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In recent years, with changes
in the global environment, there
has been growing interest in
sustainable development in
various industries, and the
efficient use and reuse of water
is being emphasized. The
measurement requirements
vary widely, from drinking water
to lakes and marshes, where
organic matter floats, and ultra-
pure water for semiconductors
to factory wastewater. In this
issue, we will introduce content
relevant to the theme of the 2024
Masao Horiba Award, which was
‘Analytical and Measurement
Technologies for a Clean Water
Environment and Sustainable
Society; highlighting HORIBA's
initiatives in this field.

| visited a mountain stream when
the cherry blossoms were falling.
The light sparkling in the water
and the petals floating on the
surface looked like they were
dancing, and | felt a sense of
peace for a while.

-Photographer MATSUI Hideo-
(Member of Nikakai Association
of Photographers)

Name of this Journal

This Journal is named “Reciclout~
in the hope that “the products
and technology we have created
and developed will be read out
and so become widely known”.
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[1] UN World Water Development Report 2024
https://www.unwater.org/publications/un-world-water-development-report-2024

[2] EU Circular economy action plan
https://eur-lex.europa.eu/resource.html?uri=cellar:9903b325-6388-11ea-b735-01aa75ed71al1.0017.02/
DOC_1&format=PDF
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Development of Super-Resolution Infrared

Microscopy and Ultrafast Infrared Spectroscopy
BREHEFRIHEREE S S UCBERFIPHEDRHFE

Infrared spectroscopy is a standard analytical method for identifying microplas-
tics. However, conventional techniques, such as Fourier-transform infrared spec-
troscopy (FTIR) and FTIR microscopy, have inherent limitations. Traditional FTIR

IDEGUCHI Takuro
HFO AEB

measurements are constrained to a throughput of up to approximately 100 spec-
tra per second, rendering them unsuitable for high-throughput analysis.
Furthermore, FTIR microscopy has a spatial resolution limited to several microm-
eters, making it challenging to analyze fine plastic particles. To address these
limitations, we developed ultrafast infrared spectroscopy techniques and super-
resolution infrared microscopes, paving the way for large-scale microplastic
analysis and the detection of nanoplastics.
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Introduction

Microplastics have infiltrated ecosystems through the
food chain, raising serious concerns about their impact
on human health. In response, governments and
research institutions worldwide are advancing studies to
develop reliable methods for assessing microplastics.
Broadband vibrational spectroscopy in the mid-infrared
region (2.5-25 pum) is considered one of the most prom-
ising identification techniques, offering unique molecu-
lar fingerprints for various polymers and enabling non-
contact, non-destructive measurement and analysis of
microplastics. Currently, commercial Fourier-transform
infrared spectrometers (FTIR) and FTIR microscopes
are commonly used to analyze particles. Although these
conventional methods are widely recognized as effective
for measuring microplastics, they are insufficient to
address the challenges posed on a global scale. This
research seeks to propose advancements from two criti-
cal perspectives.

Readout No.59 March 2025

Firstly, we examine the impact on human health.
Nanoplastics smaller than 1 pm pose a significant concern
as they are difficult for the body to eliminate, leading to
accumulation in organs such as the heart and brain via the
bloodstream. This buildup can trigger inflammation,
increasing the risk of conditions such as heart attacks and
strokes. Traditional FTIR microscopes, with a spatial res-
olution limited to several micrometers, are incapable of
detecting nanoplastics. As this limitation is dictated by
the diffraction limit of mid-infrared light, there is an
urgent need for new technologies that operate on alterna-
tive principles.
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Secondly, we address the challenge of acquiring large-
scale data for statistical analysis. Microplastics are not
only found in rivers and seas but also in drinking water
and food, infiltrating agriculture, industry, and residential
arcas. Addressing this global issue requires extensive
sampling from diverse locations and the accumulation of
robust datasets. Flow particle measurement, capable of
analyzing thousands of particles per second, is a promis-
ing method for generating such data. In cell biology and
medical research, flow cytometry leverages high-speed
fluorescence measurements to analyze cells. However,
this technique is unsuitable for microplastics, which
require molecular vibrational spectroscopy without the
need for fluorescent staining. Conventional FTIR mea-
surements, with a maximum throughput of approximately
100 spectra per second, remain inadequate for flow-based
analyses. To date, high-throughput flow measurement
using infrared spectroscopy has not been demonstrated,
underscoring the urgent need for substantial advance-
ments in measurement rates.

Super-resolution infrared microscopy

FTIR microscopes have been utilized as standard infrared
microscopes for many years. Recently, infrared micro-
scopes employing quantum cascade lasers—a type of
semiconductor laser operating in the infrared range—
have been developed, significantly improving the signal-
to-noise ratio (SNR). However, the spatial resolution of
these methods is constrained by the diffraction limit
determined by the wavelength of infrared light, achieving
only several micrometers of spatial resolution.

To enhance the spatial resolution of infrared microscopy,
various techniques have been proposed. These include
methods leveraging near-field effects using nanoscale
probes and far-field imaging techniques that combine fluo-
rescence imaging or utilize vibrational sum-frequency
generation. While these methods successfully achieve
super-resolution capabilities surpassing the diffraction
limit of infrared light, they face certain limitations. The
former requires physical contact between the probe and
the sample, while the latter depends on fluorescence or
second-order nonlinear optical effects, inherently restrict-
ing the range of measurable samples. Recently, advance-
ments in mid-infrared photothermal microscopy have
addressed these challenges.

The principle of mid-infrared photothermal microscopy is
as follows: when monochromatic infrared light irradiates
a sample, molecules with resonant vibrations absorb the
infrared photons and start vibrating. The vibrational
energy is rapidly dissipated, transferring to surrounding
molecules and generating heat—a phenomenon known as

the photothermal effect. This localized temperature
increase causes a change in the refractive index of the

material. By detecting and quantifying this refractive
index change using visible light microscopy, the system
achieves image contrast corresponding to infrared
absorption, with spatial resolution defined by the wave-
length of visible light. Figure 1 illustrates the principle of

mid-infrared photothermal (MIP) microscopy.

Infrared

Refractive
index
change

Hiea Infrared Infrared

; Difference

MIP image

Figure 1 Principle of mid-infrared photothermal microscopy.

We have demonstrated wide-field mid-infrared photother-
mal (MIP) microscopy techniques. Initially, we utilized a
commercially available phase-contrast microscope and suc-
cessfully validated the proof-of-concept!’. However, phase-
contrast microscopy introduces image artifacts, such as halo
and shade-off effects, which also affect MIP images. To
address this, we replaced the phase-contrast microscope
with a quantitative phase microscope, enabling the accurate
measurement of phase shifts caused by refractive index
changes without image artifacts". Furthermore, we demon-
strated three-dimensional imaging by applying the principle
of optical diffraction tomography". By incorporating a sin-
gle-objective imaging configuration and aperture synthesis
technology, we further enhanced spatial resolution, achiev-
ing 120 nm (Nyquist resolution) or 175 nm (full width at
half maximum of the point spread function)*.

