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The semiconductor industry manufactures various components such as sensors and
microcircuits for the needs of the electronics industry. As the industry develops, more is
expected of product performance on a smaller scale. A large part of the manufacturing
processes consists of various rinses and washes, which is why the industry is one of the
largest consumers of ultrapure water (UPW). As the line widths become even narrower, the
products are sensitive to the smallest impurities, which sets high criteria for the water used.

The American Society for Testing and Materials (ASTM) has created standards for water
used in the industry. The standard contains limit values for TOC, resistivity, particles,
microbes, and many others. The purpose of this thesis is to create a method for monitoring
microbes in UPW and to investigate the quality of produced water. The work has been done
at the water plants of Murata Electronics Oy, which operates in the field.

By comparing different microbial monitoring methods, the ATP meter was chosen. Samples
were taken from two different water plants for 13 weeks, a total of 101 samples. The results
shows that microbial activity in the UPW used in Murata Electronics Oy's production is
below 0.1 pg/mL, indicating very low activity. In addition, the correlation between TOC and
resistivity values and ATP concentrations was investigated, which proved to be weak.

The results suggest that microbial activity must be monitored using a dedicated method, at
least in low concentrations. Based on these parameters, TOC, resistivity, and microbial
activity, there is no reason to assume that UPW alone would cause yield loss in Murata
production. With continuous monitoring, the current good level can be maintained.
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Puolijohdeteollisuus valmistaa erilaisia komponentteja kuten antureita ja mikropiirejé
elektroniikkateollisuuden tarpeisiin. Alan kehittyessa, tuotteilta vaaditaan entista parempaa
suorituskykyd pienemmasséd mittakaavassa. Suuri o0sa valmistusprosesseista koostuu
erilaisista huuhteluista ja pesuista, jonka vuoksi ala on yksi suurimmista ultrapuhtaan veden
(UPW) kuluttajista. Viivanleveyksien kaventuessa entisestdan, tuotteet ovat herkkia
pienimmillekin epdpuhtauksille, joka asettaa kaytetylle vedelle korkeat kriteerit.

American Society for Testing and Materials (ASTM) on luonut standardin alalla
kaytettdvalle vedelle. Standardi siséltad raja-arvoja TOC:lle, resistiivisyydelle,
partikkeleille, mikrobeille ja monille muille. Tdman diplomitydn tarkoituksena on luoda
menetelma mikrobien monitoroinnille ultrapuhtaassa vedessa ja tutkia tuotetun veden laatua.
Ty0 on toteutettu alalla toimivan Murata Electronics Oy:n vesilaitoksilla.

Vertaamalla erilaisia mikrobien monitorointi menetelmida, ATP-mittari valittiin. Ndaytteita
otettiin kahdesta eri vesilaitoksesta yhteensd 13 viikon ajan, yhteensd 101 kappaletta.
Tulosten perusteella Murata Electronics Oy:n tuotannossa kaytettdvassd ultrapuhtaassa
vedessa mikrobi aktiivisuus on alle 0.1 pg/mL, mikd kertoo alhaisesta aktiivisuudesta.
Liséksi TOC ja resistiivisyys tuloksien ja ATP-pitoisuuksien vélista korrelaatiota tutkittiin,
joka osoittautui heikoksi.

Tulokset osoittavat, ettd mikrobien seurantaan tulee kéyttaa siihen tarkoitettua menetelméaa
ainakin pienissd pitoisuuksissa. Tutkittujen parametrien, TOC, resistiivisyys ja mikrobi
aktiivisuus, perusteella ei ole syytd olettaa, ettd UPW yksinddn aiheuttaisi saantohukkaa
Muratan tuotannossa. TOC ja resistiivisyys tulokset kertovat, ettd Murata Electronics Oy:n
kéayttama ultrapuhdas vesi vastaa standardissa esitettyjé suosituksia.
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SYMBOLS AND ABBREVIATIONS

Roman characters

T temperature
C concentration
d density

Greek characters

A electrical conductivity
K theoretical conductivity
p resistivity

I1 Osmotic Pressure
Constants

Kw dissociation constant

R gas constant

Dimensionless quantities

Cq qualification Cycle

Abbreviations

°C, K
mol/m?3

kg/m?®

S-cm?/mol
S/m
Q'm

Pa

1.008*10% (H.0 at 25°C)

8.314 J/molK

ADP Adenosine Diphosphate
AMP Adenosine Monophosphate
AOP Advanced Oxidation Process
ASTM

American Society for Testing and Materials



ATP
CA
CFU
DI
DIC
DNA
DO
DOC
EDI
EDS
ESP

HPC

MB

MF
Nano-LPM
NPOC
OPC

PA

PCR

POC

ppb

Adenosine triphosphate
Cellulose Acetate

Colony Forming Unit
Deionized

Dissolved Inorganic Carbon
Deoxyribonucleic Acid
Dissolved Oxygen

Dissolved Organic Carbon
Electrodeionization

Energy Dispersive Spectroscopy
Extracellular Polysaccharide
Heterotrophic Plate Count
Integrated Circuit

Isopropyl Alcohol

lon exchanger

Mixed Bed

Microfilter

Nano-Liquid Particle Monitor
Non-Purgeable Organic Carbon
Optical Particle Counter
Polyamide

Polymerase Chain Reaction
Purgeable Organic Carbon

Parts Per Billion



R2A

RDI

RLU

RNA

RO

SC1

SEM

SPC

TC

TIC

TOC

TSA

UF

UPW

ush

uv

Reasoner’s 2A

Rapid Detection of Indicator
Relative Light Unit
Ribonucleic Acid

Reverse Osmosis

Standard Clean 1

Scanning Electron Microscopy
Standard Plate Count

Total Carbon

Total Inorganic Carbon
Total Organic Carbon
Tryptic Soy Agar

Ultrafilter

Ultrapure Water

United States Dollar

Ultraviolet



Table of contents

Abstract

Acknowledgements

Symbols and abbreviations

R 110 To L1 Tox (o] 4 ISR 12
1.1  Objectives of the reSEarch ..........cccvovi i 13
1.2 Structure Of the theSIS.......ccueiiie i 14

2 SeMICONAUCTON INTUSEIY .....oviiiiiiiiiieiieieie et 15
2.1  Water use in semiconductor iNAUSEIY ..........ccoceiieiieic i 16
2.2  Water related problems in semiconductor iNdUStry .........cccccceevevveieseeieecie s, 17

3 URIAPUIE WALET ...t bbb 21
3.1  Ultrapure water quality reqUIreMENTS...........cooiveieriererenesisesee e 21

311 RESISHVILY eveueiiiiciieee ettt n e 22
B L2 TOC ettt renr e 24
313 PAITICIES .o 25
B0 ¥ 10t (- 1 T USSR 27
3.2 Production Of UILrapure Water...........cceevuiiieiieie e 29
321 REVEISE OSIMOSIS ..uieuierieieiesiestesiesteeseeeeseesee e stestesiessesseeeseeeessessessessessensens 31
3.2.2  Mixed-bed i0n eXChaNQer ... 32
3.2.3  URIavIOlet TIGNt.....c.ooeiieeie e 35
3.2.4  EleCtrodeioniZation ........cccooveieiiiiiiieieieiese ettt 37

4 MICrobes iN UIFTapUIE WALET..........cceciiiieieecie ettt st 39

4.1 Microbial MONITOTING .....coviiiiiieie e 40
411  Culture-based teChNOIOY .........ccooeiiiiiiiiiiee e 40
4.1.2  ATP measurement teChNOIOQY .......ccceiiiiiiiiiii e 42
4.1.3  QPCREChNOIOQY ....ccviiiiiieee s 44

EXPEriMENtal PArt........coviiiieiie e 47

5 EXPErimMENT PIAN. ... e 47

5.1  Selection of microbial monitoring Method ... 47



5.2 Selection of sSampling [0CALIONS ............cooiiiiiiiiiieiee e
5.3  EXPeriment arrangementS.........cccvevueeeerieeriesieseesieseeseesieseesreesseseesneeseeens
6  Materials and MEthOUS..........coiiiiiiiee s
6.1  Murata Electronics water plants..........c.ccoooiiiiiiiiiinicseeeeen
6.2  TOC and reSiStiVILY MELEN .......ccveiiiieiieie e
6.3 ATP MELEI ...
6.3.1  Guidelines for interpreting the results ...........cccoovevevieiiicce v,
7 ReSUItS and dISCUSSION .......ccuiiiiiiiiiiiiieiieie e
7.1 ATP mMeasurement reSUILS .......cccooveiieiieie e
7.2 CoNtiNUOUS MONTEOTTNG . ....ciuieiieiieiete sttt
7.3 Comparison of results between different water plants..............c..ccccevenne.
7.4 Correlation between TOC and CATP .....occvviiiiiinieeesese e
7.5  Correlation between resistivity and CATP ...,
7.6 The quality of UPW produced in MUrata...........ccccooeeereneneneninisieeene.
8 CONCIUSIONS ...ttt ettt b e bbb
RETEIENCES . ...ttt bbb
Appendices

Appendix 1. Experiment arrangements
Appendix 2. Experiment 1 raw data
Appendix 3. Experiment 2 raw data

Appendix 4. Continuous monitoring data for all sampling locations

Figures

Figure 1: Basic steps in semiconductor manufacturing

Figure 2: Different cleaning processes; batch cleaning, single-wafer cleaning, and pinpoint

cleaning

Figure 3: Wafer map of contaminations occurring after the development of

photolithography and damaged structure after etching



Figure 4: Effect of the surface material on the shape of the water residue

Figure 5: Scanning Electron Microscope (SEM) image of the watermark on the wafer.

Figure 6:

Figure 7:

Figure 8: Colonies formed on Tryptic Soy Agar (TSA) culture media.

Figure 9: Process steps in a typical UPW production system

Figure 10

Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:

Figure 22:

Figure 23

Different carbon categories

Basic principle of biofilm formation

: RO unit working principle
Mixed-bed operation steps

UV-light working principle
Operation principle of EDI

Different TSA agar medium
Structure of adenosine triphosphate
Different steps of PCR

Building 1 sampling locations
Description of building 1 water plant
Description of building 3 water plant

TOC and resistivity meter at Murata

Sample preparation steps

: Assay preparation

Verification of enzyme function and UltraCheck calibration.

10

Figure 24: ATP concentrations (pg/mL) and standard deviation at different sampling

locations

Figure 25: Mean ATP concentration (pg/mL) and standard deviation in each sampling

locations



11

Figure 26: ATP concentrations (pg/mL) during the 10-week follow-up at different

sampling locations

Figure 27: Comparison of mean ATP results (pg/mL) in different sampling locations

between building 1 and 3
Figure 28: Correlation between TOC (ppb) and cATP (pg/mL) in sampling location 10

Figure 29: Correlation between resistivity (MQ-cm) and cATP (pg/mL) in sampling

location 10

Figure 30: Resistivity (MQ-cm), TOC (ppb) and conductivity (uS/cm) results during the

experiment period from building 1

Tables
Table 1; UPW classifications for electronics and semiconductor industries
Table 2: Comparison of microbial monitoring methods

Table 3: Data interpretation guidelines



12

1 Introduction

The semiconductor industry is a wide industry that manufactures various components such
as sensors and integrated circuits (IC) for the needs of the electronics industry (May &
Spanos 2006, 1-2). A wafer made of silicon (Si) is often used as a raw material, which,
depending on the size of the wafer and the line width of the element, can contain hundreds
or thousands of elements (Monch et al. 2013, 1, 11-13). As electronic applications shrink
and develop, even better performance in a smaller size is expected from the products, and

the newest products are already on the nanoscale (Reinhardt & Kern 2018, 4-5).

The production processes in the semiconductor industry are long and consist of several
different steps, and before sending the parts to the customer, they are carefully tested. Due
to the small size of the elements and the quality requirements of the industry, production is
often placed in a cleanroom, where the conditions are controlled, and the equipment’s and
chemicals used must be very pure. The most used chemical in wafer manufacturing is water,
and it is estimated that 15-20% of production processes consist of cleaning steps (Reinhardt
& Kern 2018, 7-8). Since the purpose of cleaning is to remove particles and other residues
from the wafers without affecting the surface properties, the water must be very pure, ideally
containing only water components, hydrogen (H+) and hydroxide (OH-) ions (Deshmukh
2024, 956-957; Tiec 2013, 214-221).

Due to the high-quality requirements, there are standards for the water used in the
semiconductor industry, but they are recommendations and therefore not always directly
proportional to the requirements of individual companies. Usually, water quality is mainly
monitored by resistivity and Total Organic Carbon (TOC) meters, along with other
parameters such as temperature and pressure. Although these are good metrics to describe
water quality, they still do not take everything into account, for example, some microbes
may consist mostly of water and be Gram-negative and thus cannot be seen by current meters
(SEMI F75-1102 2017, 6; Kulakov et al. 2002, 1548). Previous studies have shown that
despite the long ultrapure water (UPW) production process, some substances can remain,
such as isopropyl alcohol (IPA), methanol, urea, and oligotrophic bacteria (Zhang et al.
2021, 2-3; Liu, Y. & Ogden 2010, 2776; McAlister et al. 2002, 75-81).
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1.1 Obijectives of the research

Murata Electronics Oy manufactures sensors for applications in the automotive industry,
health technology and other industries. These industries have very strict quality criteria and
only parts that have passed a long production and testing process are sent to customers. As
a result, yield loss occurs, which can be caused by many factors, but this thesis examines

whether water quality and microbial activity can be one reason.

In Murata, water quality is monitored directly at the water plants and indirectly at different
process steps. Since current methods do not take into account microbial activity, this thesis
focused on creating a regular method to monitor the number of microbes in used ultrapure
water. Other research has shown that even ultrapure water can contain microbial
contamination (McAlister et al. 2002, 75-81; Kulakov et al. 2002, 1550-1554), but detecting
the problem with traditional methods can be slow because it takes several days to get the
results, and on the other hand, with an accurate method, cannot determine how many dead

and live cells were in the sample, only the sum of these is determined.

The main goal of this thesis is to find a method for monitoring microbes in ultrapure water.
In addition, the purpose is to get a better understanding of what kind of water should be used
in the semiconductor industry and whether the water produced at Murata meets these criteria.
The research is based on an effort to reduce yield loss and find out whether the cause of yield

loss can be the high microbial content of the water. Therefore, the research questions are:

1. How should the number of microbes be monitored in ultrapure water?

2. What do the obtained results tell? When should start making corrective actions and
what they are?

3. Can the water used and especially the microbial content be one of the root causes of
yield loss?

4. What kind of water should be used in the semiconductor industry and does the water

produced in Murata meet these criteria?

