functions when plasma is being generated.
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Chapter 4 Results and Discussion

4.1 Solution Plasma System Overview

In this system, both working and ground electrodes are immersed in the aqueous solution,
however, their contact areas are different. This causes the current density of the two
electrodes to differ as well. The current density of the working electrode is higher than
that of the ground electrode, therefore, the working electrode is in charge of heating the
aqueous solution and producing bubbles. As a sealed gaseous layer, or bubble, is formed
between the aqueous solution and the working electrode due to sudden heating and
electrolysis, plasma can be generated within this confined layer when the breakdown
voltage is reached. Multiple reactions occur simultaneously, such as electron ionization,
dissociation, and excitation. The microscopic result is that water and salts within the
solution are heated and vaporized, resulting in a centimeter-sized bubble mostly
consisting of H,, 0,, and water vapor. Also, when plasma is generated, electrons of
metallic ions have a large chance of being excited and therefore migrating to a higher
energy level. Optical emission corresponding to the metallic element can be observed as
the electron drops back to a lower energy state. Each metallic element has its own unique

position on the plasma spectrum, which can be used as an identifier of the metal.

Figure 13 shows three spectrums in the metal emission range (250nm-550nm) that differ
in applied On Time. Six metals (Mg, Cu, Pb, Mn, Sr, Zn) are added to the solution, and

the emissions of Mg, OH, Cu, Pb, and Hp are labeled within the figure. Mg is observed

at 285.58nm and Cu is observed at 324.82nm on the plasma spectrum. Pb shows emission
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at both 368.34nm and 405.78nm. Metals Mn, Sr, Zn are out of the current detecting zone
for they overlap with N, emission. When testing the solution, the emission intensities
increase with the pulser’s On Time, indicating a positive correlation between spectrum

intensities and the length of pulser’s On Time.

160000
1500003
7400005
ks
- e -3000045
1200008
C

Cu
J 110000

250 300 35q 10
wavera 00450 500 555 0 o
avelength(nm,)

Figure 13. Low Conductivity Solution Spectrums

Solution properties/experiment parameters: Conductivity 8510 uS/cm. pH 4.78. Metal

concentration (Mg, Cu, Pb, Mn, Sr, Zn) 100ppm. Integration time 200ms. Voltage S00V.

On Time 1ms (blue line), 20ms (orange line), S0ms (green line).
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4.2 Importance of Pulse Selection

Plasma in solution has been recognized as a promising technique concerning heavy metal
detection. However, it has the drawback of being highly restricted to solution conductivity.
This means sample pretreatment is required, and real-time analysis cannot be achieved.
To overcome the predicament, an experiment is conducted and thoroughly discussed

within this section.

To simulate real-world situations, two solutions that differ greatly in conductivity
(EC:8510 puS/cm, EC:17240 puS/cm) but of the same pH value and metal concentration
are prepared. Various On Time (1ms, 20ms, 50ms) are applied to both solutions. Figure
13 shows three spectrums of the low conductivity solution in the metal emission range
(250nm-550nm), while Figure 14 shows those of the high conductivity solution also in
the metal emission range. From Figure 13 and Figure 14, as Ims is applied to both
solutions, barely any optical emission regarding the metallic peaks can be observed. Ims
is therefore concluded as an unsuitable choice for both solutions. From Figure 13 and
Figure 14, when 50ms is applied to both solutions, even though the spectrum looks rather
reasonable for the low conductivity solution, however, this is obviously not a suitable
choice for the high conductivity solution, for the spectrum is too saturated and the board-
bend underneath is too large in height. Figure 14 shows that there exists an optimal On
Time for every solution depending on their conductivity. If an unsuitably large On Time
is applied, a completely saturated spectrum might be obtained at one point, and permanent
damage of the working electrode might occur. Therefore, a selection process should take

place prior to the actual heavy metal detection to guarantee an optimal performance.
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With the system being proposed in this work, Raspberry Pi can actively and automatically
modulate the applied On Time until the optimal value is found. This way, real-world

solutions with a wide range of conductivity and pH values can be tested.
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Figure 14. High Conductivity Solution Spectrums
Solution properties/experiment parameters: Conductivity 17240 uS/cm. pH 4.78. Metal

concentration (Mg, Cu, Pb, Mn, Sr, Zn) 100ppm. Integration time 200ms. Voltage S00V.