We have also prioritized improving the SNR in MIP
microscopy. Initially, quantum cascade lasers were employed,
and their low pulse energies limited the SNR. To overcome
this, we developed a nanosecond optical parametric oscilla-
tor capable of delivering pulse energies two orders of mag-
nitude higher. By pairing this with a high-full-well-capacity
image sensor, we achieved more than two-orders-of-
magnitude improvement in SNR, enabling the world’s first
video-rate measurements". Furthermore, we expanded the
dynamic range of MIP quantitative phase imaging through
the application of wavefront control technologies™.

Readout No.59 March 2025
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Development of Super-Resolution Infrared Microscopy and Ultrafast Infrared Spectroscopy

FTIR microscope

Mammalian cell
(Resolution: 3 um)

10 ym

Protein Lipid

MIP microscope

Bacteria
(Resolution: 120 nm)

Mammalian cell
(Resolution: 440 nm)

Protein Lipid Lipid

Figure 2 Comparison of cellular MIP images captured with a conventional FTIR microscope and MIP microscopes. (Left) Cellular images acquired using a
conventional FTIR microscope with a spatial resolution of 3 pm'™. (Right) MIP images of a mammalian cell with a resolution of 440 nm and bacteria

with a resolution of 120 nm.

Figure 2 compares infrared microscopic images of cells
obtained using a conventional FTIR microscope and our
MIP microscope. The intracellular structures of cells are
not visualized with FTIR microscopy but are clearly visi-
ble with MIP microscopy. The high spatial resolution
allows the observation of finer structures inside bacteria.
This novel technology enables the non-destructive imag-
ing of detailed chemical information with unprecedent-
edly high spatial resolution, paving the way for new
studies, such as investigating the interactions between
nanoplastics and cells.

Ultrafast infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) has been
the standard method for infrared spectroscopy for over
half a century. This technique enables the acquisition of
broadband vibrational spectra but requires a relatively
long measurement time—typically one second per spec-
trum—making it best suited for static measurements. For
capturing dynamic changes in vibrational spectra, rapid-
scan FTIR is often used. This approach enables high-
speed measurements at approximately 100 spectra per
second with commercially available instruments.

In recent years, we developed a faster FTIR technique,
known as phase-controlled FTIR, capable of achieving
measurement speeds of 10* to 10° spectra per second.
This breakthrough was enabled by the integration of a
high-speed delay scanner utilizing an angle-scanning
mirror and a spectral phase manipulation technique.
Additionally, dual-comb spectroscopy—employing two
optical frequency combs with slightly detuned repetition
rates—provides a mechanical-scanner-free, high-speed
FTIR technology'”. This approach achieves the maximum
measurement rate of approximately 10° spectra per
second, allowing for time resolutions of 1 microsecond.
Applications of these advanced techniques include studies
of protein structural changes and combustion dynamics.

10 | Readout No.59 March 2025

The measurement speed of dual-comb spectroscopy is
fundamentally limited by the signal-to-noise ratio (SNR),
posing challenges for further acceleration. Frequency-
swept spectroscopy (FSS), however, offers higher SNR
than Fourier-transform spectroscopy (FTS), including
dual-comb spectroscopy, under equivalent conditions of
measurement time, sampling rate, and detected light
power. The SNR of FSS increases proportionally to the
square root of the number of spectral components.
Figures 3(a) and 3(b) show the SNR versus the number
of spectral elements and measurement time under typical
conditions. For example, with 1,000 spectral elements, the
SNR for FTS is approximately 1 for a measurement time
of 1 ps. In contrast, for FSS, the same SNR is achieved
with a measurement time of about 1 ns, corresponding to
a measurement rate of approximately 1 GHz. This high-
lights the potential of FSS for even faster measurements.

@) 4o
- SNRess=v2 ‘%% =vV2M SNRers
5
S 10?
g
& 10
SNRers = ‘/i SER
10° M2
FTS
10° 10 102 10° 10*
Number of spectral elements, M
(b) -
M: 1000
average power (P): 10 yW
NEP (c): 10 pW Hz*
10° FSS
x
z
%)
10"
FTS
0

10
10™ 10° 10°* 107 10° 10° 10*
Measurement time, T (s)

Figure 3 SNR comparison between FSS and FTS as a function of (a) the
number of spectral elements and (b) the measurement time
under typical conditions.
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Time-stretch spectroscopy is a high-speed FSS technique
that continuously measures the spectrum of each pulse
from a high-repetition-rate ultrashort pulsed laser. The
pulses are temporally stretched to generate chirped pulses
with significant wavelength dispersion. When second-
order dispersion dominates, the temporal intensity wave-
form directly corresponds to the spectral shape of the
pulse. By recording this waveform with a high-speed pho-
todetector and an oscilloscope, the spectrum of each pulse
can be measured. However, this method had been limited
to the near-infrared region, particularly within telecom-
munications wavelengths.
spectroscopy requires substantial dispersion, typically
achieved using optical fibers typically 10 km in length.

Implementing time-stretch

While ultra-low-loss optical fibers are readily available
for telecommunications wavelengths, those suitable for
the mid-infrared region suffer from high losses and are
impractical. Furthermore, high-speed photodetectors with
~10 GHz bandwidth are commercially available for tele-
communications wavelengths, but mid-infrared photode-
tectors are restricted to ~1 GHz bandwidth. These
limitations had thus precluded the application of time-
stretch spectroscopy in the mid-infrared region.

We pioneered time-stretch spectroscopy in the mid-infra-
red region by utilizing a free-space time stretcher and a
" Figure 4(a)
illustrates the experimental setup. Femtosecond pulses

high-speed quantum cascade detector!

from a mid-infrared pulsed laser (a femtosecond optical
parametric oscillator) with an 80 MHz repetition rate
were temporally stretched using a free-space angular-
chirp-enhanced delay (FACED) system. This free-space
time-stretcher enabled time-stretch spectroscopy in the
mid-infrared region. The stretched pulses passed through
the sample were captured by a quantum cascade detector
with ~5 GHz bandwidth and then digitized using a 16
GHz oscilloscope. Figure 4(b) presents the time-stretched
spectra of phenylacetylene, showing approximately 30
spectral components with a resolution of 15 nm (7.7 cm™).
Continuous spectral measurements at 80 MHz, governed by
the laser repetition rate, were successfully demonstrated.

Although this method enabled time-stretch infrared spec-
troscopy, challenges such as losses from multiple mirror
reflections in the free-space time-stretcher limited the
number of spectral elements and resolution. Since time-
stretch spectroscopy achieves superior SNR compared to
FTIR, particularly with a larger number of spectral ele-
ments, an improved approach was demanded. To over-
come these limitations,
wavelength conversion (upconversion) technique to map

we employed a nonlinear

mid-infrared spectra into the near-infrared region!"’. This
allowed for low-loss time stretching using telecommuni-
cations optical fibers. Furthermore, the use of high-speed,

(a) Quantum cascade detector (QCD) ‘ ‘
Sample Oscilloscope
AAAAD, .
I B plitter ,'"»"_""""_"_:
fs laser fs-OPO Grating !

|
'
7777777777777 !
Concave !
mirror
pair

Flat mirror i
pair
: FACED |

(b)

Intensity (a.u.)