This work focuses on monitoring the microbes, because studies have shown that their
presence is possible and that they cannot be detected with current methods. The other criteria
regarding the amount of silica, metals and dissolved oxygen presented in the standards are

therefore excluded from the study. In addition, the yield loss can be very small, and it can
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be caused by many reasons or a combination of several different reasons, but in this work

the focus is whether the yield loss can be caused by water and especially microbes.

1.2 Structure of the thesis

The thesis is divided into two parts; the literature part and the experimental part, and the
literature part supports the experimental part. First, the semiconductor industry is described
in general and some examples of yield loss due to water contamination are presented. With
a better understanding of the industry, it is easier to understand why water quality is
important. The following chapter describe what ultrapure water is, what criteria is
recommended to meet and how it can be produced. There may be differences in the selection
of unit operations between different production facilities, so this thesis examines the most
commonly used unit processes in more detail. The fourth chapter discusses microbes in water
and the most common microbial monitoring methods, so that the suitable method can be
selected in the experimental part.

At the beginning of the experimental part, the selected microbial monitoring method and
experiment plan are presented and justified. After this, the materials and methods used in
this thesis are presented, such as the Murata water plants, the meters in use, as well as the
instructions for using the new meter and interpreting the results. The seventh chapter
presents the results of microbial monitoring, which are also compared between different
buildings, and the correlation with the TOC and resistivity meters is investigated and
interpreted. Finally, the conclusions are presented, and the success of the thesis is discussed.
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2 Semiconductor industry

The semiconductor industry manufactures various products such as microchips, capacitors,
transistors, sensors, and integrated circuits (IC) for the needs of the electronics industry,
which are one of the biggest industrial fields in the world (May & Spanos 2006, 1-2; Monch
et al. 2013, 1). The semiconductor industry is considered to have started in the 1950s with
transistors, and since then the industry has continued to develop alongside the electronics
industry (May & Spanos 2006, 2-6). In 2024 the market share of the semiconductor industry
is estimated to reach up to 600 billion USD (Markets and markets 2023). Although the field
is wide, the manufacturing processes mainly consist of the same steps, such as wafer
manufacturing, sorting, assembly, and testing as shown in Figure 1 (Monch et al. 2013, 11-
13).

] N : . -
— —«ﬂ_—» —»,.-‘I‘\—> s N —>
L
WaferFab Probe
|~ »z:ﬂl"dl'&
A= :.‘|& ﬁ ==
Assembly Test

Figure 1: Basic steps in semiconductor manufacturing (Monch et al. 2013, 12).

Silicon (Si) based wafers are often used as a raw material, and depending on the diameter of
the silicon wafer, one wafer can contain several thousand chips, elements or dies (Monch et
al. 2013, 1, 11). Often the diameter of the wafers varies between 100 mm and 300 mm and
the wafers are processed in batches of 25 wafers, also called lots (Monch et al. 2013, 14-15;
Huff 2020, 33). The processes can be roughly divided into front-end, which includes wafer
manufacturing and probing, and the back-end, which consists of assembly and testing
(Monch et al. 2013, 11-13). On the wafer manufacturing side, silicon wafers go through a
lengthy process flow which includes various thin films and metal layer depositions, wet and
dry etching, photolithography steps and cleaning phases and finally the finished wafers are

inspected and only the good elements are selected for further processing and the faulty
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elements are rejected (Monch et al. 2013, 11-13; Huff 2020, 45-93). Finally, all the elements
are cut off from each other and, depending on the final product, the different parts of the
microsystem are put together and tested under different conditions before shipping to
customer (Monch et al. 2013, 11-13; Huff 2020, 46).

2.1 Water use in semiconductor industry

In the semiconductor industry, water consumption is high because water is one of the most
used chemicals (Tiec 2013, 214, 233-234). A typical wafer manufacturing process requires
between 3 and 60 million liters of ultrapure water (UPW)/day depending on production
capacity, equivalent to the water consumption of a city of 20 000 inhabitants (Lee, H. et al.
2016, 186; Tiec 2013, 233-234). In addition to high consumption, the water must be as pure
as possible, because applications require even smaller components, which in turn reduce the
size of individual element to the nano-size range (Reinhardt & Kern 2018, 4-5). Hence,
contaminated water can negatively affect the performance, reliability, and yield of the
products (Reinhardt & Kern 2018, 4-5).

In the wafer manufacturing process, water is used for cleaning, etching, and rinsing, of which
rinsing can be considered the most significant in terms of contamination (Reinhardt & Kern
2018, 14-21, 27; Tiec 2013, 187-225). In cleaning and etching processes, chemicals are
diluted with water, for example, standard clean 1 (SC1), which is one of the most common
cleaning chemicals, consists of ammonium hydroxide (NHsOH), hydrogen peroxide (H202)
and water (H20) and its purpose is to remove organic impurities and particles (Tiec 2013,
188). However, the role of water in rinsing is the most important because the purpose of
rinsing is to remove chemical residues and other particles and prevent them from growing
on the surfaces of the wafers without affecting the surface itself (Reinhardt & Kern 2018,
14-21, 27; Tiec 2013, 214-221). Rinsing can be a final rinse, where the wafers are rinsed
with water after etching and/or cleaning before the next process, or an intermediate rinse that
occurs within a single process step, where the previous chemical is rinsed out before the next
chemical to avoid cross-contamination and salt formation (Reinhardt & Kern 2018, 14-21,
27; Tiec 2013, 214-215).
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An estimated 15-20% of the processes in the semiconductor industry consist of cleaning
processes, and since the main purpose is to remove chemical residues, particles, and other
contamination, the water used must be very pure (Reinhardt & Kern 2018, 7-8; Tiec 2013,
233-234). Because of this, ultrapure water is widely used, with very strict quality criteria.
However, pure water alone does not prevent the occurrence of contamination, but also the
properties of the surface and other conditions have an effect, such as pH, temperature,
hydrophilicity/hydrophobicity, chemicals, and in addition, the drying mechanism (Tiec
2013, 214-224).

2.2 Water related problems in semiconductor industry

Since water is an integral part of semiconductor industry processes, it is good to understand
a few mechanisms that can contribute to wafer, element or die contamination. The surface
of the wafer can be different in different process stages, such as silicon, metal, oxide, and
water react very differently to hydrophilic and hydrophobic surfaces (Tiec 2013, 214-225).
In addition, achieving a successful rinse is challenging. Too short rinse can leave chemical
residues and other particles on the wafer, but too long rinse together with other properties
can cause water to accumulate and remain on the wafer's surface, which after drying leaves
a so-called watermark (Tiec 2013, 214-225; Reinhardt & Kern 2018, 27-28).

Batch Single-wafer Pinpoint
cleaning cleaning cleaning

T o o

Figure 2: Different cleaning processes; batch cleaning, single-wafer cleaning, and pinpoint
cleaning (Hattori 2017, 19).

The choice of rinsing process influences the generation of residues. For example, in the batch

cleaning process, water may not flow to all wafers equally efficiently, or one contaminated
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wafer may contaminate all wafers in the batch (Hattori 2017, 18-19). On the other hand, in
a single wafer process, a high-water flow together with a high rotation speed can cause a
charge, so the water may not be able to rinse the entire wafer effectively and thus residues
may remain on the wafer, forming a “doughnut” pattern, or water may remain between the
patterns or structures on the wafer (Tiec 2013, 214-216; Hattori 2017, 18-19). These two
forms of rinsing are visualized in Figure 2 and the pinpoint cleaning shown in the figure is a
rare cleaning method intended for the removal of individual contaminations (Hattori 2017,
18-19).

Figure 3: Wafer map of contaminations occurring after the development of photolithography
and damaged structure after etching. a) Effective rinsing, only little contamination, b)
inefficient rinsing leads to a large amount of contamination at the edges of the wafers and c)

damaged structure after etching (Ng et al. 2009, 2, adapted).

A good example of the residue left by the cleaning process of a single wafer is from
photolithography, where rinsing plays an important role in the resist development phase (Ng
et al. 2009, 1-4). Figure 3 shows the previously mentioned “doughnut” pattern, where there
are residues on the edges of the wafer, and if contaminated water is used, more residue is
visible. Dissolved solids during rinsing can settle back on the surface of the wafer and
because of the charge formed during rinsing, residues can accumulate especially on the edges
of the wafer (Tiec 2013, 214-216; Ng et al. 2009, 1-2). When the residue dries on the wafer,
the pattern causes a damaged structure after etching, as shown in Figure 3c, and this leads to
yield loss (Ng et al. 2009, 1-2).
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Sio,

Figure 4: Effect of the surface material on the shape of the water residue (Tiec 2013, 223).

Another example is related to the different surfaces of the wafers, and as shown in Figure 4,
water remaining on the wafer can cause watermarks of different sizes and shapes depending
on the hydrophobicity or hydrophilicity of the surface (Tiec 2013, 221-224). In the Figure 4
on the left, water has remained on the silicon surface and when the droplet is spherical, the
surface is hydrophobic, so the watermark will be smaller, while in the middle figure water
has remained on the silicon oxide and the hydrophilic surface, which leaves a wide and larger
watermark (Tiec 2013, 221-224). In the Figure 4 on the right, a drop of water has remained

on the surface of the silicon oxide between the silicon nitride patterns (Tiec 2013, 223).

oo ool

Murata 1.0kV 7.7mm x3.00k SE(UL) 4/24/2024 15:18 10.0um

Figure 5: Scanning Electron Microscope (SEM) image of the watermark on the wafer
(Murata, mag. 3000X, 2024).
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When the water evaporates, it leaves a mark and the yield loss caused by the watermark is
demonstrated in Figure 5. Contaminated water has been dripped onto the surface of the
oxidized silicon wafer and left to dry. After drying, the residue was imaged by Scanning
Electrode Microscope (SEM). The best way to avoid yield loss caused by water is to prevent
water from remaining on the wafers, which has been tried to prevent, for example, by adding
carbon dioxide (CO3) and isopropyl alcohol (IPA) to the rinsing processes (Tiec 2013, 221-
225; Reinhardt & Kern 2018, 14-15).

To prevent contamination caused by water, in addition to water quality, it is important to pay
attention to process optimization and other process characteristics (Tiec 20103, 187-225;
Reinhardt & Kern 2018, 13-14). Pure water alone is not enough to prevent a yield loss, but
its purity can affect its quality, which is why there are strict quality criteria for water used in
the semiconductor industry. The challenge is that contamination can be caused by almost
anything and not all contaminants show up on the same meters. For example, microbial
contamination can look like any other particle on a wafer, and therefore a specific meter
must be used to detect microbial activity (SEMI F75-1102 2017, 6-7; Kulakov et al. 2002,
1554).
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3 Ultrapure water

Water from which all possible impurities such as salts, organic and inorganic compounds,
particles, volatile and non-volatile substances, and dissolved gases, etc. have been removed
is called ultrapure water (UPW) (Deshmukh 2024, 956; Hussey et al. 2008, 1-2). In an ideal
situation, ultrapure water contains only hydrogen (H*) and hydroxide (OH") ions and to
remove all impurities from the water, the production process consists of several different
process steps, which can be divided into pre-treatment, primary treatment, and polishing
stages (Deshmukh 2024, 956-957, 960-964; Tiec 2013, 233-234, 237-251). It is important
to noticed that deionized (DI) water or reverse osmosis (RO) water is not as pure as UPW,
even though DI and RO water are produced in the manufacture of UPW (Deshmukh 2024,
957, 962).

Ultrapure water is used in several industries to prevent failures in the final product that can
be caused by water impurities (Tiec 2013, 233-237). Such industries are, for example power
generation, high-tech industry, and pharmaceutical industry but the semiconductor industry
is the most significant user of UPW (Hussey et al. 2008, 1, 15-19). Based on the reports of
Imarc group and Future Market Insight, the market share of ultrapure water is estimated to
be 8.8 - 8.9 billion USD in 2023 (Imarc group 2024; Future Market Insight 2023). The
growth rate of the market value is estimated to be more than 7% by 2032, and the growth is
mainly due to the increase in demand from the semiconductor industry and microelectronics
(Imarc group 2024; Future Market Insight 2023).

3.1 Ultrapure water quality requirements

There are 7 different classifications for ultrapure water used in the electronics and
semiconductor industry, because the purity standards vary by industry and by different
product technologies (Zhao et al. 2019, 232-233; Fitzsimons 2011, 14). In the standard
created by American Society for Testing and Materials (ASTM), the quality requirements of
different water purity classes are presented by parameter and the categories are type E-1 to
E-4, note that category type E-1 is further divided into three parts (ASTM D5127-13 (2018),
2018, 3).
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The main quality parameters are resistivity, TOC, particles, and bacteria, which are shown
in Table 1 (Tiec 2013, 234.237; ASTM D5127-13 (2018), 2018, 3). The standard also shows
limits for dissolved oxygen (DO), silica, anions, and cations as well as different metals
(ASTM D5127-13 (2018), 2018, 3), but this thesis focuses on the four mentioned above.

Table 1. UPW classifications for electronics and semiconductor industries (ASTM D5127-
13 (2018), 2018, 3, adapted).

Parameter Type Type Type Type Type Type Type
E-1 E-1.1 E-1.2 E-1.3 E-2 E-3 E-4
Resistivity, 18.1 18.2 18.2 18.2 16.5 12 0.5
25 °C
TOC (ng/L) (on- | 5 2 1 1 50 300 1000
line <10 ppb)
Particles/L
(on-line)
>0.05 pm 500
0.05-0.1 1000 200 N/A
0.1-0.2 1000 350 <100 N/A
0.2-0.5 500 <100 <10 N/A
0.5-1.0 200 <50 <5 N/A
1.0 <100 <20 <1 N/A
SEM particles/L
0.1-0.2 pym 1000 700 <250 N/A -
0.2-0.5 500 400 <100 N/A 3000 -
0.5-1 100 50 <30 N/A - 10000 | -
10 <50 <30 <10 N/A - 100000
Bacteria
(CFU/Volume)
100 mL 5 3 1 N/A 10 50 100
1L 10 1
0L 1

As can be seen from Table 1, Type E-1 has the strictest quality requirements and is the most
used type of ultrapure water in the semiconductor industry (Zhao et al. 2019, 232-240).
Products from the semiconductor industry require very pure water, as the parts are
particularly sensitive to impurities (Zhang et al. 2021, 3-4). The following paragraphs

describe the parameters shown in Table 1 in more detail.