On Time 1ms (blue line), 20ms (orange line), S0ms (green line).



4.3 Two-Tasks-Synchronization

To illustrate the importance of tasks synchronization, namely spectrometer reading and
pulsing. A brief go-through with the use of the previous, asynchronized setup shall be
addressed. After the DC power supply is turned on, the pulsing device will function with
some programmed duty time, each plasma emission is then recorded by the spectrometer.
The two tasks run on two separate timelines, which leads to poor data quality of huge
variance, as shown in Figure 15a, due to the fact the spectrometer might record plasma
emission of different time intervals, as shown in Figure 15b. Also, throughout the process,
the pulsing device works non-stop, meaning plasma is continually being generated on the
working electrode, as shown in Figure 15b. This shows the working electrode lifetime is

somewhat wasted, for not every emission is recorded by the spectrometer.

With the synchronization method being employed, one can be confident of how long the
optical emission is recorded, achieving a decrease in data variance, as shown in Figure
15a, and the working electrode lifetime may be maximized for its usage is kept to a bare
minimum, as shown in Figure 15c. This is very crucial when it comes to long-term
operation since electrode’s condition directly impacts data quality. In this work, a
Raspberry Pi is integrated into the system to perform this tasks-synchronization using

Python.

In Figure 15a, ten black dots are the OH intensity from ten consecutively acquired
spectrums using the synchronization method, while the ten red squares are the OH

intensity from ten consecutively acquired spectrums using the asynchronization method.
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overlapping of the two lines illustrates the performance of the asynchronization method

In Figure 15b and c, black solid line indicates the spectrometer’s integration time, which
is 125ms, while the red dashed line indicates the pulser’s On Time, which is 50ms. The

All ten OH intensities are normalized to the first OH intensity for each method.

in Figure 15b, and that of the synchronization method in Figure 15c.
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Figure 15. The Importance of Two-Tasks-Synchronization
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4.4 Long-Term Water Monitoring Process

Prior to every plasma ignition, an On Time selection takes place to choose the optimal
value for each solution. The selection process is written in a python script which shall
now be introduced. At the beginning of the script, two variables, Counter and On Time,
is set as 0 and 10, respectively. Plasma is then ignited with On Time duration equaling
10ms. If the integration area of the spectrum exceeds a value of 2,000,000, this stage ends
with the optimal On Time determined as 10ms. If not, the Counter variable will increase
by 1 and the unknown solution will be tested again with On Time equals 10ms. The
Counter variable may only go up to 3, then the program automatically resets Counter to
0 and increase On Time variable by 10. The previous procedure is repeated until the
optimal On Time is found. On Time value can only go up to 50ms, due to the fact working
electrode may be permanently damaged if plasma is ignited for a time duration longer
than 50ms. 10ms is chosen as the initial starting point because its H-alpha emission
intensity divided by its OH emission intensity is how the conductivity of any unknown

solution will be determined.

With the optimal On Time being determined, the system proceeds to the metal detection
stage, and plasma is ignited using the selected On Time. If traces of metal are detected,
event-based mode will be activated, and 10 spectrums will be acquired consecutively in
a high frequency manner. If not, regular mode will be employed, and the solution will be
inspected periodically. The resting time between each ignition may be customized for
both detection modes, such as 1 minute or 10 minutes for event-based mode, and 1 hour
or 1 day for regular detection mode. 10 min and 1 hour are arbitrary set as examples in
Figure 16. This operation shows the versatility of the water monitoring system being
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proposed.

Every time the event-based mode is activated during the monitoring period, data analysis
of the 10 spectrums will be performed in a real-time manner locally on Raspberry Pi. This
way, an immediate message alert concerning heavy metal contamination can be sent out
to users, in the form of E-mail or Line text, so that preventive measurements can be

implemented correspondingly.