-5 0 5 10 16 20 25 30 35 40
Time (ns)

Figure 4 (a) Schematic diagram of time-stretch infrared spectros-
copy utilizing a free-space time stretcher. (b) Time-
stretched spectra of phenylacetylene.
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Figure 5 Methane gas spectra measured using upconversion time-
stretch infrared spectroscopy.

high-sensitivity photodetectors in the telecommunications
range significantly enhanced both spectral resolution and
SNR. Figure 5 illustrates methane gas spectra measured
using upconversion time-stretch infrared spectroscopy,
employing a 60-km dispersion-compensating fiber. This
setup achieved a measurement rate of 10 MHz, a spectral
resolution of 0.017 cm™, and captured 1,000 spectral ele-
ments. Fiber-based time stretching improved resolution by
more than two orders of magnitude, enabling high-speed
infrared spectroscopy for gas molecules.
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Conclusion

The super-resolution infrared microscope and ultrafast
infrared spectroscopy developed in this research have
thus far been primarily demonstrated through proof-of-
concept measurements of cells and liquid or gaseous
molecular samples. Looking ahead, these technologies are
envisioned to be applied to the measurement of nano- and
microplastics. In super-resolution microscopy, it will
become possible to analyze nanoplastics absorbed by
cells, advancing research into the effects of nanoplastics
on biological functions—a field that has been challenging
to study until now. For ultrafast infrared spectroscopy, its
application can be extended to large-scale flow measure-
ments in combination with microfluidic channels. High-
speed infrared spectroscopy for flow particle analysis will
enable high-throughput measurements of water samples
from various sources, facilitating the identification of regions
potentially at risk from microplastic contamination.
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Lab to Lake: Excitation-Emission Matrix's Voyage from

Theory to Practice
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Introduction

Dissolved organic matters (DOMSs) significantly impact water quality and contami-
nant behavior, making their monitoring essential for water treatment. Excitation-
emission matrix (EEM) fluorescence spectroscopy is a powerful tool for this
purpose but faces challenges such as complex fluorescence property of DOM,
turbidity interference, and limitations in field applications. To address these chal-
lenges, we developed an advanced algorithm based on the charge transfer
model for accurate DOM decomposition and a new method to reduce scattering
interference, improving EEM accuracy. Additionally, we introduced a sparse EEM
reconstruction algorithm, leading to a miniaturized, portable device for real-time,
in-situ monitoring. This innovation enhances the feasibility of EEM spectroscopy
in field monitoring, contributing to efficient, precise water quality assessments
and supporting sustainable water management practices.

BEERY (DOM) IIKE EBEMEDEKELREESZ 570, KNIE
ICIEZ DEERDP AR R Tdr B, BEFIE~ M v 7 X(EEM)HIAEHIEE, &
DBEHD=HD5EEY —ILTHBH, DOMDEME LRI, BETH. ]S
TOFEAICH T ZHIBRE ENRBICEREL TV 5, 2S5 DIRBEICKANT 578
IZ, EfELEDOMABED 1= DEFEENET IVICEIKSELT NIV LE,
BMEL TS EEB L CEEMORBEER LI EIHLWAHEERRE L2, E5IC,
ZIN—ZXEEMBRER T IV TV X LEBAL, UTILEA LOBIZERD /=0 D
INITCR—ZTIWETFTINA ZEER U= COEFHICEY, WIBEEWRIZH TS
EEMAFEDEIRIREM Y S V), IR CIEMAKEFHEICER L, #Hkr]
B AKEIEDERREIC OB T TV,

Ultraviolet-visible (UV-Vis) and fluorescence spectroscopies

Dissolved organic matter (DOM), a heterogeneous mixture of
polysaccharides, proteins, peptides, humic substances, and
lipids, is pervasively present in waters and serves as a key
environmental indicator™®. Containing various aromatic
chromophoric groups such as phenols, quinones, and indoles,
DOM significantly alters the water‘s hue, engaging as both
reactants and mediators in hydrochemical processes™. The
diverse functional groups enable the DOM-pollutants interac-
tions, thus influencing their properties, transportation, trans-
formation, and ultimate fate®. Due to the pivotal roles of
DOMs in the migration and transformation of pollutants and
the formation of disinfection by-products, an efficient moni-
toring of their contents and composition is of vital importance
for better comprehension of aquatic environments and
improving the water treatment process” ¥,

are particularly adept at characterizing DOM’s aromatic
groups, which are linked to molecular weight distribution,
hydrophilicity and hydrophobicity, reactivity, and concen-
tration quantification™, These techniques, sensitive to the
absorption or emission of electromagnetic radiation, are
thereby unveiling DOM’s intrinsic properties in diverse
chemical environments™", Compared to UV-Vis spectra,
fluorescence spectra can identify more nuanced changes in
DOM’s structure or composition by detecting peaks located

at different excitation or emission wavelengths ™,

With advancements in fluorescence spectrometry, it’s now
possible to generate excitation-emission matrix (EEM) fluo-
rescence spectra that offer richer information by collecting
emission spectra at a series of excitation wavelengths. EEM
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heralded for its rapidity, precision, selectivity, and depth
of insight, has been instrumental in delineating the migra-
tion dynamics and transformation mechanisms of DOM ™1,
However, it is very challenging to adapt such technologies
from controlled laboratory settings to the monitoring of
complicated natural waters, because the intricate fluores-
cence behaviors of DOM impede the accurate interpreta-
tion of EEM spectra. Moreover, the presence of turbidity
in water samples substantially hampers precise spectral
analysis. Additionally, the prohibitive costs and rigorous
operational prerequisites of conventional EEM spectrom-
eters further confine their usage predominantly to labo-
ratory investigations. These drawbacks have severely
restricted a broader application of the EEM spectroscopy
in environmental surveillance.

To address these challenges, we have investigated into the
intricate fluorescence mechanisms of DOM, and based on
which optimized the EEM analytical algorithms for
enhanced speed and accuracy and enabling miniaturiza-
tion of EEM spectrometers. Initially, we developed an
algorithm for the precise decomposition of the EEM of
DOM, based on the charge transfer model. Subsequently,
we established a model to deduce the absorption spectrum
from Rayleigh scattering, grounded in the principles of
light scattering. Leveraging these spectral analysis
enhancements, we engineered a compact EEM pollution
traceability device. This innovation provides essential
technological and instrumental support for implementing
EEM spectroscopy in the real-time surveillance and iden-
tification of pollutants within aquatic environments.

Non-trilinear independence nature of DOM’s EEM

The Parallel Factor Analysis (PARAFAC) is one of the most
popular methods for DOM characterization. it decomposes
the original dataset composed of a series of EEMs into
several linear independent components (Figure 1A)™,

A

|
Data Data
input input

EEM of sample with interference

Due to the rapidity and plentiful information obtained from
PARAFAC, it has become the most popular approaches and
widely be applied in analyzing EEMs with complex
unidentified components, such as DOM from various
sources. However, PARAFAC decomposes the EEMs
mathematically and cannot provide a physical interpreta-
tion for each component. Thus, the number of factors and
their explanations are usually further clarified through
methods like peak-picking and fluorescence regional inte-
gration. This problem occurred because PARAFAC assumed
that the complex EEM of DOM are a linear superposition
of fluorescence signals from independent fluorescent
groups. However, environmental monitoring data have
revealed that DOM, especially its major components like
humic and fulvic acids, do not conform to this assumption,
resulting in spectral distortion and errors in quantitative
results. This limitation arises from the fact that PARAFAC
is only applicable when the excitation and emission spectra
are independent, making it unsuitable for scenarios involv-
ing charge transfer processes.