3.1.1 Resistivity

Resistivity means the property of a substance to resist electronic resistance at a certain
temperature and its unit is ohm-metre, Q-m (Bevilacqua 1998). Resistivity is the inverse of

conductivity, which describes the substance's ability to conduct electric current and is
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expressed in the unit siemens per meter, S/m (Ohmi 1993, 46). The conductivity of ultrapure
water should be as close as possible to the theoretical value because it should only contain
H* and OH" ions in equilibrium (Melnik & Krysenko 2019, 143-144; Deshmukh 2024, 956-
957). The theoretical electrical conductivity of water is 0.05501 + 0.0001 pS/cm at 25 °C
and it is determined using the following equation 1:

1
k = 10_3 * d(CH_'_AH_'_ + COH_AOH_) = 10_3 * dKWE(AH_'_ + /101.1_); (1)

where k is the theoretical conductivity (uS/cm), d is the water density (g/dm?), An+ and Aon-
are the electrical conductivity in equivalent for H* and OH" (S-cm?mol), respectively, Cys
and Cown- are the concentrations of these ions (mol/dm?®), respectively and Ky is the
dissociation constant of H>O (Melnik & Krysenko 2019, 143).

Often, instead of conductivity, its inverse value, resistivity, is used, which is determined

using a known conductivity value according to the following equation 2:

_1. 2
p—;, ()

where p is the resistivity of water (Q-cm) and its theoretical value is 18.18 £ 0.03 MQ-cm at
25°C and k is the conductivity in S/cm (Melnik & Krysenko 2019, 143).

Typically, ultrapure water refers to water with a conductivity between 0.1 pS/cm to 0.055
uS/cm and this corresponds to resistivity values of 10-18.2 MQ-cm at 25 °C (Hussey et al.
2008, 2-5; Melnik & Krysenko 2019, 143-144). Resistivity is a temperature-dependent
parameter and therefore results are usually reported at 25 °C and for example, when the
temperature drops by 5 °C, the theoretical resistivity value rises to 23.85 MQ-cm (Melnik &
Krysenko 2019, 144).

Resistivity is one of the most important UPW measurements and production plants usually
use continuous online measurement to monitor it (Tiec 2013, 234, 237). When the process
is stable, it is easier to detect changes in the data and finding corrective actions becomes
easier (Tiec 2013, 234). Although resistivity is an important measure, it is good to pay
attention to the resistivity value of water, for example, the resistivity of UPW used in the
pharmaceutical industry is 0.77 MQ-cm (1.3 uS/cm), and according to studies, such water
should not be classified as ultrapure water (Melnik & Krysenko 2019, 145). On the other

hand, the more critical parameter of water for the pharmaceutical industry is TOC, bacteria,
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and metal ions and the UPW criteria are the recommended guidelines (Deshmukh 2024, 957,
960-964; ASTM D5127-13 (2018), 2018, 3).

3.12 TOC

Total organic carbon (TOC) reflects the amount of organic matter in the water and the lower
the TOC value, the cleaner the water is (Visco et al. 2005, 185-187; Schafer et al. 2022, 1-
3). Because the TOC value reflects the purity of the water, it is a widely used measure for
water and wastewater from various industries (Visco et al. 2005, 185-187). The TOC value
is affected by temperature, salinity, pH, and microbial activity, but the biggest influencing
factor is the type of water being measured, which is why there are several different guidelines
and standards, which can be very different from each other (Visco et al. 2005, 185-187;
Schéfer et al. 2022, 1-3). The TOC value of ultrapure water used in the semiconductor
industry should be less than 5 pg/L or in online measurement less than 10 ppb according to
the ASTM D5127-13 (2018) (2018, 3) standard, see Table 1.

| Total Carbon

(TC)
1
o [ - |
| Total Organic Total Inorganic
Carbon (TOCQ) Carbon (TIC)
| Purgeable | [Non-Purgeable, | | Dissolved |
Organic Carbon Organic Carbon Particulate Inorganic
~ (POCQ) ~ (NPOC) - Carbon (DIC)
7' | Dissolved
Particulate Organic Carbon
~ (DoQ)

Figure 6: Different carbon categories (Visco et al. 2005, 187, adapted).

Total carbon consists of inorganic and organic carbon, and to understand the basic principle
of TOC measurement, the connection between these types of carbons is shown in Figure 6.
All traditional TOC measurement methods are based on the oxidation of the organic matter
in the sample and the detection of the carbon dioxide (CO2) produced in the reaction (Visco

et al. 2005, 185-186; Schéfer et al. 2022, 1-3). Since water also contains inorganic carbon,
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such as dissolved CO», the measurement method must be able to distinguish between the
inorganic carbon present and the CO, produced by the oxidation of organic molecules (Visco
et al. 2005, 185-186). Based on this, total organic carbon can be determined using equation
3:

TOC = TC —TIC (3)

where the measured amount of total inorganic carbon (TIC) is subtracted from the measured
total carbon (TC) (Visco et al. 2005, 186).

Another common way of measuring TOC concentration is based on removing TIC from the
sample before measuring the amount of organic matter (Visco et al. 2005, 186-187). The
objects to be measured then are purgeable organic carbon (POC), which has been partially
removed during the TIC purification, which can be recovered and further oxidized to
measurable COz, and non-purgeable organic carbon (NPOC), which are remain in the sample
after the TIC purification, which is also further oxidized to measurable CO; (Visco et al.
2005, 186-187). The TOC value determined in this way can be calculate according to
equation 4:

TOC = POC + NPOC (4)

The object to be measured affects the selection of the meter and, for example, ultrapure water
requires meters designed for low concentrations (Visco et al. 2005, 186-187). Although
measuring TOC is one of the most significant indicators of water purity, the biggest
challenge for all types of TOC meters is the different oxidation abilities of organisms (Visco
et al. 2005, 186). The TOC meter also cannot distinguish what the detected reading consists
of, and thus even if the TOC value is within the limits, a single raised organic residue can
cause problems (Tiec 2013, 235; Zhang et al. 2021, 3-7). For example, studies have found
that, the urea concentration can be high even though the TOC value is low (Zhang et al.
2021, 3-7).

3.1.3 Particles

The particles, which can be any small pieces, can cause problems for products in the
semiconductor industry by sticking to wafer surfaces during various process steps (Tiec

2013, 235). This is why particle monitoring is an important part of the UPW manufacturing
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process. The particle counts presented in the standard ASTM D5127-13 (2018) (2018, 3) are
determined from UPW using two methods, a laser optical particle counter (OPC) and a
scanning electron microscope (SEM) (SEMI F75-1102 2017, 6). Table 1 shows that UPW's
standard particle counts are found for smaller particles than 0.05 um/L or larger, but in
reality, even particles smaller than this can cause problems for products in the semiconductor
industry (IRDS 2022, 12; Libman et al. 2018, 1, 12; Farmer et al. 2024, 1).

OPC measures the number of particles by light scattering (Libman et al. 2018, 11). The
sample to be examined is directed towards a light source, which is usually a laser due to its
high intensity, and the particles in the sample become visible as light scattering if the
refractive index contrast between the particle and the water is high enough (SEMI F75-1102
2017, 6). Therefore, the device cannot detect, for example, bacteria, which mostly consist of
water (SEMI F75-1102 2017, 6). Particles as small as 0.02 um can be detected with laser
scattering technology, but the detection efficiency begins to suffer with particles smaller than
0.05 um (Farmer et al. 2024, 1; Tiec 2013, 235, 237). As the line widths of products in the
semiconductor industry narrow, the monitoring of even smaller particles becomes even more
necessary, and therefore new methods have been developed alongside OPC, such as nano
liquid particle monitor (Nano-LPM), but these are not in use in official standards (SEMI
F75-1102 2017, 6; Farmer et al. 2024, 1-4).

When using SEM analysis, a filter with the same pore size as the smallest UPW line filter is
placed at the UPW sampling point, and the particles remaining in the filter after the sampling
time are analyzed by SEM (SEMI F75-1102 2017, 6; Libman et al. 2018, 2, 11). The filter
is placed in the vacuum chamber of the SEM, where the electron beam is scanned across the
filter and thus the particles left in the filter can be counted (SEMI F75-1102 2017, 6). The
method also provides information on the size and shape of the particles, and together with
Energy Dispersive Spectroscopy (EDS) analysis, it is possible to obtain information on the
original source of the particle (SEMI F75-1102 2017, 6; Libman et al. 2018, 11). SEM
provides information on the number of particles and bacteria down to the size class of 0.05
um, but the weaknesses of the method are the large sample volumes and the risk of
contamination (SEMI F75-1102 2017, 6; Libman et al. 2018, 11).
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3.1.4 Bacteria

Some of the bacteria can survive through the entire water treatment process and cause
various challenges for equipment that the water passes through or for products that are rinsed
with water (Tiec 2013, 235). Bacteria can cause problems either by sticking to the walls of
pipelines and filters or by moving forward with the water flow (Tiec 2013, 235; SEMI F75-
1102 2017, 7). Disinfecting the pipelines can remove the biomass that has formed, but the
bacteria can become resistant, which makes it difficult to remove them, and for this reason,
the important thing is to pay attention to the sufficient flow rate of the pipelines, so that the
bacteria cannot stick to the walls (Tiec 2013, 235; SEMI F75-1102 2017, 7).
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Figure 7: Basic principle of biofilm formation (Prasanna & Doble 2008, 29)

The formation of a biofilm is shown in Figure 7, where the organic substances transported
with the water stick to the walls of the pipelines, and since the organic substances are
bacteria's food, the bacteria also accumulate on the walls (Tiec 2013, 235). Because ultrapure
water has few nutrients, which makes the bacteria water-repellent and due to thermodynamic
adhesion, the bacteria stick more closely to the walls (Prasanna & Doble 2008, 29; SEMI
F75-1102 2017, 7). More nutrients and bacteria come with the flowing water, whereby the
physical-chemical bonds between the surface and the bacteria are strengthened, forming a
biofilm (Carniello et al., 2018, 2-3; SEMI F75-1102 2017, 7). The formation and growth of
the biofilm is promoted by the extracellular polysaccharides (ESP) produced by the bacteria,
which binds the bacteria and the surfaces together even more tightly and thanks to the
properties of the ESP, the ability to retain water and nutrients, it enables the continuous
growth of the bacteria (Carniello et al., 2018, 2, 11; Prasanna & Doble 2008, 28-29).



28

Accumulation of bacteria in UPW production is most sensitive in filters, membranes, and
ion exchange resins after chlorine removal, because a chlorine-free environment is a
favorable habitat for bacteria (SEMI F75-1102 2017, 7). The best way to avoid biofouling
is to keep the conditions of the UPW system unsuitable for bacteria and other
microorganisms such as temperature, flow, pH, and the amount of nutrients (Nguyen et al.
2012, 813-816). Biofouling has been found to occur least at a temperature of 20 °C (Farhat
et al. 2016, 156-157). In addition, the pH of the water strongly affects the metabolism of
bacteria and the ability to produce ESP, and therefore to prevent biofouling, the pH should
be neutral or slightly acidic, around 5-7 (Sanchez-Clemente et al. 2018, 1-4; ASTM D1293-
18, 2018, 2). Still, some bacteria, such as neutrophiles, can survive in this pH range
(Sanchez-Clemente et al. 2018, 1-4).

-~
| —

Figure 8: Colonies formed on Tryptic Soy Agar (TSA) culture media.

The standard method used to monitor bacteria and other organisms is the cultivation of live
bacteria (Tiec 2013, 235, 237). In the culture method, the water samples are collected in a
sterile container, filtered with 0.45 um filter and the filter is placed on the culture medium,
and during the incubation period the living bacteria form colonies, which are counted
(ASTM F1094-87 (2020), 2020, 1-2; SEMI F75-1102 2017, 7). Figure 8 shows an example
formed colonies on culture media. In the standards, bacterial counts are reported in Colony

Forming Unit (CFU)/volume, which can be calculated according to equation 5:
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CFU _ (Number of colonies * dilution factor)

= (5)

mL Volume of sample

where the number of colonies describes how many bacterial colonies are observed in the
culture medium after the incubation period and this is multiplied by the dilution factor if
needed. Finally, the amount is divided by the sample volume, which is usually higher for
cleaner waters (ASTM D5127-13 (2018), 2018, 3; Skovhus & Hgjris 2018, 143, 145-148).

The weaknesses of the method are the ability to detect only living cells and the large sample
volumes required, which is why new methods such as scan Rapid Detection of Indicator
(RDI) and epifluorescence microscopes have been developed (Tiec 2013, 235). However,
these methods do not eliminate the slowness of the results due to the incubation time, and
therefore other alternative methods have also been developed such as ATP-meter (Skovhus
& Hgjris 2018, 15-21, 27-29). On the other hand, the ATP meter gives a relative light unit
(RLU) reading and only CFU is used in official standards. A strong correlation has been
found between RLU results and CFU results, but it is not always so clear because the
conditions of the method and operation greatly influence the results (Skovhus & Hgjris 2018,
144-148).

3.2 Production of ultrapure water

The production of ultrapure water consists of several different unit processes, the selection
of which is influenced by the quality and characteristics of the feed water used (Tiec 2013,
237-241; Melnik & Krysenko 2019, 147-149). The production process can be divided into
three phases, which are the preliminary treatment, primary treatment, and polishing phase,
but the raw water affects which unit processes each phase consists of and in which order the
processes are (Tiec 2013, 237-241). The purpose of the pre-treatment is to protect the
following phases by removing larger particles from the water, then in the primary phase
suspended matters, organic substances and gases are removed and finally in the polishing
phase the remaining microparticles and bacteria are filtered out of the water (Melnik &
Krysenko 2019, 147-149).
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Figure 9: Process steps in a typical UPW production system (Tiec 2013, 238; Deshmukh
2024, 960-964, adapted).

Figure 9 shows the process steps of a typical UPW plant, but as already mentioned above,
there are variations between plants. Municipal drinking water is often used as raw water
because many contaminants have already been removed from it (Tiec 2013, 238-239). Often
the water is heated to a constant value with a heat exchanger to improve the flow, after which
larger particles such as sand and salts are removed with a < 5.0 um filter (Deshmukh 2024,
961; Tiec 2013, 238-239). Activated carbon filters remove chlorine and organic substances
through adsorption, and water softeners remove cations that increase calcification, such as
calcium (Ca®") (Tiec 2013, 239; Deshmukh 2024, 961). These processes form a pre-
treatment phase and ensure the efficient operation of the following stages (Tiec 2013, 237-
239).

Primary treatment aims to produce water with a resistivity between 0.5 MQ-cm and 4
MQ-cm, and Reverse Osmosis (RO) plays an important role in this step (Tiec 2013, 239-
240, 242-246). Finally, in the polishing phase, the remaining impurities and microorganisms
are removed to meet the UPW criteria (Tiec 2013, 240-241). The operations of the polishing
phase depend on the requirements of the final use of the water, and therefore there are several
options such as ultraviolet sterilization, ion exchange and electrodeionization (EDI) (Tiec
2013, 240-241). Since the primary and polishing phases are the most important steps
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affecting water quality, the unit operations that belong to these are presented in more detail

in the following paragraphs.