Event-based Detection Mode (ex:10min)

—> G — — —
O & o " H B
R0 5 RO

No |

Regular Detection Mode (ex: 1hr)

Figure 16. Long-Term Monitoring Process Flowchart
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4.5 Real-time Data Acquisition and Analysis Event

An overnight water-monitoring experiment was conducted with 50ms as the optimal On
Time chosen for the tested solution. By default, the solution is monitored every 30
minutes to examine the existence of heavy metals. When the solution is tested positive,
such as at time 1.5, 3.5, and 24.5 hour, the system automatically switches to event-based
mode and monitors the change in metal concentration while sending out warning message
via E-mail every 10 minutes. The system returns to the regular mode when no trace of

metal is observed, such as at time 2 and 4 hour.

The system is capable of correctly identifying heavy metallic element with the presence
of interferons, such as methyl blue which was added at the very end of the experiment.
The system is also capable of identifying multiple metallic elements simultaneously with
little to no cross-species interference. Regarding the detection of Pb, it has been observed
repeatedly that the first point is often abnormally high in intensity, therefore would be

excluded when performing further data analysis.

Figure 17 shows the working concept of the long-term water-monitoring experiment.
Each pulse-like signal indicates 1 metal detection with 10 spectrums being acquired. This
stage takes exactly 6 seconds. Resting time in between each metal detection varies with
the detection mode being employed, which is 30 and 10 minutes for regular and event-
based mode, respectively. All data points are normalized to the OH intensity of each

spectrum.
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During the long-term monitoring session, different scenarios are tested and various types

of spectrums are acquired. At time 3.5-hour, Mg and Pb are detected simultaneously. This

is a feat that cannot be accomplished by most electrochemistry techniques, but is

achievable with the plasma spectroscopy technique. At time 24.5-hour, methyl blue is

added to test the performance of metal detection with the presence of organic interferon.

Pb can still be clearly identified. This shows the stability of the system.

Immediate alerts can be sent to users via E-mail or Line APP by Raspberry Pi when metals

are detected, using the SMTP Python module and LINE Notify, respectively. An actual

spectrum may be attached when using E-mail, while only characters and strings may be

sent out with Line APP.
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Figure 17. Long-Term Monitoring Event Timeline
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Figure 18 shows four spectrums in the metal emission range (275nm-475nm) from the
previous long-term monitoring experiment. All spectrums are normalized to their OH
intensity. The fourth spectrum shows the emission of blank (no metal) solution, while the

remaining three contain either Mg, Pb, or both elements. E-mails are sent to users for the

upper three spectrums, while none were sent out for the blank solution.
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Chapter 5 Conclusions and Future Work

In this work, a Raspberry Pi board is integrated into the solution plasma system. This
makes the water monitoring system reliable since proper high voltage pulse width is
selected and set prior to every detection, guaranteeing the optimal performance of every
plasma emission. This pulse on-time selection also eliminates the need for sample-
pretreatment. The Raspberry Pi board is also used as a spectrometer reading device within
the setup. This two-tasks synchronization is very crucial for long-term operations since
keeping electrode's usage to a minimum maximizes its lifetime. Significant improvement
in the quality of the overall spectroscopic data is observed. A long-term monitoring
session lasting up to tens of hours is tested remotely and different detection frequencies
can be imposed on demand. Warning messages can be sent out to users instantly via
multiple pathways when heavy metal is detected. The use of Raspberry Pi replaces the
conventional industrial equipment with the benefits of reduction in cost and system size.
Raspberry Pi also acts as an HTTP web server in this setup to provide a friendly user
interface and a more secure connection. All in all, a web-based water monitoring system

that describes novelty in both device and application is offered.

In this system, due to the system’s complicated nature such as complex spectrum,
electrode decay, etc., the quantification of metallic elements in low concentration is still
a challenge. Using the built-in computational power of Raspberry Pi, machine learning
algorithms can potentially be utilized to improve the accuracy of the spectroscopic
analysis. This way, detection limit and quantification of metal concentrations have a high

chance of being improved in the future.
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