The charge transfer model is a fluorescence mechanism
model that describes the transfer of electrons from donor
molecules to acceptor molecules. This model emphasizes
the importance of the electron transfer process in the fluo-
rescence behavior of dissolved organic matter, especially
in complex molecules containing both electron donors
and acceptors. Compared to the basic principles of the
traditional fluorescence model, the charge transfer model
exhibits significant differences. Traditional fluorescence
models focus on electron transitions within the molecule,
assuming that fluorescence emission is solely related to
changes in the molecule’s excited state energy levels, typi-
cally applicable to simple organic molecules. In contrast,
the charge transfer model posits that electrons not only
transition within the molecule but can also undergo inter-
molecular charge transfer, a process that significantly
impacts fluorescence intensity and wavelength.
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Figure 1 Workflow of (A) Parallel Factor Analysis (PARAFAC), (B) Parallel Factor Framework with Cluster Analysis (PFFCA) and (C) Prior Linear Decomposition (PLD).
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Due to these mechanistic differences, the charge transfer
model is particularly applicable to molecules with com-
plex structures and electron donor-acceptor functional-
ities, such as dissolved organic matter like humic acid and
fulvic acid™. Traditional fluorescence models fail to ade-
quately describe the fluorescence emission of such sub-
stances, particularly in complex environments, where the
fluorescence behavior of dissolved organic matter is sig-
nificantly influenced by environmental factors and the
charge transfer process. Therefore, the peak attribution
results from the analysis method based on traditional fluo-
rescence model can sometimes vary, potentially causing
confusion or misleading the accurate identification of
DOM components.

Analyze the EEM of DOM with a charge
transfer model

The charge transfer model provides a more complex frame-
work for a deeper understanding of the fluorescence charac-
teristics of these dissolved organic compounds in real-world
environments. Therefore, it should have important applica-
tions in environmental science fields such as water quality
monitoring and pollutant tracking. However, traditional fluo-
rescence analysis methods are based on the traditional fluo-
rescence model, lacking consideration of the charge transfer
process. This limitation can lead to inaccurate or constrained
analysis when dealing with DOM.

Therefore, we simulated the EEM of DOM under conditions
of charge transfer, and developed a novel method integrating
the parallel factor framework with cluster analysis (PFFCA) 1.
The PFFCA method principally assumes that all of the com-
ponents are independent and that the dataset is decomposed
into many factors without considering charge transfer model.
Afterwards, the factors whose scores are highly correlated
was combined into one component because they may indi-
vidually represent only a proportion of the component due to
the charge transfer (Figure 1B). Therefore, in the first step,
EEM dataset was decomposed into a set of trilinear terms
and a residual array using the PARAFAC model. The factor
number was determined when the residual was not decreased
with the increasing of the factor number. This process is
based on the idea that if the increase in factor number cannot
reduce the residual, the increase is no longer necessary.

For the second step, PFFCA clusters these factors into
several practical DOM components by calculating the
coefficient of the scores from different components. If the
scores of several factors correlate consistently with each
other, they are likely derived from the same DOM compo-
nent due to the charge transfer. Consequently, both trilin-
ear and non-trilinear DOM fractions can be accurately

identified. This approach, by decoupling the data

decomposition and analysis processes, eliminates the
impact of non-linear superposition of fluorescent groups
on the analysis. PFFCA achieves stable and interpretable
information on DOM components by clustering the varia-
tion patterns of different factors with disturbances.

This work represents a breakthrough from the traditional
understanding of linear superposition assumed by
PARAFAC, reversing the common practice of introducing
errors from non-trilinear components in quantitative anal-
ysis. Compared to traditional methods, PFFCA can more
accurately reflect the composition of DOM in water (with
a reduction in the sum of squared residuals of the spectra
by at least an order of magnitude), providing a reliable
method for analysis of the DOM components. For the
quantification applications, the scores from standard solu-
tion samples can also be linearly fitted with concentration
vectors to determine their contributions. Then, the
unknown concentration samples’ scores are calculated
with the EEMs of each component, followed by concen-
tration calculations via linear regression,

Despite that the new method partially overcome the obsta-
cles of PARAFAC, the analysis procedures are relatively
time-consuming, due to the reserve of PARAFAC frame-
work and the subsequent cluster analysis or multiple
regression fitting. Therefore, we optimized the PFFCA by
reevaluating the independence of data, thereby refining the
linear iterative approach™. This prior linear decomposi-
tion (PLD) method firstly involves linear regression of
sample EEMs with the standard solution, followed by
residual analysis via a backpropagation artificial neural
network. If there are still additional peaks in the residual,
the factor number will be increased by one until a residual
EEM with random noise is obtained (Figure 1C). The final
concentrations of the target and the EEMs of the additional
factors will be simultaneously estimated, allowing PLD to
quantify the DOM and diagnose potential fluorescent
interfering substances. By incorporating known EEMs as
prior knowledge, the optimization process transcended the
limitations of the linear superposition model. Furthermore,
integrating machine learning enabled rapid alerts for
abnormal fluorescence peaks without human intervention,
significantly reducing analysis time from PFFCA’s 30
minutes to less than 40 seconds. Our method revolution-
izes the traditional regression-based “needle in a haystack”
workflow for estimating unknown pollutants, providing a
new approach for faster, more interference-resistant EEM
analysis. Leveraging these innovative algorithms, we
developed an EEM-based method for detection of non-flu-
orescent saccharides®, enabling simultaneous quantifica-
tion of aldoses and ketoses, and optimized the selection of
protein standards, thereby expanding the scope of EEM’s
application in environmental monitoring.
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Eliminates scattering interference in turbid
water samples

Spectral analysis methods typically require samples to be
clear, true solutions. However, the presence of particles in
actual water environments is inevitable and can cause tur-
bidity, posing challenges to practical environmental moni-
toring application. Conventional spectral testing often
necessitates preprocessing steps like centrifugation or mem-
brane filtration to remove particulate interference. However,
these processes not only significantly restrict the develop-
ment of in-situ water environment spectral monitoring tech-
niques but also risk omitting crucial environmental
information since these particles themselves could be pol-
lutants. Therefore, a thorough understanding of the light
scattering behavior of particles in the environment is crucial
for accurately interpreting the environmental spectral data.