3.2.1 Reverse Osmosis

Reverse osmosis is one of the most significant process steps in the production of ultrapure
water due to its extensive and efficient filtration capacity (Tiec 2013, 239-240). The method
is based on osmosis, but the liquid to be filtered flows in the opposite direction when a
pressure is greater than the osmotic pressure, and the ions and large molecules to be filtered
remain on the other side of the membrane (Tiec 2013, 242-244). The performance of the RO
unit is affected by the liquid to be filtered, the filter used, pH, temperature, and
concentrations, but the most important parameter is the pressure and to determine a sufficient
pressure difference, the osmotic pressure must be determined according to Van’t Hoff

equation (6):
II=AC*RxT (6)
where IT is osmotic pressure (Pa), AC is concentration difference (mol/m?), R is gas constant

(8.314 J/mol*K) and T is temperature (K) (Tiec 2013, 242-246).
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Figure 10: RO unit working principle (Tiec 2013, 244).

Before the RO unit, the water is pre-treated to improve the cleaning efficiency and prevent
the fouling of the membrane. As shown in Figure 10, the water to be filtered flows through

the semipermeable membrane because of pressure, whereby the purified water, permeate, is
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transported to further processing and the concentrate water returns either again for
purification or disposal (Tiec 2013, 243-244). Cellulose acetate (CA) and polyamide (PA)
are most common membrane materials, but PA is the most common today due to its better
durability, flow, and energy efficiency (Lee, H. et al. 2016, 192). Depending on the
properties of the water and membrane, RO can remove 85%-95% of monovalent ions, 98%
of multivalent ions, and the removal of bacteria and viruses has been reported to be almost
100%, but with the development of observation methods, the removal efficiency has been
estimated to be 99% for pathogens, for example (Tiec 2013, 245; Popova et al. 2024, 2).
However, RO cannot remove dissolved gases, volatile organic compounds, and small
molecular compounds such as isopropyl alcohol (IPA), methanol and urea due to their low
molecular weight, uncharged nature, and low concentrations (Tiec 2013, 240; Zhang et al.
2021, 3-7). With the help of RO, a resistivity of 2 MQ-cm can be achieved (Zhang et al.
2021, 6).

In UPW plants, cross flow spiral wound membranes are used, where the water to be filtered
passes between the membranes and the permeate is filtered through the membrane to the
collector (Tiec 2013, 242-243). Several RO units can be connected in parallel or in series to
ensure better performance, in which case, the permeate from the first unit is re-purified and
the rejection water of the latter unit can be returned to the first unit to be purified again to
improve water consumption (Tiec 2013, 245). Although the removal efficiency of RO
membranes is significant, the removal efficiency of microorganisms is not perfect due to the
nature of the membranes and studies show that RO membranes can allow larger
microorganisms to pass through despite the smaller pore size of the membrane (Popova et
al. 2024, 1-6).

3.2.2 Mixed-bed ion exchanger

lon exchangers (IX) are commonly used in various industrial applications to substitute,
separate, or remove desired objects and the technology is based on the different charges of
the ions (de Dardel & Arden 2008, 474; Tiec 2013, 246-250). Simplified, an ion exchanger
consists of a column and ion exchange resins, which are cations and/or anions, and there are
several different resin materials available depending on the application (de Dardel & Arden
2008, 476-478, 504, 518). In water purification, the method has been used since the 1950s,
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because it is a very capable method, for example in the production of ultrapure water due to
its high demineralization capability (Tiec 2013, 246).

lon exchange resins consist of insoluble solids containing either cations or anions that can
be exchanged with ions in solution (Tiec 2013, 246-247). Cation exchangers exchange
hydrogen ions (H*) for positively charged ions present in solution, such as Ca?* and anion
exchangers exchange hydroxyl groups (OH") for negatively charged ions present in solution,
such as CI" (de Dardel & Arden 2008, 484-486; Tiec 2013, 246-247). Cation exchangers can
be either strong or weak acids, and anion exchangers can be strong or weak bases, depending
on the object to be cleaned (Tiec 2013, 246-247). With strong acids and bases, the cleaning
efficiency is almost perfect (Tiec 2013, 246-247).

This work focuses on mixed-bed (MB) ion exchangers, as it is widely used in UPW
production. The mixed-bed ion exchanger has both cation and anion resins and the hydrogen
ions (H") and hydroxyl groups (OH") produced in these reactions react with each other to
form pure water (de Dardel & Arden 2008, 518-520; Tiec 2013, 248-250). Example
reactions are described with formulas 7 (cation reaction), 8 (anion reaction) and 9 (formation

of water):
2R'H+ Ca?* > R',Ca+2H* (7)
R"OH + Cl~ - R"Cl+ OH™ (8)
2H* 4+ OH™ - H,0 9)

where R” reflect the cation resin and R”” reflect the anion resin, Ca2* and CI- are ions present
in the solution and after the ion exchanger, the hydrogen (H*) and hydroxyl groups (OH) in
the resin have moved to the solution and the ions in the solution have moved to the resin (de
Dardel & Arden 2008, 518-520; Tiec 2013, 247-248).
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Figure 11: Mixed-bed operation steps (de Dardel & Arden 2008, 519).

Figure 11 shows the stages of a traditional mixed-bed operation, which include processing,
resin separation for regeneration, regeneration of the cation and anion resins, and finally
mixing of the resins using air flow (de Dardel & Arden 2008, 519). In the processing stage,
the water to be purified is fed from the upper end of the column and the ions in the feed
water are replaced by water components released from the resins and finally the clean water
leaves the lower end of the column (Tiec 2013, 248-250). There are often two mixed-bed
reactors in parallel, which results in almost perfectly purified water, whose resistivity can
reach up to theoretical readings of 18.2 MQ-cm (Tiec 2013, 248).

When all the water components of the resins, OH" and H*, have been used up, i.e. the resins
only contain charged ions that were in the water, such as Cl- and Na*, they must be
regenerated. In regeneration, reactions 7 and 8 take place in the opposite direction and thus
the resins are revived to contain water components again (de Dardel & Arden 2008, 519).
To effectively regenerate both types of resin, they must first be separated by feeding
backwash water in the opposite direction (de Dardel & Arden 2008, 519). The anion resins
accumulated in the upper part of the column are revived with, for example, sodium
hydroxide (NaOH), and the cation resins in the lower part with hydrochloric acid (HCI),
whereby the anion and cation reactions shown above (formulas 7 and 8) take place in the
opposite direction (de Dardel & Arden 2008, 519; Tiec 2013, 249). Finally, the residues of
the substances used in the regeneration are washed away and the resins are mixed with the
help of air flow (Tiec 2013, 249).
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A mixed-bed ion exchanger is an effective method for removing charged compounds from
water such as metals, salts, and organic compounds, but it is not effective for neutral
compounds which are often present in ultrapure water (Zhang et al. 2021, 4-5). For example,
studies have shown that ion exchangers can remove 72% of humic substances, but the
removal efficiency of small neutral compounds was only 32% (Zhang et al. 2021, 5). Since
bacteria and microorganisms are often small molecules and largely consist of water, an ion
exchanger is not an effective method for removing them (SEMI F75-1102 2017, 7).
However, the efficiency of the ion exchanger can be improved with the right placement, for
example the removal efficiency of organic substances increases if the ion exchanger is placed
after UV1gs, which breaks organic compounds, and the ion exchanger then removes the

remaining organic acids (Zhang et al. 2021, 5).

3.2.3 Ultraviolet light

The use of ultraviolet (UV) light is one of the most used advanced oxidation processes
(AOPs) in the production of ultrapure water, because it can be used to significantly reduce
the TOC value and the number of microorganisms (Choi & Chung 2020, 1-7; Tiec 2013,
235, 240-241). In water treatment, low-pressure mercury lamps with wavelengths of 185 nm
and 254 nm are mainly used (Liu, Y. & Ogden 2010, 2777; Choi & Chung 2020, 1-2).
Different wavelength UV lamps work differently, often UV185 is used to reduce the TOC
and UV254 to kill or inactivate bacteria (Deshmukh 2024, 964).

Despite of the good removal efficiency, up to 99.5%, the removal of individual small
molecular organisms is challenging and therefore the correct placement of UV is important
to obtain the cleanest end product (Deshmukh 2024, 964; Zhang et al. 2021, 6-7). For
example, UV185 is placed in UPW production often after RO and before IX so that the
largest substances have already been removed from the feed water and with 1X it is possible
to remove by-product components, while UV254 is placed in the polishing phase, followed
by an ultrafilter (UF) where the dead bacteria remain (Zhang et al. 2021, 5-7; Tiec 2013,
238, 240-241).

When the water to be purified is directed through a UV185 lamp, the radiation of this
wavelength causes the water molecules to break down into hydroxyl (HO-) and hydrogen

(H-) radicals, of which OH- radicals in particular can react with organic compounds, breaking
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down the organic compound into by-products, water (H>O) and carbon dioxide (COy)
according to the formulas 10 and 11 (Zhang et al. 2021, 6-7; Choi & Chung 2020, 1-2).

H,0 ™" o . +H - (10)
Target Pollutants + HO - = Intermediate Products + H,0 + CO, (11)

where hv185nm indicates used UV-light.

In the reaction, the decomposition of organic substances takes place by hydrogen absorption,
addition of double bonds or electron transfer without the addition of chemicals (Zhang et al.
2021, 6-7; Liu, Y. & Ogden 2010, 2776, 2779). Although UV185 can directly break down
organic molecules effectively, according to research 68%, it is not effective for nitrogen
compounds such as urea, nor for water's own properties such as the ability to absorb light
act as a limiting factor (Zhang et al. 2021, 6-7; Liu, Y. & Ogden 2010, 2776-2777). Despite
the weaknesses, the method effectively lowers the TOC value, and the formed by-products
are easy to remove with, for example IX. In addition, the method works best at low
concentrations (ppb), because at the highest concentrations, the number of impurities
prevents the formation of radicals (Liu, Y. & Ogden 2010, 2777).
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Figure 12: UV-light working principle (Kristanti et al. 2022, 9).

A higher wavelength, often UV254, directly damages organic matter like bacteria and other
microorganisms (Zhang et al. 2021, 4). As shown in Figure 12, when the water passes
through a UV254 lamp, the radiation kills the bacteria in water or inhibits their reproduction
by damaging their DNA, RNA, and enzyme molecules (Kristanti et al. 2022, 8-10; Liu, Y.
& Ogden 2010, 2776). The primary reaction is the formation of a mutation that limits the
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cell's ability to replicate and copy its DNA (Liu, Y. & Ogden 2010, 2776). The method has
a significant ability to inactivate pathogens, break down organisms and pollutants, but the
actual dead and inactivated cells are removed from the water only after ultrafiltration, which
is often placed after UV254 (Kristanti et al. 2022, 8-10; Zhang et al. 2021, 4-7). Because of
this, the ability of UV254 to directly affect the TOC value is weak, according to studies only
4.8% (Zhang et al. 2021, 7).

3.2.4 Electrodeionization

Electrodeionization (EDI) is one of the most used electrochemical processes in water
treatment and especially in the production of ultrapure water due to its cost effectiveness and
removal efficiency (Khan et al. 2023, 2-3). The quality of the feed water greatly affects the
efficiency of EDI and therefore it is often placed in the primary or polishing stage after RO
(Khan et al. 2023, 6, 8-10; Tiec 2013, 251). Like ion exchange and other electrochemical
processes, EDI also has no significant effect on the removal of microorganisms, but
microorganisms in the feed solution can be a risk for the effective operation of EDI
(Alvarado & Chen 2014, 584; Khan et al. 2023, 10).
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Figure 13: Operation principle of EDI (Tiec 2013, 250).



38

Electrodeionization combines the ion exchange and electrodialysis processes, where the
removal of ions takes place with the help of ion exchange resins when the selective
membrane separates positive and negative ions and thanks to the electric field, the removal
of ions is continuous (Tiec 2013, 250-251). As can be seen in the Figure 13, the EDI process
takes place in three stages, in the first of which the feed water passes through the ion
exchange resins and where the actual ion exchange takes place between the solution and the
resins (Khan et al. 2023, 2-4). Next, the ions pass through the selective membranes towards
the anode and cathode depending on the charge of the ion under the influence of the electric
field and finally the regeneration of the resins takes place electrolytically without chemicals
(Khan et al. 2023, 2-4). Pure water exits from the lower part of the internal parts of the EDI
and the ions from the adjacent parts of the electrodes, forming two water flows with different
salinity, during which the excess water molecules break up and the formed H* and OH" ions
are replaced by adsorbed ions, which leads to the regeneration of the resins (Khan et al. 2023,
2-4; Tiec 2013, 250-251).

Although the EDI process is an effective method for ions, metals and salts removal, effective
operation requires good pre-treatment methods, e.g. the quality of water produced with RO
and EDI can reach a resistivity of 15 -18 MQ-cm (Khan et al. 2023, 22-25; Tiec 2013, 251).
Other advantages of the process are 95% lower chemical costs compared to traditional 1X,
energy efficiency and adaptability (Khan et al. 2023, 8-10; Tiec 2013, 251). In addition to
the quality of the feed water, the efficiency is affected by the materials of the resins,
membranes and electrodes, and the weaknesses of the method include, in addition to the high
electricity costs, the traditional problems of membrane processes such as the formation of
biofilm (Khan et al. 2023, 8-10). In general, pressure-driven processes remove suspended
solids and bacteria more effectively than electricity-based processes, and even a small
number of microorganisms in EDI's feed water can cause the aggregation of living organisms
into a biofilm (Figure 6) under suitable conditions (Khan et al. 2023, 10; Alvarado & Chen
2014, 584).
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4 Microbes in ultrapure water

Microorganisms have always been in water, and they are easily transported with water,
because they can be very small and adaptable, allowing them to pass through the stages of a
long cleaning process (Smith & Slabaugh 2017, 1-4, 39-43). Microbial monitoring is
especially important for the drinking water industry to protect human and animal health
(Skovhus & Hagjris 2018, 3-5). However, in the production of ultrapure water, among other
criteria, the purpose of microbial monitoring is to ensure that there is nothing extra in the
water that could cause problems in later processes or for the final product. Since the feed
water to produce ultrapure water is often tap water, there are microorganisms and the UPW
line must be properly designed to remove these as well (Kristanti et al. 2022, 8-9; Zhang et
al. 2021, 2-5).