EEM spectroscopy naturally includes Rayleigh scattering
signals, where the excitation wavelength equals the emis-
sion wavelength. However, traditional analysis methods
often cannot resolve complex scattering signals and thus
typically set these scattering signals to zero to avoid inter-
ference with EEM analysis. Based on the deep understand-
ing of light scattering and EEM, we develop our estimation
method based on the following two hypotheses:

obedience to Beer’s law (I=l,e“"), and the far smaller
illuminated area than the cuvette cross-section. By apply-
ing Beer’s law, the strength of the Rayleigh scattering
signal was given as (Figure 2A):

by, ¥3
S = 10f Zagm (A)e™@sca @) +aaps AN dx-kn(/l)f ze—<a<mu)+aﬂbs @ gy (1)
X1 z Y1

where |, refers to the incident light intensity while asc, (1)
and aaps (4) represent the coefficients of Rayleigh scatter-
ing and absorption®™ with the unit of cm™, their sum is
the attenuation coefficient o.y in Beer’s Law. Meanwhile,
k= (1) is the proportion of Rayleigh scattered photons
détected by the right-angle observation™ sensor to all
Rayleigh scattered photons in the region of integration.

For the second hypothesis when the illuminated area is far
smaller than the cuvette cross-section, the approximation
of eq. 1 can be given as:**!

S() = ea Dles Doz = 1)z = 1) s Bt () Cest6em) (2)
2

where xi, xp, y1 and y,, expressed in two-dimensional
Cartesian coordinates, define the boarder of illuminated
area in the top view of a cuvette. Moreover, Ce and Cep,
representing midpoint coordinates of the optical path in
cuvette along the x and y axis in an ordinary circumstance,
As aresult, eq. 2 could be rewritten as:

S(/l) = ]/(A)asca (A)e_(“sca D +agps (1) (3)
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where y (1) is the multiplication of k= (4), Io,xo— x1, and
vy, — y1 in €q. 2 that can be seen as a constant. With the
blank control of the sample written as S pan(A) = ¥ (1)
0sea(A) € %sa®, 3 deduction can be made to estimate the
absorbance of the sample by introducing a relationship of
aans(4) = In(10) - A (1) for any cuvette with 1 cm light path:

A(A) = loglo(sblank (l)) - lOg]O (Ssample (A)) (4)

where A(M) is the absorbance of sample in wavelength 4,
Ssample @Nd Spiank are Rayleigh scattering signal strength for
sample and blank control detected under the same config-
uration of measurement (Figure 2B). Therefore, the esti-
mated absorbance can be used to calibrate the inner filter
effects in EEM measurement, overcoming the bottleneck
that EEM requires additional light sources or detectors for
accurate quantification. Our method provides a theoretical
basis for the optimization of fluorescence spectroscopy
instrument optical paths and offers methodological sup-
port for the structural optimization of EEM monitoring
instruments in actual water environments®”.

Figure 2 (A) The geometry of infinitesimal analysis in the model. (B) Workflow
of the absorbance estimation with the Rayleigh scattering.
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In aquatic environments, the adsorption and distribution
of DOM on particles largely affect the migration and
transformation of both DOM and pollutants. However,
such processes can result in organic matter concentrations
exceeding the linear range of the Beer-Lambert law. Thus,
traditional analysis methods based on radiative transfer
theory, which decouple scattering and absorption spectra,
often lead to spectral distortions and fail to quantitatively
resolve the distribution process. Leveraging a new under-
standing of the scattering model, we established a distri-
bution model for the adsorption process of environmental
particles. This model corrected for the nonlinear changes
in adsorption spectra with concentration, and analyzed
the distribution process, proportion, and rate of pollutants
in water and on particle surfaces. Using this method in
conjunction with infrared spectroscopy, we elucidated
how the DOM interacts through m-m conjugation with
polystyrene microplastics containing benzene rings and
large condensed domains, providing essential support for
analyzing the migration behaviors of pollutants carried by
microplastics in actual environments®,

Development of miniaturized EEM monitoring
device

Although we have deciphered the EEM of DOM in actual
environmental water samples, transitioning the EEM
spectrometer from laboratory analysis to in-situ monitor-
ing in the field introduces new challenges such as harsh
and variable environments, the need for low power con-
sumption, and the requirement for long-term stability
with minimal maintenance. Therefore, due to the short
lifespan of mercury/xenon lamps and the high sensitivity
of monochromator to temperature and vibrations, the tra-
ditional EEM spectrometers struggles to cope with the
complex and harsh conditions of actual monitoring sce-
narios. Although light-emitting diodes (LEDs) offer
longer lifespans and stable performance, their poor mono-
chromaticity and discontinuous spectra make obtaining
comprehensive spectral information challenging due to
spectral sparsity.

To address this issue, we introduced the manifold embed-
ding hypothesis, theoretically proving that, under appro-
priate wavelength selection, sparse spectra collected with
LEDs contain equivalent information to continuous spec-
tra. Based on this, we developed a deep learning network
with an encoder-decoder architecture, creating a method
for the continuous reconstruction of sparse spectra. This
approach allows the use of LED light sources in EEM
spectrometers, breaking free from the constraints of tra-
ditional mercury/xenon lamp-monochromator structures
and providing methodological support for the miniatur-
ization of EEM spectrometers.

Building on the innovations in analytical algorithms, we
developed a portable water quality monitoring and trace-
ability device based on EEM spectroscopy. Compared to
existing EEM spectrometers that are mainly confined to
lab use, this device not only maintains the quality and
quantitative accuracy of EEM but also offers advantages
such as interference resistance, compact size, extended
lifespan, and rapid testing. Therefore, we integrated this
device onto autonomous surface vehicle (ASV) for high-
density navigational monitoring of the Chao Lake, China’s
third-largest freshwater lake (Figure 3). It enabled monitor-
ing changes in water quality as tributaries merge, and
identifying potential sources of wastewater discharge or
leaks through the abnormal fluctuations in EEM compo-
nents. With the new method powered EEM spectrometer,
we have provided technical support for the management
and regulation of the Chao Lake.

In addition, EEMs with high spatial and temporal density
can also provide sufficient data support for big data analysis
of the water environment. For example, only with dense
spatiotemporal data can we unveil whether environmental
variables show gradual or abrupt changes over time and
space. Therefore, we conduct a field tests covered 8.3 km of
the Nanfei River in Hefei, China provided 132 samples with
the spatial resolution less than 63 m. With these data, we
could use the noise color®® to explore the structure of
spatial autocorrelation of fluorescent noise along the Nanfei

Prototype Demonstration

V1.0

V2.0 V3.0

Compact EEM
spectrometers

EEM monitoring with ASV

Figure 3 Homemade compact EEM spectrometers
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River, which is impossible for the manual EEM data collec-
tion. Noise color, informed by power spectrum density ),
reflects the frequency variation of a variable. This allowed
us to distinguish between fluorescence components that
exhibit low-frequency, spatially continuous changes, and
those with high-frequency variations linked to specific geo-

graphical locations.

Predominantly, white noise represented about 83% of the
EEM spectral area, indicating random variation in fluo-
rescence, particularly in the coordinates of humic-like
substance (Figure 4). However, pink noise was primarily
associated with the T peak of protein-like substance, indi-
cating a smoother variation of protein-like substances
along the river. These findings imply that humic-like sub-
stance exhibits relative local heterogeneity, while protein-
like substance demonstrates a more uniform distribution
within the river, indicating that the differing origins of
humic-like and protein-like substances play a crucial role.
Thus, the miniaturized EEM monitoring device has the
potential to enrich our comprehension of water variations.
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Figure 4 Noise colors of elements in EEM across 132
ASV sampling points.