Regular microbial monitoring of the UPW provides information on the cleanliness and
capability of the production line as well as the quality of the produced water (Skovhus &
Hajris 2018, 43-44). In addition to monitoring water quality, monitoring can be used to find
out the places where biofilm formation is in progress and thus determine the need for
sanitation in time (Smith & Slabaugh 2017, 54-60; Skovhus & Hgjris 2018, 35-42, 60-61,
282). Despite the long production process of UPW, studies have shown that some
oligotrophic and Gram-negative bacteria can still survive the entire production process
(Kulakov et al. 2002, 1548-1554; Liu, Y. & Ogden 2010, 2776; McAlister et al. 2002, 75-
81).

Microorganisms vary greatly in size and shape, and the smallest are the most difficult to
remove. Typically, most bacteria are larger than 0.1 um which is the commonly used final
filter size in a UPW line, and yeasts are even bigger, so their removal is usually effective
(Xuedong & Yuging 2015, 1; Junger et al. 2020, 2-3). However, viruses and smaller bacteria
such as oligotrophic and Gram-negative bacteria can be very small, up to 20 nm, which are
challenging to remove (Xuedong & Yuging 2015, 1, 4; Junger et al. 2020, 2-3; SEMI F75-
1102 2017, 6-7). In addition, bacteria are capable of transformation and their shape can allow
bacteria larger than 0.1 um to survive despite the smallest filter size of the UPW line (Liu,
J.etal. 2019, 1, 3-9).
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4.1 Microbial monitoring

Microbial monitoring was started by Robert Koch in 1881, when he presented the first
theories on growing microbes on solid media (Skovhus & Hgjris 2018, 4-5). Since then, this
culture-based method has evolved, but remained almost unchanged until the middle of the
20th century, when new biochemical and molecular-based solutions began to be developed
alongside it (Skovhus & Hgjris 2018, 15-16). Although several different methods have been
available since the beginning of the 2000s, the implementation problem has been the
different principle of the methods, which deviates from the standards (Skovhus & Hgjris
2018, 144-145).

The monitoring methods can be divided in many different ways, such as according to the
measurement method or the quality of the microorganism (alive / dead, harmful / harmless
etc.), but in this work the focus is on three different method groups, which are the traditional
culture-based, microbial activity-based and molecular technique-based methods (Bonadonna
et al., 2019, 2-3; Smith & Slabaugh 2017, 60-61). In addition to these, there are available
methods based on the characterization of microbial communities, biosensors, and mass
spectroscopy identification (Bonadonna et al., 2019, 2-3; Smith & Slabaugh 2017, 61). The
first three methods were selected for review because the purpose is to find a suitable method
for determining microorganisms in ultrapure water, where the concentrations are very low

and therefore not all methods are usable, for example in terms of their sensitivity.

4.1.1 Culture-based technology

In the Culture-based method, the water sample is filtered with a 0.45 pm filter and the filter
is placed on a nutrient-rich agar medium to grow and the number of colonies formed after
the incubation period is counted, which reflects the number of microorganisms in the sample
(ASTM F1094-87 (2020), 2020, 1-2; Houchmandzadeh & Ballet 2023, 1-2). The nutrient-
rich agar medium enables the growth of microorganisms and the formation of colonies under
certain conditions. This method can only detect living cells because living cells are a
prerequisite for the formation of colonies, but the limitation is the choice of the right medium
and the possibility of contaminations (Skovhus & Hgjris 2018, 4-7, 50).
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Figure 14: Different TSA agar medium.

Since there are many different types of microorganisms and their cultivation requires
different growth media, there are several agar medium options available, and some examples
are shown in Figure 14 (Smith & Slabaugh 2017, 54-61). The most well-known method for
determining the microbiological quality of drinking water is heterotrophic plate count
(HPC), which is used with two different agar types, the Standard plate count (SPC) and
Reasoner’s 2A (R2A), the latter being more sensitive (Smith & Slabaugh 2017, 54-60; Lee
& Deininger 2010, 475-476). The use of HPC is based on the classification of organisms
according to their carbon sources, which are autotrophs, heterotrophs and mixotrophs, and
since most bacteria and fungi are heterotrophs, they occur on the HPC medium (Smith &
Slabaugh 2017, 58-59). The lowest of the TSA dishes shown in Figure 14 is the one used in
ISO standards and it is suitable as a growth medium for several HPC bacteria (VWR 2024).
The choice of agar affects the number of colonies formed and main difference between R2A
agar and SPC agar is that R2A is more sensitively and suitable slow-growing bacteria (Massa
etal. 1998, 727-730; Lee & Deininger 2010, 475-476).

Although choosing the right medium can be difficult, the biggest limitation in culture-based
methods is the long incubation time (Skovhus & Hgjris 2018, 5). The incubation time varies
according to the conditions, medium and microorganisms and often results are obtained after
1-7 days (Breed & Dotterrer, 1916, 323-327; Lee & Deininger 2010, 475). Therefore, this

method is suitable for non-time-critical objects and laboratory conditions, where conditions
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can be precisely controlled, and expertise is high to obtain reliable results. However, several
industries, such as drinking water plants, need faster feedback and therefore researchers have
increasingly turned to other methods, such as ATP measurements, which provide results in
less than 5 minutes (Lee & Deininger 2010, 475-476; Skovhus & Hgjris 2018, 32, 200).
Despite several pros and cons, this method is the basis of microbial monitoring and provides

results in a standard unit, CFU/mL.
4.1.2 ATP measurement technology

Adenosine triphosphate (ATP) is a compound present in all living cells that acts as a source
and store of energy (Dunn & Grider 2023; Skovhus & Hgjris 2018, 138-139). ATP plays a
fundamental role in understanding biological processes, and ATP measurement techniques
have been used since the 1960s (Skovhus & Hgjris 2018, 137-138). As technology develops,
the second-generation ATP meter, that is now in use, has been in use since the 21st century,
but the basic principle is still the same (Skovhus & Hgjris 2018, 138).
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Figure 15: Structure of adenosine triphosphate (American Chemical Society 2021).

ATP consists of adenine (base), ribose (sugar) and three phosphate groups attached to each
other, shown in the Figure 15 (Dunn & Grider 2023). The breaking of the bonds between
these phosphorus group releases the internal energy of the cell, and it happens trough a
metabolic process, where ATP is first hydrolyzed to adenosine diphosphate (ADP) and
further to adenosine monophosphate (AMP) and finally AMP is regenerated back to ATP
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(Dunn & Grider 2023; Skovhus & Hagjris 2018, 138-139). The ATP released in this process
can be measured using a Luciferase, whereupon the released ATP reacts with the Luciferase
to form light, the radiation of which can be measured with a luminometer as relative light
units (RLU) (Lee & Deininger 2010, 476; MyLuminultra 2023). This reaction is described
by the formula 12:

ATP + 0, + Luciferin M9~ uciferace gpp 4 ppi + oxyluciferin + light  (12)

where O is oxygen ion, PPi is pyrophosphate and Mg?* is magnesium ion (Skovhus &
Hajris 2018, 139).

The RLU reading is an uncalibrated value and therefore the RLU values should not be
compared with each other, but the results given by the luminometer should be converted into
cellular ATP (cATP), which reflects the amount of ATP inside a living cell reflecting the
total amount of living biomass (Skovhus & Hgjris 2018, 139, 141; MyLuminultra 2023).
The cellular ATP can be calculated according to equation 13 when the sample amount,

dilution factor and ATP standard are known:

ATP)

RLUsampie Dilution Factor x ATP Stand. Concentration
A7 1) « (otemst . Jas

RLUyrp standard Sample Volume

where RLUsample is the light emission from the sample (no unit), RLUATP standard iS the light
emission from the ATP standard (no unit), dilution factor and ATP standard concentration
are given in the test kit (pg ATP) and sample volume is the amount of sample (mL) (Skovhus
& Hgjris 2018, 142; Luminultra 2018).

To get a reliable ATP result, it is important that all the ATP in the sample is recovered, and
factors affect this are the extraction reagent, which must be strong enough, the instability of
the ATP molecule and its ability to hydrolyze, in which case ATP is unable to react with the
luciferase enzyme (Skovhus & Hgjris 2018, 140-142). Efforts have been made to minimize
these challenges in the 2" generation ATP meters by developing reagents and methods to
be optimal in terms of ATP recovery (Skovhus & Hgjris 2018, 140-142).

The ATP meter has several advantages such as speed of results, adaptability to different
applications, ease of use and price (Skovhus & Hgjris 2018, 142-143). The results are
obtained in almost real time, in less than 5 minutes and the method can be customized for

applications such as filtration, dilution or hygiene needs (Skovhus & Hgjris 2018, 142-143).
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The ATP meter is convenient for determining the total number of microorganisms as it takes
into account all living cells in the sample, including yeasts, molds and microbes (Lee &
Deininger 2010, 476). The device can therefore be used to determine whether there are
microorganisms in the sample or not, but if more specific information is needed on what the
sample consists of, then for example a DNA-based gPCR method is used (Skovhus & Hgjris
2018, 23, 143).

4.1.3 qPCR technology

Quantitative Polymerase Chain Reaction (qQPCR), also called real-time PCR, is a widely used
method for the determination of microorganisms due to its sensitivity, accuracy, and wide
application range (Kralik & Ricchi 2017, 1-2; Bonadonna et al., 2019, 2-4). At first, the PCR
method was able to determine exactly which microorganisms the sample consisted of, but
later qPCR was developed, which can also be used to determine the number of
microorganisms in the sample using the fluorescence generated in the reaction (Bonadonna
et al., 2019, 4). The method is based on molecular biology, where the purpose is to amplify
a single DNA sequence exponentially after each cycle (Kralik & Ricchi 2017, 1-2). This

reaction can be described mathematically according to equation 14:
N, = Ny * (1 + E)" (14)

where Ny is the number of amplified DNA sequences after n cycles, No is the original amount
of the examined DNA sequence in the sample, E is the PCR efficiency and n is number of
cycles (Kralik & Ricchi 2017, 2).

One PCR cycle contains three different steps; denaturation, annealing and extension and by
increasing the number of cycles, the amount of DNA sequence to be amplified can be
increased exponentially (Pelt-Verkuil et al. 2008, 1-6). But before this, the DNA to be
amplified must be separated from the sample, i.e. a DNA template must be created and a
suitable reaction mixture must be selected for the DNA to be amplified, which contains
primers, polymerase enzymes and various buffer solutions (Pelt-Verkuil et al. 2008, 2-3;
Luminultra 2021, 1-5). Finally, the correct interpretation of the results is important.
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Figure 16: Different steps of PCR. 1. Denaturation, 2. Primer annealing and 3. Extension
(Stratech).

In the denaturation phase, the sample is heated to 95 °C - 98 °C and due to the temperature,
the opposite strands of the DNA in the sample separate from each other (Pelt-Verkuil et al.
2008, 19-21). In the next step, annealing, the temperature is lowered to the annealing
temperature of the primer used, usually between 45 °C and 65 °C, so that the primers can
attach to the free DNA strand according to the base pair rule (Pelt-Verkuil et al. 2008, 19-
21). In the last stage of the cycle, extension, the temperature is raised to about 70 °C and the
thermostable polymerase enzyme creates the opposite strand to the single-stranded DNA
(Pelt-Verkuil et al. 2008, 19-21). These cycles are repeated 20 to 30 times, depending on the
device, and each extension of the DNA generates fluorescence, which can be measured after
each cycle and thus it is possible to determine the microorganism and its amount in the
sample (Pelt-Verkuil et al. 2008, 19-21; Kralik & Ricchi 2017, 1-2). Figure 16 shows the
steps of gPCR.

The results obtained with the gPCR method are often presented as a graph, where the x-axis
shows the number of cycles and the y-axis shows the amount of fluorescent intensity, which
reflects the amount of DNA under investigation at that moment (Kralik & Ricchi 2017, 2).
The results are compared to the calibration curve and the point at which the fluorescent
intensity is observed, is called the quantification cycle, Cq or critical threshold, Ct (Kralik
& Ricchi 2017, 2; Luminultra 2021, 5-6). The more researchable DNA there is in the sample,
the earlier the Ct point is detected (Luminultra 2021, 5).

Today, sequence data is widely known and almost all microorganisms such as bacteria,
viruses and protozoa can be determined by gPCR (Kralik & Ricchi 2017, 3; Bonadonna et
al., 2019, 2-4). Other advantages of the method are speed, low cross-contamination, and the
ability to measure dead cells as well (Kralik & Ricchi 2017, 3-4). On the other hand, the
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method cannot distinguish which part of the sample consists of living and dead cells (Kralik
& Ricchi 2017, 3). In addition, the use of gPCR requires expertise, even though there are
several ready-made kits available, and poor interpretation of the results can lead to wrong
conclusions (Kralik & Ricchi 2017, 1-2). The method can be heavy to use in continuous
monitoring, but useful in situations where microbial contamination is suspected to provide

more detailed information about the situation and facilitate finding the root cause.
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Experimental part

5 Experiment plan

The experimental part starts with the experimental plan, where the selected microbial activity
monitoring method and the factors affecting the selection are first presented. After this, the
sampling locations and measurement arrangements are reviewed. The experimental part
consists of two experiments, the first of which focuses on mapping the current situation and
the second of which compares the results between the water plants of two buildings. The
experiment arrangement ensures that the measurer has as little influence on the results as

possible.

5.1 Selection of microbial monitoring method

The first step of the thesis was to find out which microbial monitoring method would suit
the Murata’s needs. The criteria that influenced the choice of the method were the ability to
measure microbes at very low concentrations, ease of use, easy-to-interpret results, cost, and
the ability to examine samples from several different locations. The comparison of the
methods presented in the literature section are summarized and presented in Table 2, based

on which the selection of the method was made.

Table 2: Comparison of microbial monitoring methods (Bonadonna et al., 2019, 2-4;
Skovhus & Hgjris 2018, 143, adapted).

Method Measure Speed of | Difficulty Cost Risk of cross-
results contamination

Culture-based | Specific viable | Slow Moderate Low High

(Petri dish) organisms

Microbial Total living | Fast Low Moderate Moderate

activity (ATP) | organisms

Molecular Specific Moderate High High Low

techniques organisms

(9PCR)

An ATP meter, which measures microbial activity, was chosen because it detects all kind of

living cells, such as microbes, molds, and yeasts (Lee & Deininger 2010, 476). Since there
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was no previous knowledge of what kind of living contamination there could be, it makes
sense to use a method that detects all living cells. Compared to the culture-based method,
when using an ATP meter, no prior information is needed, because the device can detect all
released ATP, regardless of the source (Skovhus & Hgjris 2018, 137-143). In Petri dish
cultures, different conditions can influence what starts to grow or not in the dish, which can
lead to not getting all the living cells emerge, which can lead to incorrect interpretations of
the situation (Lee & Deininger 2010, 476). Other advantages of the ATP meter are the speed

of the results and the usability of the water analyzed from several different sources.

The comparison also included molecular technology’s gPCR, which can be used to find out
in detail which microbes or other microorganisms the sample contains (Bonadonna et al.,
2019, 4). Knowing the composition of the sample is not necessary, because ready-made Kits
are available for the determination of the most common microorganisms, but the
interpretation of the results requires more expertise (Kralik & Ricchi 2017, 1-2). Although
gPCR detects both live and dead cells, unlike the other methods presented, it is not possible
to conclude from the results how many living cells the sample contains and how many dead
cells (Kralik & Ricchi 2017, 3). Although the method is not sensitive to risk contamination,

its high cost proved to be one disadvantage.

In addition to the items presented in the Table 2, the choice was also influenced by a few
external factors. Another company in the same field had an ATP meter in use for water
quality monitoring and | was able to see how the meter was used before deciding. When |
got to know the topic, | also interviewed several companies offering microbial monitoring
and it turned out in the interviews that in similar situations they recommend gPCR analysis
if the results of the ATP meter give indications of microbial contamination. Although the
culture-based method is the only one of these that gives results in the units presented in the
standards, despite several advantages, the ATP meter proved to be the most suitable option
and the difference in results was not seen as a problem. The final selection decision was
made together with the facility team, which will continue monitoring microbes according to

this thesis.
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5.2 Selection of sampling locations

Murata has three water plants; each building has its own. This thesis focuses on two water
plants, described as building 1 and building 3, and the main focus was on building 1.
Building 1 was selected as the investigated water plant due to its large water production
volume, and parallel measurements were taken from building 3. Water plants are slightly
different from each other, which greatly influenced the choice of sampling locations for
experiment 2. The differences between water plants are presented later in the materials and

methods section.

Buildings 1 sampling locations were chosen based on where the sampling valve was already,
and a valve was added to a few interesting points during the production break. To prevent
microbial biofouling, it is important to ensure sufficient water circulation at these points as
well, and water was drained from the added valves to wash away the possible contamination.

Sampling location 1: Sampling location 8: Sampling location 9:
Feed water Before UV e Before UF

* What kind of water « UV 254 mm destroys ¢ Is UV worked?
is coming? microbes?

Sampling locations 2: Sampling location 7: Sampling location 10:
After MF After MB After UF

* Is there biofouling? « Is there biofouling?  Microbial activity
low?

Softeners RO tank

« Is there biofouling? * Microbial activity
= low?

Sampling location 4: Sampling location 5:
Activated carbon After RO

« Is there biofouling? » Should remove
microbes well

Figure 17: Building 1 sampling locations.

Figure 17 shows the sampling locations of building 1 with a comment on why the sample
was taken from that location. The green color indicates the importance of the sampling



50

location, and this information is later used in the experiment arrangements. In some locations
the sample was taken from several points and in the results, these are reported as sampling
location 3a, 3b and 3c. The importance of the sampling locations is determined by
understanding the baseline, the water used in production and the steps focused on removing
microbes. Other sampling locations help to understand the overall situation of the water plant
and possible high results help to react to biofouling in time. Building 3 was sampled at four
points after the activated carbon filter, after the RO, and before and after the last ultrafilter
(UF).

5.3 Experiment arrangements

Microbial activity was studied with two different arrangements, the first of which aimed to
determine the baseline level and find possible problem locations, and the second test
examined whether there are differences in the water produced by the two buildings. In the
first experiment, samples were taken for 10 weeks in such a way that the important locations
were taken each time and the others varied so that at least three results were obtained from
each sampling location. The duration of the second experiment was 3 weeks and the samples
were taken on the same day from both building from each selected sampling locations. In
both experiments, the sampling order varied so that the effect of the measurer can be

removed. Detailed experiment arrangements are presented in Appendix 1.
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6 Materials and methods

This chapter introduces Murata Electronic Oy’s water plants from which water samples have
been taken. The TOC and resistivity meter in use and its operating principle are also
presented. In addition, the instructions for using the ATP meter and interpreting the results

are described.

6.1 Murata Electronics water plants

Murata Electronics produces RO-, DI- and UPW for its own needs, and the starting material
is city tap water, from which the largest particles have already been removed. Different
process steps in production require water of different purity levels, and the purest water is
only used in those processes where it is necessary for cost reasons. In 2023 Murata needed
900 m®/day to meet production needs. Most of the water used was produced by the water
plant of building 1, which is why the building was selected as the main target of this work.

The following paragraphs describe the water system of building 1 shown in Figure 18.

i Water Activated
Raw water y|Microfifter N .
/ softeners carbon
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Figure 18: Description of building 1 water plant

Ultﬁlﬂﬁer 4;.4




52

The incoming tap water and warm water are mixed with the help of a valve that the water
temperature reaches about 20 °C. 20-degree water is pumped through a microfilter which is
usually < 5 um in size to remove larger particles (Tiec 2013, 238-239; Deshmukh 2024, 961).
Then the water passes through softeners whose function is to remove calcification-causing
ions such as calcium (Ca?*) and magnesium (Mg?*) to protect future processes (Tiec 2013,
238-239). After that, the water passes through an activated carbon filter, where chlorine
compounds and other organic substances are removed from the water by means of adsorption
(Deshmukh 2024, 961). These first three cleaning steps constitute pre-treatment steps.

After pre-treatment, the water is filtered through a microfilter in size < 3.0 um to protect the
following RO membranes (Tiec 2013, 238-239; Deshmukh 2024, 962). The RO stage
consists of two RO units parallel and most of the monovalent and multivalent ions and
bacteria are removed (Tiec 2013, 245). The RO stage is one of the most important process
stages in UPW production due to its high capacity. At this stage of the purification process,
the water is called RO water and, depending on the need, the water is either fed directly to
production steps that use RO water, stored in an RO storage tank, or transported forward to
make UPW. Before the next steps, the water is cooled or heated to about 20 degrees if

necessary.

The last steps of the process belong to the polishing stage and the main purpose is to remove
even the smallest impurities and finalize the water purity. With a mixed-bed ion exchanger,
charged ions are removed and there are two of these in a row to achieve the cleanest end
result. After this process step, the water is called DI water. The DI water continues to flow
through a UV 254 lamp, the purpose of which is to kill living bacteria. UV 254 also breaks
down some other organic substances, so the next mixed-bed unit removes these charged ions.
Finally, dead bacteria and other microorganisms are removed with an ultrafilter in size <0.1
um bacterial filter and the finished UPW is ready for use in production (Tiec 2013, 238-239,
241).
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Figure 19: Description of building 3 water plant

For comparison, some measurements were also taken from building 3. The water plants in
building 3 is slightly different from building 1, and the most significant difference is that the
mixed-bed after RO has been replaced by EDI, as shown in Figure 19. Placing EDI after RO
produces water with a resistivity of 15-18 MQ-cm and compared to a mixed-bed, it is a cost-
effective and easier option because the resins are automatically regenerated (Khan et al.
2023, 22-25). And finally, after UV 254 lamp, the remaining charged organic substances are
removed with a mixed-bed, and after that, the bacteria are removed by an ultrafilter with a
size of < 0.1 um before production (Tiec 2013, 238-239, 241). The difference between water
plants is practically due to the year of construction and the development of methods. The
water system in building 1 is from 1997 and building 3 from 2019.

6.2 TOC and resistivity meter

TOC and resistivity are measured with the same device, PAT700 Total Organic Carbon
Analyzer from Beckham Counter (Figure 20). The same meter is used in both buildings, and
it measures TOC and resistivity after final filter before the water leaves the water plants for

production. An online measurement is used, and analysis is done every 15 minutes, and the
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results can be viewed directly from the device's screen or from the house automation system
with automatic alarm limits if the TOC value exceeds 10 ppb. The device is designed for the

analysis of pure and ultrapure waters (PAT700 2022).

BT [T P2

)
TOC:5.4 ppb

Figure 20: TOC and resistivity meter at Murata

TOC measurement is based on water oxidation and when the sample is fully oxidized, the
TOC value can be read on the screen (PAT700 2022). Inside the device is a water cell, in
which the sample is sealed during the analysis, and in the water cell the sample is exposed
to UV light, which oxidizes the sample (PAT700 2022). During oxidation, the device
monitors temperature and conductivity changes and these results are also shown in the screen
after the analysis. The device measures conductivity, which can also be expressed as a
resistivity value if desired. Based on the device manual, the detection limit of TOC is 0.5
ppb, and the conductivity range of TOC mode is 0.05 puS/cm to 5.0 puS/cm, which
corresponds to a resistivity value of 20 MQ-cm to 0.2 MQ-cm (PAT700 2022).

After RO, conductivity is measured with HACH's polymetron 9500 controller, which uses a
conductivity sensor suitable for ultrapure water. The sensor measures conductivity by first
producing a low current in the solution to be measured and then measuring the magnitude of
this current to determine the conductivity of the solution (HACH 2024). A similar meter is

also used after the RO storage tank.
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6.3 ATP meter

LuminUltra’s second generation ATP meter was chosen as the microbial monitoring method.
The measurement equipment is a luminometer that measures the amount of light when the
ATP in the sample reacts with the luminase enzyme (Luminultra 2023). The Luminase
enzyme is a commercial version of the naturally occurring firefly Luciferase enzyme which
can reflect the ATP released in the reaction as light (Skovhus & Hgjris 2018, 138-140). The
samples are prepared with ready-made test kits that contain all the necessary substances and
materials. This chapter describes sample preparation and measurement according to

LuminUltra’s instructions.

Figure 21: Verification of enzyme function and UltraCheck calibration. a) 100 ul of
Luminase is pipetted b) into the test tube and d) measured with a luminometer. c)Then 2
drops of UltraCheck 1 standard are added into the same test tube and d) the result is measured

with a luminometer.
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First, the functionality of the Luminase enzyme and the ATP content of the standard are
verified, which will be used later in the analysis of the results. 100 ul of Luminase is pipetted
into the bottom of the test tube and measured in the luminometer (Figure 21a, b, and d). The
reading should be less than 20 RLU (Luminultra 2023) because at this point the reaction has
not yet occurred and if the reading is higher, it may indicate contaminations. Then 2 drops
of UltraCheck 1 standard are added to the same test tube and the measurement result should
be more than 5000 RLU (Figure 21c and d) (Luminultra 2023). At this point, the ATP in the
standard is released and a large reading indicates that the enzyme is capable of reflecting the
amount of ATP released in the reaction. If the reading remains small, a new enzyme must

be prepared according to the instructions included with the test Kit.

Figure 22: Sample preparation steps. a) The water sample is pushed through a 0.7 um filter
with a 50 ml syringe and plunger, b) 1 ml of Ultralyse 7 reagent is pipetted into the filter
and c) Ultralyse 7 is pushed through the filter into a 9 mL UltraLute (Dilution) tube, i.e. the
ATP released by the reagent is collected in the Ultralute (Dilution) solution.

The sample is collected in a sterile container and the measurement should be done within
two hours, as the microbiological properties can change over time (MyLuminultra 2023).
First, the sample is filtered through a 0.7 pum filter and the microorganisms in the water
remain on the surface of the filter, from which they can be extracted later for measurement
(ASTM D4012-15, 2015, 2). Filtration happens with the syringe shown in Figure 22a, and
before inserting the filter the plunger must be removed. Water is poured into the filter in a
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syringe and pushed through the filter with the help of a plunger. The filter is then carefully
removed so that when removing the plunger, the filter is not contaminated with airborne
microbes. This is repeated until the desired amount of water is filtered, purer water requires
more filtering due to low concentrations. In this work, filtered amount varies between 200
mL to 400 mL, depending on the purity of the water. Next, 1 mL Ultralyse 7 is added to the
syringe and filter it using the plunger into the 9 mL UltraLute (Dilution) Tube, Figure 22b
and ¢ (Luminultra 2023). UltraLute 7 acts as extraction reagent that releases the living ATP
collected the filter (Luminultra 2023). Close the tube with a cap and turn it up and down

three times.

Figure 23: Assay preparation. a) 100 pl of Luminase enzyme is pipetted b) into the test tube
and c) then 100 ul of sample to be analyzed is pipetted from the Ultralute tube into the same

test tube and the result is measured with a luminometer.

To determine the results, 100 pl of Luminase and 100 pl of UltraLute (Dilution), in which
ATP was extracted, are pipetted into a clean test tube, Figures 23a, b and ¢ (Luminultra
2023). The test tube is placed inside the luminometer (Figure 21d) and in the reaction taking
place in the test tube, which was previously described by formula 12, the amount of released
ATP is measured as light reflection. The result is displayed on the luminometer screen after
10 seconds as an RLU reading, which reflects the number of living cells in the sample
because each ATP molecule produces one photon of light (Skovhus & Hgjris 2018, 138-
140).
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6.3.1 Guidelines for interpreting the results

The result given by the luminometer is expressed as a relative light unit (RLU), and these
results can vary significantly between device manufacturers, temperature of the reagents and
due to surrounding environment (Skovhus & Hgjris 2018, 139-142). Since the RLU reading
is an uncalibrated result, it is not useful to report microbial activity in this format (Skovhus
& Hajris 2018, 141-142). Therefore, it is important to use ATP standards with the reagent
system and luminometer and convert the RLU reading to the ATP concentration in the
sample (Luminultra 2018). With the help of a known standard solution, the activity of the
enzyme at the measurement time can be determined and the result converted into a calibrated
mass-based form (pg/mL) (Luminultra 2018). In this work, the ATP concentration of the

samples can be calculated according to formula 14:

ATP) RLUsgmpie 10 000 (pg ATP)
ES

cATP (pg = (14)
mL RLUStandard VSample (mL)

where the concentration of the known standard solution is 10,000 pg/mL (Luminultra 2023).

The equipment comes with instructions for interpreting the results, which are presented in
Table 3. According to the table, the results are interpreted as PASS or FAIL, and the result
of high-purity water is PASS if the ATP concentration in the sample is less than 0.1 pg/mL
and FAIL if the result is more than 1.0 pg/mL. Results between these readings indicate

caution and attention should be paid to follow-up.

Table 3: Data interpretation guidelines (Luminultra 2023).