Conclusion

By addressing the intricate challenges of accurate DOM
analysis in natural waters, we made advancements in
EEM analytical algorithms and instrumental innovation,
enabling EEM spectroscopy applied to actual environ-
mental monitoring. The development of the algorithm
based on the charge transfer model for precise DOM
decomposition, and spectral analysis method to eliminate
scattering interference, fundamentally enhances the accu-
racy and practical applicability of EEM spectroscopy.
Furthermore, we successfully miniaturized the EEM
spectrometer, culminating in a compact, portable device
for real-time environmental surveillance, representing a
field-deployable

significant leap towards practical,
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solution. This work not only bridges the gap between
sophisticated laboratory analyses and the exigencies of in-
situ environmental monitoring, but also opens new ave-
nues to assist the enforcement of sustainable water
management practices. By enabling more precise, effi-
cient, and accessible monitoring of water quality, these
works offer profound implications for environmental sci-
ence, water treatment technologies, and policy-making,
aligning with the global imperatives of environmental
conservation and public health.
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in Drinking Water Sources and Their Reduction
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Introduction

To control waterborne diseases and to ensure a stable supply of safe drinking water, it
is essential to understand the occurrence of pathogenic viruses in drinking water
sources and their reduction efficiencies in drinking water treatment processes. Here,
we improved and optimized a method that combines a photoreactive intercalating dye
with a PCR assay for virus quantification, and developed a novel virus concentration
method using two membranes, making it possible to investigate the occurrence of
pathogenic viruses and to discuss the presence or absence of infectious viruses in
drinking water sources. By applying the developed virus concentration method to
water samples collected at actual drinking water treatment plants, we successfully
evaluated the virus treatment properties in full-scale drinking water treatment pro-
cesses. Furthermore, we prepared virus-like particles (VLPs) of human norovirus,
which is difficult to culture, and developed a method to quantify them in high sensitiv-
ity, and then successfully evaluated the removal efficiencies of human norovirus parti-
cles in drinking water treatment processes. In addition, we established a method for
producing purified solutions of human sapovirus at high concentrations, and a method
for evaluating its infectivity, and then successfully evaluated the removal and inactiva-
tion efficiencies of human sapovirus in drinking water treatment processes.

RETAIVRIZEZKRBERELFFEL, B2EKEKERTEWICHEHBT S
=1, ACBEKICHTBREY IV ADIFEERE, U ONHKNIETIRIC
BIBIZTAIWIDNIBEAITIET D EPVERRI R TH D, NIRRT, St
RIcHEFREPCREEMAEGDLE-FEEVAIWIEERICHR - &#EET
B EHIC, BFEDERHAES DY I IIV ZB A ERREL, KERK
ICHIIRETAIVZDFEREDILBEBRENEEDEREIREE L/
T/, AR UBEEEEBEOSKBIERT 22 ET, 71 L ZDiEKMNEE
MEDIBBICHRIN 720 B, BEAREEL /O 1ILZADT A IV IR F %
ESIL, SRETEEERRETI I EICLY, BKLBIRICHEIZ /004
WADGREFEEBIET S EICRINL /2 BIA T, Y RIMIWIADEERE
BELARDIAER U B AHIEEFEILL, EKNIBTIRICH TR RIA
IWADRRE - NiEEAFEDBBICHRINL 7=

drought and floods and deterioration of water quality in
rivers and lakes, which are the raw water for drinking

Water supply is a key infrastructure indispensable for
people to lead healthy and cultured lives, and at the same
time, it plays an important role in the control of infectious
diseases. On the other hand, climate change is expected to
bring about problems that threaten the safety and security
of people’s lives in the future in terms of both the quality
and quantity of water, such as the increased risk of
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water, due to frequent extreme low and high rainfall
events. In particular, waterborne infectious diseases
caused by viral contamination of water are an interna-
tional water problem that still occurs not only in develop-
ing countries but also in developed countries including
Japan, where sanitary conditions have improved due to
advances in medical and pharmaceutical sciences and the
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spread of water supply and sewage systems. Control of
this problem is an essential issue for the use/reuse of low-
quality water with high levels of pathogenic viral contam-
ination, which is expected to increase in the future. In
Japan, unintentional reuse of wastewater for drinking is
widely practiced, in which surface water including treated
wastewater with high virus concentrations discharged
upstream is used as raw water for drinking water down-
stream (commonly referred to as de facto reuse), a situa-
tion that cannot be avoided in the future. Under these
circumstances, to ensure a stable supply of safe and reli-
able drinking water in the future, it is essential to under-
stand the occurrence of pathogenic viruses, especially
infectious viruses, in drinking water sources, and their
removal and inactivation efficiencies in the drinking water
treatment processes. Based on these findings, it is
extremely important to apply effective and efficient drink-
ing water treatment to reduce the risk of waterborne
infection by pathogenic viruses to an acceptable level.

Pathogenic viruses that cause waterborne diseases are more
infectious than pathogenic bacteria, and infection can be
established at doses as low as 1 to 100 virus particles, there-
fore the World Health Organization (WHO) estimates an
acceptable concentration of 1 virus particle/90,000 L
(approximately 10 virus particles/L) in drinking water™.
Although it is ideal to evaluate the reduction efficiencies of
pathogenic viruses in actual drinking water treatment
plants, it is virtually impossible to evaluate the efficacy of
drinking water treatment processes to reduce pathogenic
viruses based on direct quantification of those because the
concentrations of pathogenic viruses in treated water after
drinking water treatment are extremely low and are usually
below the quantification limit of PCR assay even when
>1,000 L of water are concentrated to several milliliters.
Therefore, it is realistic to estimate the concentration of
pathogenic viruses in treated water including drinking
water using the concentration of pathogenic viruses in
drinking water sources obtained from investigation of the
occurrence of pathogenic viruses in drinking water sources
and the removal and inactivation efficiencies of pathogenic
viruses in drinking water treatment processes evaluated
through lab-scale drinking water treatment experiments
using artificially propagated virus-spiked water. However,
although the PCR assay is widely used to investigate the
presence of viruses in the water environment including
drinking water sources, since it is fast, highly sensitive, and
highly specific, the PCR assay detects and quantifies the
viral DNA/RNA of both infectious and inactivated viruses,
and does not discriminate the presence or absence of infec-
tious viruses, which is important for accurately assessing
the risk of infection in the water environment. In addition,
for some of the pathogenic viruses such as human norovi-
ruses, it is difficult to propagate a large number of virus

particles enough to conduct lab-scale virus-spiking experi-
ments because of the lack of an effective in vitro cell-culture
system. Therefore, little is known about the behaviors of
difficult-to-culture pathogenic viruses including human
norovirus during the drinking water treatment processes.