High-Purity Water | <0.1 >1.0
Potable Water <1.0 >10.0

When interpreting the results, the water quality, sampling location, possible contamination,
other variations, and functionality of ATP reagents must be taken into account. Water quality
is affected by the feed water and its possible variation, as well as the process stage of the
water plant. For example, the microbial concentration should be low after process steps that
remove microbes such as after RO and bacterial filter, but in softeners and activated carbon
filter the concentration can be higher (SEMI F75-1102 2017, 7; Tiec 2013, 238-242; Popova
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et al. 2024, 2). For this reason, it is important to find out the basic level of the water plant at
different stages, and only then can abnormalities be found. In the case of a single abnormal
result, it is also worth considering whether the sample could have been contaminated or the
effectiveness of the ATP reagent has decreased, and it is recommended to repeat the
measurement. If the results remain elevated for a longer period during regular monitoring,
there is reason to suspect that the water plant's microbial activity has increased, and

corrective actions are needed.

7 Results and discussion

This section presents the obtained results. At first, the results of experiment 1 are examined,
which tell the state of microbial activity in the water plant of building 1, and the effect of
different processes on the results is discussed. Next, the results of experiment 2 are presented
by comparing the microbial activity of buildings 1 and 3 and considering the reasons for
possible differences. Then the TOC and resistivity results are compared to the ATP results

and in the last paragraphs review the quality of the produced water in general.

7.1 ATP measurement results

In experiment 1, microbial activity was monitored for 10 weeks in the water plant of building
1. The total number of samples is 74, of which two are excluded due to failed measurements
but all measurement data is presented in Appendix 2. Samples were taken from ten different
sampling locations in a mixed order to determine the current level. The measurement
sequence is presented in Appendix 1. The instructions described in section 6.3.1 have been
used to interpret the results.
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cATP (pg/mL) & Mean(cATP (pg/mL)) vs. Sampling location
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Figure 24: ATP concentrations (pg/mL) and standard deviation at different sampling
locations. Green line indicates 0.1 pg/mL and red line 1.0 pg/mL. Each blue point is a single
measurement result, and the red points indicates the mean from which the standard deviation

is determined.

The results in Figure 24 show that in all sampling locations the microbial activity is below
1.0 pg/mL, so no corrective actions needed based on the guidelines. In the pre-treatment
stages, sampling location 1-4, the results and the variability are higher, which may be due to
the quality of the incoming water and the favorable conditions of the process stages for
microbes (SEMI F75-1102 2017, 7; Popova et al. 2024, 1-6). Sampling location 1 is feed
water and the results show that the microbial activity of the water already entering the water
plant is low compared to the permitted concentration of drinking water shown in Table 3.
This reduces the possibility of biofouling. The most interesting results are from sampling
locations 7b and 8, which have higher results and variations compared to other primary and
polishing phases, location 5-7a and 9-10. Sampling locations 7a and 7b are mixed-bed
reactors and this unit process is not capable of removing microbes because microbes are

often electrically neutral (Zhang et al. 2021, 4-5).
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The sampling locations where the microbial activity should be the lowest are at a low level
and the reproducibility of the results is also better. For example, when looking at the results
of critical locations 5, 6, 9 and 10, all results are below 0.1 pg/mL, indicating good results
for UPW according to guidelines. Sampling location 5 is RO and Figure 24 shows that RO
Is an effective method for removing microbes. The difference between sampling locations 8

and 9 also shows that UV irradiation removes microbes effectively.

Mean cATP (pg/mL) vs. sampling locations
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Figure 25: Mean ATP concentration (pg/mL) and standard deviation in each sampling

locations

Looking at the averaged results as shown in Figure 25, it is noticed that the microbial activity
decreases towards the end of the UPW process, as can be assumed. However, the correlation
is not as strong as expected, only 0.479, due to the different results at sampling locations 4,
7b and 8. The highest results have been obtained from sampling location 4, which is an
activated carbon filter, which has been reported to have favorable conditions for microbes
(SEMI F75-1102 2017, 7). Sampling location 8 is before UV irradiation and a higher result
at this location is interesting, as well as the difference in results between sampling locations
7aand 7b, which are MB1 and MB2. Water passes through both mixed-bed reactors and the
order of the reactors is regularly changed during regeneration, so this does not explain the
higher result. However, it has been suspected that there is one leaky valve in MB2, which

may explain the anomalous results even before UV. Continuous monitoring will tell more.
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Water from locations 5, 6 and 10 is used in production and the ATP concentrations vary
between 0.08 pg/mL and 0.01 pg/mL so that the lowest results are from location 10, after
last UF. There is not much difference between locations 9 and 10, which suggests that the
UV irradiation has killed the living microbes effectively and the final filtration, also called
the bacterial filter, ensures that the dead microbes cannot move forward but remain in the
filter. Locations 5 and 6 represent RO water and from Figure 24 and Figure 25 can be seen
that RO is an effective method to remove microbes because there is a significant difference
in the results between sampling locations 4 and 5 and similar results have also been reported
in the literature (Tiec 2013, 240, 245; Popova et al. 2024, 1-6). Similar results are also seen
from UV irradiation, because the microbial activity at sampling location 9 drops significantly
compared to sampling location 8, from mean value 0.186 pg/mL to 0.015 pg/mL. However,
the results show that monitoring microbial activity is also important for process steps that do
not remove microbes, because microbes can weaken the ability of these process steps and
biofouling can also occur in these steps (Khan et al. 2023, 10; Skovhus & Hagjris 2018, 40-
42, 149-151).

7.2 Continuous monitoring

Continuous monitoring was established with experiment 1 with a 10-week follow-up.
Continuous monitoring helps to understand and interpret the results correctly on a case-by-
case basis. Figure 26 shows the 10-week results for the sampling locations from which the

most samples were taken. The results of all sampling locations can be found in Appendix 4.



63

cATP (pg/mL) vs. Week
Sampling location ® cATP (pg/mL)
1.200 Locl Locd
' Mean:0.442 Mean: 0.663
1.000 . StdDev:0.135 | e Std Dev:0.158 |
0.800 .
0.600 . .
0.400- * . . .

0.200

Lecs Loch

1.200

Mean: 0.025 Me

1.000 Std Dev:0.007 5td Dev:
0.800
0.600
0.400

0.200

cATP (pg/mL)

Loc8 Locl10
1.200

Meam: 0,136 Meam: 0.02
1.000 Sid Dev:0.227 Sid Dev:0.014 |
0.800

0.600 .
0.400

0.200
] ™ L] '] . - - - - - . .
1 2 3 4 5 B 7 ] o9 10 1 2 3 4 5 6 7 ] o 10

Weelk

Where{Sampling location = Loc1, Locd, Loc5, Loch, Loc8, Loc1Q)

Figure 26: ATP concentrations (pg/mL) during the 10-week follow-up at different

sampling locations

Interpretation of a single result can lead to wrong interpretations and therefore continuous
monitoring is important to know what a normal variation is and what is an abnormal result.
Figure 26 shows that the variation of sampling locations 5, 6 and 10 is the smallest. At these
locations, the ATP concentration was also the lowest. All results are from these locations
below the green limit (0.1 pg/mL) and abnormal results are easy to detect. In addition, the
results show that the water used in production has a good level of microbial activity and is

of uniform quality.

The variation is greater in locations 1 and 4. The variation in location 1 cannot be influenced,
but it is an important indicator of what kind of water enter into the plant. Monitoring over a
longer period may reveal variations between seasons or a change in the water distribution
point (Skovhus & Hgjris 2018, 43-44). Location 8 shows signs of increased microbial
activity as the results have started to rise since week 4. Based on these results, it is not yet
possible to say whether the variation is normal or not, but continued monitoring will tell

more. The results from location 8 can indicate biofouling of the mixed-bed ion exchanger or
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pipelines between these sampling locations or some other process problems mentioned

above.

During this thesis, the sampling interval was once a week, to find out the basic level of
microbial activity in water plants. Although the work was scheduled for the turn of summer
and autumn, it does not yet reflect the change of seasons and its effect on the results.
However, several regenerations of mixed-bed reactors fell into the period, which may have
influenced the rising results of sampling location 8 but there are too few results to make it
possible to draw firm conclusions. This is why continuous monitoring is important, and this

work laid the foundation for it.

7.3 Comparison of results between different water plants

In the experiment 2, ATP measurements were taken in parallel from buildings 1 and 3 to
compare the results of two different water plants. The water plants in the buildings are
different, which explains some of the different measurement results. The purpose is to
determine if the results from building 3 support the results from building 1 and the samples

were taken from the same kind of locations in both buildings.
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Figure 27: Comparison of mean ATP results (pg/mL) in different sampling locations
between building 1 and 3. Scaled.

The most significant difference between the water plants can be found at sampling location
4, as shown in Figure 27. In building 3, this point clearly shows higher microbial activity
compared to building 1. However, it is not possible to say what caused the higher result
because the earlier unit processes were not sampled during this thesis. The reason may be a
higher cATP concentration in the raw water, the effect of previous processes, the sampling
location or biofouling. Microbial activity may be higher at this sampling location, activated
carbon filter, as mentioned earlier, based on the literature (SEMI F75-1102 2017, 7; Popova
et al. 2024, 1-6). There is no reason to suspect a measurement error, because in all three
measurements the results were consistent close to the reported average of 5.224 pg/mL.
Continued monitoring and sampling from earlier unit processes is needed to draw more

accurate conclusions.

In sampling location 5, there is also a small difference between the buildings. The results of
building 3 are slightly higher than the results of building 1, but still below the 0.1 pg/mL
limit, the highest individual result is 0.07 pg/mL. The reason may be a different sampling
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location than in building 1. From building 1, the RO sample was taken directly from the
permeate, while from building 3, the sample had to be taken before the next step, near the
RO storage tank. However, the results show that in building 3, RO is an effective method
for removing microbial activity from water, as there is a significant difference between the
microbial activity results from 5.224 pg/mL to 0.065 pg/mL at sampling locations 4 and 5.
Instead, in sampling locations 9 and 10, the CATP concentration is lower in building 3. This
may be due to differences in the previous process steps between the buildings. The results

show that the water used for the production of both buildings is at a low microbial level.

7.4 Correlation between TOC and cATP

The TOC is measured after the last filter before the UPW goes into production. The CATP
concentration has been measured from the same point, sampling location 10. The results are
from building 1 for a period of 13 weeks and TOC values are the readings at the time of ATP
sampling. The purpose was to investigate whether the TOC value indicates microbial

activity.
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Figure 28: Correlation between TOC (ppb) and cATP (pg/mL) in sampling location 10
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The assumption was that TOC would not correlate with cATP results because the
concentrations are very small and some microbes can consist of 90% water, in which case
the meter is not able to detect such a low organic amount (SEMI F75-1102 2017, 6; Visco
et al. 2005, 185-187, 190). Based on the results, TOC and cATP are not correlated. Based
on Figure 28, the lowest cATP results have been obtained with TOC values ranging from
5.1 ppb to 6.5 ppb and the highest cATP result of 0.05 pg/mL has been obtained with TOC
of 5.3 ppb. The linearity is 0.226, which is closer to zero and shows that the correlation is
weak. This interpretation is also supported by the r? adjusted reading, based on which only
14.8% of the variables' variation can be explained by this model. One explanatory factor
may be the low number of results but based on the high-water content of microbes, it can be
assumed that the TOC meter is not capable of detecting water aqueous microbes at least at a
low concentration. The TOC meter detects organic substances up to the detection limit of
0.5 ppb (PAT700). Based on this, a more reliable way to monitor the number of microbes is
a dedicated meter.

7.5 Correlation between resistivity and cCATP

Resistivity was measured with the same meter from the same location as TOC and these
results were also compared to CATP results. The results are also from building 1 for a period
of 13 weeks and the resistivity values from the moment of ATP sampling. Resistivity is the
inverse of electrical conductivity, so it is assumed that the results are not correlated because
microbes can be without charge (SEMI F75-1102 2017, 5-6).
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Figure 29: Correlation between resistivity (MQ-cm) and cATP (pg/mL) in sampling

location 10

Based on Figure 29, the assumption is correct, with a linearity of only 0.028, so the
correlation of resistivity is even weaker than that of TOC. With a resistivity of 18.34 MQ-cm
- 18.36 MQ-cm, cATP results range from 0.005 pg/mL to 0.05 pg/mL. The reason for the
results is the weak electrical conductivity and Gram-negativity of microbes (Kulakov et al.
2002, 1550-1554). Also based on the r? adjusted reading, the model explains only 7% of the
variation in the results. This result also supports the previous claim that the current meters
are not sufficient for monitoring microbes and therefore measuring microbial activity with

the intended method is necessary.

7.6 The quality of UPW produced in Murata

One of the research questions was whether the UPW produced at Murata meets the criteria
of the semiconductor industry, which are presented in Table 1. This paragraph looks at the
resistivity, TOC, and conductivity values during the experiment period from building 1, all

results can be found in Appendix 2 and 3. According to the location of the meters, the results
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are from sampling locations 5, 6 and 10. There is continuous monitoring at the sampling
locations, but this thesis examines the values at the time frame of the microbial

measurements.
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Figure 30: Resistivity (MQ-cm), TOC (ppb) and conductivity (uS/cm) results during the

experiment period from building 1.

Resistivity and TOC are measured with the same meter (PAT700) from the same place,
which is sampling location 10, i.e. after the last UF filter. Resistivity is a temperature
dependent parameter, and theoretical value are usually reported at a temperature of 25 °C,
which is 18.18 + 0. 03 MQ-cm (Melnik & Krysenko 2019, 143-144). Murata water
temperature is room temperature, about 21°C to 22°C, and based on Figure 30, the value
varies between 18.27 MQ-cm and 18.37 MQ-cm, which is close to the theoretical value. As
the temperature decreases, the resistivity increases and the theoretical value at 20 °C is
reported to be 23.85 MQ-cm (Melnik & Krysenko 2019, 144). It is possible to make the
UPW even cleaner in terms of resistivity if there is a need for it, but depending on the source,
with the resistivity being around 18.2 MQ-cm at 20 °C, this is interpreted as a good result
(Deshmukh 2024, 961).
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Table 1 shows that the TOC value should be < 10 ppb in the online measurement and Figure
30 shows that during the experiment period the TOC value varies between 5.1 ppb and 6.5
ppb. Based on the results, the TOC value is at the level recommended by the ASTM D5127-
13 (2018) (2018, 3) standard. Comparing the curves shown in Figure 30 between the
resistivity and TOC values, it is interesting to notice that at the beginning the results go in
the same direction, but during September, when the resistivity result is at the lowest level of
18.27 MQ-cm, the TOC value is at a higher level of 6.1 ppb. This can be explained by the
different purpose of the meters and thus the use of both meters is important to react to

different changes.