Against this background, we focused on the viability PCR,
which combines the photoreactive intercalating dye such as
propidium monoazide (PMA) and DNA/RNA quantification
by PCR assay, used to determine whether bacteria are alive
or dead, and tried to improve and optimize it as a method to
determine viral infectivity. Also, we attempted to develop a
novel virus concentration method that can effectively con-
centrate a wide variety of viruses from large volumes of
water samples, and combine with the improved and opti-
mized assay to investigate the occurrence of infectious
pathogenic viruses in drinking water sources. In addition,
we focused on pepper mild mottle virus, a plant virus that is
present at high concentrations in drinking water sources,
and investigated its effectiveness as a potential surrogate for
pathogenic viruses in physical and physicochemical drink-
ing water treatment processes, and then attempted to inves-
tigate the reduction efficiencies of the indigenous pepper
mild mottle virus in actual drinking water treatment plants
by applying the developed virus concentration method.
Furthermore, we focused on virus-like particles (VLPs),
which can be produced in a large number of particles with-
out relying on a cell-culture system (i.e., without waiting for
the establishment of an effective in vitro cell-culture system)
and are morphologically and antigenically the same as
native virus particles, and tried to prepare VLPs of human
norovirus that is difficult to culture. Also, we attempted to
develop a novel virus quantification method that can quan-
tify VLPs with high sensitivity, and combine with VVLPs to
investigate the reduction efficiencies of human norovirus
particles in drinking water treatment processes through lab-
scale virus-spiking experiments. In addition, we tried to
prepare the purified solution of human sapovirus, which
belongs to the same family as human norovirus, by applying
an in vitro cell-culture system for human sapovirus. Also,
we attempted to develop a virus quantification method that
can quantify the infectivity of human sapovirus, and com-
bine it with the purified solution of human sapovirus to
investigate the reduction efficiencies of human sapovirus in
drinking water treatment processes through lab-scale virus-
spiking experiments.

Occurrence of pathogenic viruses in drinking
water sources

We focused on the integrity of the viral capsid, which is
one of the main factors that determine whether the virus
is infectious or not, and customized the viability PCR to
determine whether the viral capsid is damaged. The
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Figure 1 Schematic diagram of a novel virus concentration method using a combination
of an electropositive filter and an ultrafiltration membrane.

PMAxx-Enhancer-PCR, which combines PMAxx, a
newly improved version of PMA, and PMA Enhancer for
Gram Negative Bacteria, was used and optimized the
type and concentration of photoreactive intercalating
dyes, reaction time, and duration of visible light irradia-
tion, to improve the ability of the viability PCR to dis-
criminate between infectious and inactivated viruses. In
addition, to effectively concentrate a wide variety of
viruses from large volumes of water samples, we devel-
oped a novel virus concentration method (a method com-
bining an electropositive filter and a tangential-flow
ultrafiltration membrane; Figure 1). By combining PMAXXx-
Enhancer-PCR and the developed virus concentration
method, we were able to investigate the occurrence of
pathogenic viruses (i.e., adenoviruses, astroviruses, noro-
viruses, sapoviruses, enteroviruses, parechoviruses, hepa-
titis A virus, hepatitis E virus, and rotaviruses: all nine
viruses listed in the WHO Guidelines for Drinking-water
Quality as pathogenic viruses transmitted through drink-
ing water™) in drinking water sources all over Japan, and
discuss the presence or absence of infectious viruses
based on the integrity of the viral capsid. Indeed, adeno-
virus, human noroviruses Gl, and rotavirus present in
drinking water sources tended to have damaged capsids
and to be inactivated by damaging the viral capsid. In
contrast, astrovirus, human norovirus Gll, and enterovi-
ruses present in drinking water sources tended to have
intact capsids and to be potentially infectious. We also
found that pepper mild mottle virus was >100 times more
abundant than pathogenic viruses (Figure 2a), and that
pepper mild mottle virus is highly likely to present in an
infectious without damage to its viral capsid, making it
the usefulness of pepper mild mottle as a target virus to
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determine the virus reduction efficiencies in actual drink-
ing water treatment plants.

Investigation of virus reduction efficiencies
in actual drinking water treatment plants

We focused on pepper mild mottle virus and demon-
strated that pepper mild mottle virus appears to be a
potential surrogate for pathogenic viruses such as adeno-
virus, norovirus, sapovirus, and enteroviruses in the con-
ventional drinking water treatment processes, coagulation-
sedimentation—rapid sand filtration processes, and in next-
generation water purification technologies, coagulation—
microfiltration processes, through lab-scale virus-spiking
experiments™ ™. In addition, we found that the developed
virus concentration method using a combination of an
electropositive filter and a tangential-flow ultrafiltration
membrane can effectively concentrate pepper mild mottle
virus from water samples of >1,000 L. By focusing on
pepper mild mottle virus and applying the developed
virus concentration method, we were able to investigate
the reduction efficiencies of indigenous pepper mild
mottle virus in multiple actual drinking water treatment
plants with different treatment processes. Indeed, the con-
centrations of indigenous pepper mild mottle virus in raw
and treated water samples were always above the quantifi-
cation limit of the PCR assay. We therefore were able to
determine the reduction ratios of pepper mild mottle
virus: 0.9-2.7-logy in full-scale coagulation-sedimenta-
tion—rapid sand filtration processes and 0.7-2.9-logy in
full-scale coagulation—microfiltration processes (the
reduction ratios at Plant A and B were 1.0 + 0.3-logy, and 2.2
+ 0.6-logy, respectively; Figure 2b, c)®..
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Figure 2 Relationship between the concentrations of indigenous pepper mild mottle virus and pathogenic viruses in drinking water
sources (a), and concentrations of indigenous pepper mild mottle virus in raw and treated water at Plants A (b) and B (c).

Virus concentrations were determined by PCR.

Investigation of reduction efficiencies of
human norovirus in drinking water treatment
processes

For human noroviruses, which are difficult to culture, we
successfully evaluated the removal efficiencies of human
norovirus particles in the coagulation-sedimentation—
rapid sand filtration processes, by applying recombinant
human norovirus VLPs, which were prepared using the
genome sequence of human norovirus and a baculovirus-
silkworm protein expression system (Figure 3).
Approximately 3-logy, removals were observed for human
norovirus VLPs in the coagulation-sedimentation—rapid
sand filtration processeslﬁ]. In addition, to increase the
sensitivity of VLP quantification, we developed an
immuno-PCR (a method combining antigen-antibody
reaction and DNA tag quantification by PCR assay;
Figure 3) that is 1,000 times more sensitive than the

conventional enzyme-linked immunosorbent assay. By
combining VLPs and the developed immuno-PCR, we
were able to evaluate the removal efficiencies of human
norovirus particles in membrane filtration processes.
Whereas microfiltration processes with a nominal pore
size of 0.1 pm could not remove human norovirus VLPs,
approximately 4-log,, removals were obtained by ultrafil-
tration processes with a molecular weight cutoff of 1 kDa.
In addition, >4-log,, removals of human norovirus VLPs
were achieved by a combination of coagulation and micro-
filtration, i.c., coagulation-microfiltration processes’’. To
the best of our knowledge, this is the first study assessing
the efficacy of drinking water treatment processes for the
removal of human norovirus particles through lab-scale
experiments by applying VLPs without waiting for the
establishment of an effective in vitro cell-culture system for
human norovirus.