Conductivity is measured with meter Hach Polymetron 9500 controller from sampling
locations 5 and 6. Figure 30 shows that after RO (sampling location 5), the conductivity is
higher than the conductivity of the RO storage tank (sampling location 6). This is because
the RO storage tank also receives water from water plants in other buildings, and in the
storage tank, RO water and DI water are mixed, the latter being cleaner. After RO, the
conductivity value varies between 2.4 uS/cm and 3.14 pS/cm. It has been reported in the
literature that in the primary stage the resistivity of water is usually 0.5 MQ-cm - 4 MQ-cm
and with the help of RO it is possible to reach up to 2 MQ-cm (Tiec 2013, 239; Zhang et al.
2021, 6). When the obtained conductivity values are converted into resistivity values
according to equation 2, the resistivity 0.42 MQ-cm — 0.32 MQ-cm after RO is obtained,
which is slightly lower than what is shown above. After the RO storage tank, the water
reaches 1 MQ-cm resistivity. The reason for lower results may be the service life of the
membranes or the optimization of the process, since the final UPW meets the criteria of the
ASTM D5127-13 (2018) (2018, 3) standard for TOC and resistivity.
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8 Conclusions

The purpose of the thesis was to create a method for monitoring the microbial activity of
ultrapure water and to investigate whether the water produced at Murata meets the water
quality requirements set in the semiconductor industry. The background was the desire to
find out whether the quality of the produced water is sufficient or whether there be microbes
in the water that cannot be seen by current methods and thus affect the yield negatively. The
2nd generation ATP meter was chosen as the method based on its ease of use, portability,
and ability to detect all types of living cells (Lee & Deininger 2010, 476; Bonadonna et al.,
2019, 2-4; Skovhus & Hagjris 2018, 137-143).

The results show that the ultrapure water produced at Murata does not have the high
microbial activity of the water used in production. In the sampling locations from which
water goes directly into production, the results were below 0.1 pg/mL, which according to
the instructions corresponds to a good level of microbial activity. Higher microbial activity
is observed in individual unit processes, but the higher results can be explained by reasons
presented in the literature, such as the process stage with favorable conditions for microbes
and the quality of the incoming water (Tiec 2013, 238-241; Popova et al. 2024, 1-6).

However, it is not possible to conclude from the results what the situation is regarding small-
sized microorganisms, because a 0.7 um filter is used with the ATP meter, in which case
microorganisms smaller than this do not remain in the filter and therefore do not appear in
the results (ASTM D4012-15, 2015, 2). On the other hand, a filter < 0.1 um is used at the
end of the UPW line and most of the bacteria are of size 0.2 um - 5 um, so there is no reason
to assume that the number of small-sized bacteria would be high (Tiec 2013, 238, 241;
Xuedong & Yuqging 2015, 1, 4; Junger et al. 2020, 2-3). Previous studies have reported that
UPW can contain oligotrophic and Gram-negative bacteria, which can be very small in size
(< 0.1 pm) and thus pass even the last filter (Kulakov et al. 2002, 1550-1554; Liu, Y. &
Ogden 2010, 2776; Junger et al. 2020, 2-3). It should be noted that the filter used in the
culture method has a size of 0.45 um, and thus even this method would not have provided
additional information regarding the smallest bacteria (ASTM F1094-87 (2020), 2020, 1-2).
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Based on the results, it can therefore be said that the water does not contain large-sized
bacteria and when looking at the individual process steps, RO proves to be an effective
method, as well as the ability of UV irradiation and the final filter to remove microbes. In
terms of continuous monitoring, it is possible to monitor the quality of the water going into
production as well as the biofouling of the water plant's unit processes and thus react to
observed changes in a timely manner. Continuous monitoring of microbial activity helps to
maintain the current good level together with other measures such as TOC and resistivity
measurements, and timely maintenance and replacement of UV lamp, membranes, and

resins.

Although microbial activity is at a good level, the results show the importance of monitoring
microbes. No correlations were found for microbial activity using the TOC and resistivity
meter, suggesting that these meters are unable of reporting microbial activity at least at low
concentrations. The reason for this is the microbe's small size, high water content and Gram-
negativity (SEMI F75-1102 2017, 6; Kulakov et al. 2002, 1548). Based on this, | would say
that the chosen meter is suitable for the purpose, even if the size of the filter leaves unclear
questions. The cultivation method is more sensitive to errors, the obtained result is not
necessarily reliable, and requires understanding when choosing the growth medium and
growth conditions. The ATP meter gives results quickly, does not require expertise, is not
sensitive to contamination and nevertheless reflects well the situation of all larger
microorganisms and is a relatively inexpensive method. Thus, the ATP meter brings new
information about Murata's water quality, and in problematic situations, the qPCR analysis

can be ordered elsewhere to get more detailed information.

Looking at other metrics, the thesis shows that the UPW produced in Murata meets the water
quality criteria presented by ASTM D5127-13 (2018) (2018, 3) standard regarding TOC and
resistivity. The TOC should be below 10 ppb in the online measurement and during the
experiment period TOC peaked at 7 ppb with a baseline of 5 ppb. The theoretical value of
resistivity is stated as 18.18 MQ-cm, but depending on the source, the result is reported as
20 °C or 25 °C (Melnik & Krysenko 2019, 143-144; Deshmukh 2024, 961). Therefore, it can
also be stated that the resistivity value of Murata's water corresponds to UPW's criteria, being
~18.3 MQ-cm. But, if necessary, it is possible to make the UPW cleaner from the resistivity

point of view.
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For the parameters studied, there is no reason to assume that water quality alone would cause
yield loss. If there are need to further improve the water quality, adding UV185 after RO
and before IX, can be used to lower TOC value (Tiec 2013, 238, 241). Alternatively, it may
also be necessary to look at other parameters such as particles, silica and DO. For example,
studies have shown that even at smaller line widths, smaller particles can cause problems in
IC devices (Farmer et al. 2024, 1), as well as silica and DO concentrations in the water (Tiec
2013, 234-237). In general, monitoring of microbes from ultrapure water should be
developed. UPW can contain very small microbes, and more reliable monitoring of these

requires the development of current methods, for example by offering smaller filters.
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Appendix 1: Experiment arrangements
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Appendix 2: Experiment 1 raw data

Experiment 1 results
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1| 400| 225| 0442| 0.195|0.442 8.8.2024| 1 1
4| 400| 468 0.919| 0.158]0.663 8.8.2024 | 2 1
5| 400 16| 0031| 0.007|0.025 8.8.2024| 3 2.89 1
6| 400 24|  0.047| 0.015|0.052 8.8.2024 | 4 1.2 1
8| 400 11| 0.022| 0227|0186 8.8.2024| 5 1
10| 400 11| 0022| 0.0140.020 8.8.2024| 6| 511831 1
3c| 400 192 0.324| 0.0920.219 8.8.2024| 7 High control 1
1| 400 186| 0276| 0.195|0.442| 14.8.2024| 4 2
4| 400| 353| 0524 0.158|0663| 14.8.2024| 5 2
5| 400 23|  0.034| 0007|0025 14.8.2024| 6 2.95 2
6| 400 29| 0043| 0015|0052| 14.8.2024| 3 0.86 2
8| 400 25| 0037| 0227|0186 14.8.2024| 2 2
10| 400 37| 0055| 0014[0020| 14.8.2024| 1| 531836 2
7a| 400 20| 0.030| 0.004[0.030| 14.8.2024| 7 2
7b| 400 98|  0.145| 0042|0101 14.82024| 8 2
4| 400| 414| 0671| 0158|0663 22.8.2024| 1 3
5| 400 13|  0.021| 0007(0025| 22.82024| 2 2.9 3
8| 400 18| 0029| 0.227|0.186| 22.8.2024| 3 3
10| 400 10| 0016| 0014|0020| 22.82024| 4| 631837 3
1| 400| 201| 0326| 0.195|0.442| 2282024 5 3
6| 400 26| 0042| 0015|0.052| 22.82024| 6 1 3
9| 400 15|  0.024| 0006|0015 22.8.2024| 7 3
3b| 400 154 0.250| 0.049|0.215| 22.82024| 8 3
6| 400 36| 0.066| 0.015]0.052 6.9.2024 | 1 1.04 4

Contaminated

3a| 400| 1440 2656 ; ; 6.9.2024| 2 - ; | vesset 4
9| 400 8| 0.015| 0.006|0.015 6.9.2024| 3 4
4| 400| 442| 0815 0.1580.663 6.9.2024| 4 4
5| 400 11| 0020| 0.007|0.025 6.9.2024| 5 24 4
1| 400| s11| 0942| 0.195|0.442 6.9.2024| 6 4
10| 400 11| 0020| 0.014|0.020 6.9.2024| 7| 551836 4
8| 400 68| 0.115| 0.227]0.186 6.9.2024| 8 4




Appendix 2: Experiment 1 raw data
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9 400 8 0.011 0.006 | 0.015 12.9.2024 1 5
10 400 9 0.013 0.014 | 0.020 12.9.2024 2 6| 18.35 5
4 400 466 0.665 0.158 | 0.663 12.9.2024 3 5
8 400 229 0.327 0.227 | 0.186 12.9.2024 4 5
6 400 56 0.080 0.015 | 0.052 12.9.2024 5 1.04 5
3b 400 | 10232 14599 - 1292024 6 - - 5
5 400 23 0.033 0.007 | 0.025 12.9.2024 7 3.14 5
1 400 259 0.370 0.195 | 0.442 12.9.2024 8 5
7a 400 23 0.034 0.004 | 0.030 13.9.2024 1 6
3c 400 123 0.181 0.092 | 0.219 13.9.2024 2 6
1 400 330 0.487 0.195 | 0.442 13.9.2024 3 6
3a 400 354 0.522 0.240 | 0.352 13.9.2024 4 6
2 400 358 0.528 0.072 | 0.449 13.9.2024 5 6
7b 400 64 0.094 0.042 | 0.101 13.9.2024 6 6
5 400 11 0.018 0.007 | 0.025 19.9.2024 1 2.95 7
1 400 209 0.337 0.195 | 0.442 19.9.2024 2 7
10 400 10 0.016 0.014 | 0.020 19.9.2024 3 6.1 18.27 7
3b 400 112 0.180 0.049 | 0.215 19.9.2024 4 7
9 400 10 0.016 0.006 | 0.015 19.9.2024 5 7
4 400 439 0.707 0.158 | 0.663 19.9.2024 6 7
6 400 32 0.052 0.015 | 0.052 19.9.2024 7 0.87 7
8 400 420 0.584 0.227 | 0.186 26.9.2024 1 8
6 400 27 0.038 0.015 | 0.052 26.9.2024 2 0.74 8
7b 400 45 0.063 0.042 | 0.101 26.9.2024 3 8
5 400 16 0.022 0.007 | 0.025 26.9.2024 4 2.94 8
10 400 10 0.014 0.014 | 0.020 26.9.2024 5 5.4 18.29 8
3c 400 109 0.152 0.092 | 0.219 26.9.2024 6 8
1 400 396 0.551 0.195 | 0.442 26.9.2024 7 8
2 400 256 0.386 0.072 | 0.449 26.9.2024 8 8
1 400 255 0.321 0.195 | 0.442 3.10.2024 1 9
7a 400 21 0.026 0.004 | 0.030 3.10.2024 2 9
5 400 22 0.028 0.007 | 0.025 3.10.2024 3 2.99 9
6 400 26 0.033 0.015 | 0.052 3.10.2024 4 1.04 9
3a 400 145 0.182 0.240 | 0.352 3.10.2024 5 9
10 400 7 0.009 0.014 | 0.020 3.10.2024 6 6.5 | 18.35 9
4 400 458 0.576 0.158 | 0.663 3.10.2024 7 9




Appendix 2: Experiment 1 raw data
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6 400 43 0.064 0.015| 0.052 9.10.2024 1 1.18 10
10 400 13 0.019 0.014| 0.020 9.10.2024 2 6.1 18.34 10
2 400 290 0.434 0.072 | 0.449 9.10.2024 3 10
4 400 283 0.424 0.158 | 0.663 9.10.2024 4 10
1 400 244 0.365 0.195| 0.442 9.10.2024 5 10
9| 400 5 0.007| 0.006| 0.015 9.10.2024 6 10
5 400 11 0.016 0.007 | 0.025 9.10.2024 7 3.04 10

Total amount of measurements: 74




Appendix 3: Experiment 2 raw data

Experiment 2 results
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3
High
1| 400 445 | 0.751 0.095| 0.646 17.10.2024 1 control 1
9| 400 44| 0.074| 0.037| 0.031| 17.10.2024 2 l<;|c;r?trlol 1
10| 400 24| 0.035| 0.017| 0.016| 17.10.2024 3| 6.20| 18.4 Ic_|c;|§13throl 1
5| 400 31| 0.046| 0.015| 0.029| 17.10.2024 4 2.82 l<;|c;ﬁthrol 1
41 400 375| 0.555| 0.031| 0.568| 17.10.2024 5 cHolgtt:ol 1
4| 400 | 3850 | 5.329| 0.634| 5.224| 17.10.2024 6 3
5| 400 54| 0.075| 0.009| 0.065| 17.10.2024 7 2.39 3
9| 200 13| 0.036| 0.015| 0.019| 17.10.2024 8 3
10| 200 8| 0.022| 0.008| 0.013| 17.10.2024 9 6.1| 194 3
1| 400| 411| 0.619| 0.095| 0.646| 22.10.2024 5 1
4] 400| 362| 0.545| 0.031| 0.568| 22.10.2024 6 1
400 5] 0.008| 0.037| 0.031| 22.10.2024 7 1
400 12| 0.018 0.015| 0.029 22.10.2024 8 2.94 1
10| 400 0.006| 0.017| 0.016| 22.10.2024 9| 6.20| 184 1
10| 200 0.009| 0.008| 0.013| 22.10.2024 1 7| 194 3
400 40| 0.060 0.009 | 0.065 22.10.2024 2 2.6 3
200 5] 0.015| 0.015| 0.019| 22.10.2024 3 3
4| 300 | 2262 | 4.544 0.634| 5.224 22.10.2024 4 3
10| 400 3| 0.005| 0.017| 0.016| 31.10.2024 1| 6.20| 18.3 1
9| 400 7| 0.012 0.037| 0.031 31.10.2024 3 1
400| 385| 0.567| 0.095| 0.646| 31.10.2024 5 1
400 16| 0.024 0.015| 0.029 31.10.2024 6 2.9 1
4| 400| 410| 0.603| 0.031| 0.568| 31.10.2024 8 1
10| 200 2| 0.007 0.008 | 0.013 31.10.2024 2 6| 194 3
9| 200 2| 0.007| 0.015| 0.019| 31.10.2024 4 3
400 40| 0.059 0.009 | 0.065 31.10.2024 7 2.41 3
4] 200| 1970| 5.799 0.634 | 5.224 31.10.2024 9 3

Total amount of measurements: 27




Appendix 4: Continuous monitoring data for all sampling locations
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