Figure 3 Schematic diagrams of preparation of human norovirus VLPs and VLP quantification by an immuno-PCR.
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Figure 4 Schematic diagrams of preparation of purified human sapovirus solution and human sapovirus quantification by an

integrated cell culture-PCR.

Investigation of reduction efficiencies of
human sapovirus in drinking water treatment
processes

For human sapoviruses, which were difficult to culture
and belong to the same Caliciviridae family as human
noroviruses, an in vitro cell-culture system using com-
mercially available cell lines and bile acid was discovered
in 2020. We prepared the purified solution of human
sapovirus (Figure 4) containing virus concentration high
enough to conduct lab-scale virus-spiking experiments,
and developed an integrated cell culture-PCR (a method
combining cell culture and DNA/RNA quantification by
PCR assay ; Figure 4) that can quantify the infectivity of
human sapoviruses, by applying an in vitro cell-culture
system. By combining the purified solution of human
sapovirus and the developed integrated cell culture-PCR,
we were able to evaluate the removal efficiencies of
human sapovirus in coagulation-sedimentation—rapid
sand filtration processes and membrane filtration pro-
cesses as well as the inactivation efficiencies of human
sapovirus in free-chlorine disinfection processes. In the
coagulation-sedimentation—rapid sand filtration processes
and the coagulation—microfiltration processes, human
sapovirus removals of approximately 2-3-log, and
>4-logy,, respectively, were observed. When the efficacy
of chlorine treatment was examined by using the devel-
oped integrated cell culture-PCR, approximately 4-logi
inactivation of human sapovirus was observed at a CT
value (free-chlorine concentration [C] multiplied by con-
tact time [T]) of 0.02 mg-Cl,-min/L". To the best of our
knowledge, this is the first study assessing the efficacy of
drinking water treatment processes for the removal and
inactivation of human sapovirus through lab-scale experi-
ments by applying an in vitro cell-culture system for
human sapovirus.
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Conclusions

We investigated the occurrence of pathogenic viruses in
drinking water sources and their reduction efficiencies in
drinking water treatment processes by applying novel
virus quantification and concentration methods developed
in the present study.

The improved and optimized viability PCR, i.e., the
PMAxx-Enhancer-PCR, can determine the presence or
absence of viral infectivity quickly and easily (in a few
hours), without the use of cell culture. The novel virus
concentration method, which can effectively concentrate a
wide variety of viruses from a large volume of water sam-
ples, can be applied to various types and volumes of water
samples, including environmental water and treated
drinking water. Therefore, the evaluation method for the
presence of infectious pathogenic viruses in environmen-
tal water using the PMAxx-Enhancer-PCR and the novel
virus concentration method has the potential to be widely
used as a method that does not depend on cell-culture
methods.

By focusing on pepper mild mottle virus and applying the
novel virus concentration method, it is possible to evalu-
ate virus treatability in various actual drinking water
treatment plants with different raw water quality, treat-
ment processes, treatment capacity, etc., thereby provid-
ing evidence for the safety of drinking water against
pathogenic viruses. This approach has the potential to
contribute to the establishment of a framework for risk
management and control of pathogenic viruses in sustain-
able drinking water use and the water cycle.

VLPs do not require virus culture using host cells and can
be produced in large amounts based on the viral genome
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sequence, making them applicable to viruses for which an
effective in vitro cell-culture system has not yet been
established as long as the genome sequence data is avail-
able. With the rapid development of genome analysis
technology, the metagenomic analysis of viruses in water
environments will accelerate in the future, and the preva-
lence of a wide variety of pathogenic viruses in various
water environments around the world will become clear,
and their genome sequence data will be accumulated in
databases. VLPs are morphologically and antigenically
the same as native virus particles, but do not have any
genes. Therefore, by applying the new method that com-
bines VLPs and the immuno-PCR, it is possible not only
to clarify the treatability of difficult-to-culture pathogenic
viruses in drinking water treatment processes, but also to
produce VLPs of various virus species, genotypes, and
strains, which will provide many findings, such as the dif-
ferences in behaviors of viruses during drinking water
treatment processes among genotypes and strains, and the
elucidation of genetic factors (e.g., differences in the
amino acids that make up proteins) that affect the differ-
ences in behaviors of viruses. The combined use of VLPs
and the immuno-PCR has the potential to be used not
only for drinking water treatment, but also for under-
standing the treatability of difficult-to-culture pathogenic
viruses in wastewater treatment and water reclamation
treatment, clarifying the treatment mechanism, and clari-
fying the behaviors of difficult-to-culture pathogenic
viruses in environmental water.

By applying the purified solution of human sapovirus and
the integrated cell culture-PCR, it is possible not only to
clarify the treatability of human sapoviruses in various
water treatment processes, but also to isolate new strains of
human sapoviruses from water samples, develop new,
rapid, and easy methods for the quantification of human
sapoviruses, the identification of infection receptors, and
the development of new disinfectants, vaccines, and infec-
tion inhibitors. Therefore, it has cross-disciplinary develop-
ment potential not only in the field of water environment,
but also in the fields of medicine and pharmacology.
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Introduction

Microplastics are serious pollutants in marine environments, and it is essential to
know the distribution and composition of microplastics on local and global
scales, as well as the temporal dynamic change, for a better understanding of
pollution. However, very little data in deep waters is currently available due to the
difficulty in accessibility. In addition, distributions/amounts of small plastics with a
size of <100um are not well known due to the limitation of measurement tech-
niques. Aiming to monitor microplastics in water continuously, we have devel-
oped a novel in situ deep-sea analyser of marine particles by integrating
holography and Raman spectroscopy. In addition, using coherent anti-Stokes
Raman scattering (CARS), the classification of in-flow microplastics and other
natural particles with a size of <100um has been successfully demonstrated.
The methods being developed in this research will enable continuous measure-
ments of microplastics at much higher spatial and temporal scales than what is
possible with the current methods and so allow for tracking dynamic variations of
microplastics in terms of types, number densities and distributions.
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E—L > MNRAM—=T X537 EELE(CARS) Z 5L 72, 100umil T ORF
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conducted by manually collecting and analysing samples in
the laboratory. Microplastics on the sea surface are often

In recent years, pollution of marine environments by
microplastics has become a global environmental issue
and has come to the attention not only of researchers but
also the wider public. Microplastic particles are trans-
ported all over the oceans like natural particles and are
becoming a serious threat to various marine organisms'.
As the density of plastic debris in the ocean has been
selected as an indicator of the Sustainable Development
Goals set by the United Nations for the year 2030, it is a
global urgent task to understand dynamic temporal and
spatial distributions of microplastics for a long-term scale.

Typically, the surveys of microplastics in the ocean are
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collected using nets deployed from ships. The net mesh size
of ~100 um is typically used to collect samples as otherwise
the nets are easily clogged. However, smaller microplastics
can cause more serious impacts on marine animals®, and
measurement techniques for these smaller particles are
required. Plastic surveys in deeper water layers are also a
challenging task. Particles in the water column are typically
collected by filtering sampled water in situ or on board or
using sediment traps, as it is difficult to tow a net at a con-
stant depth in the water column. Still, little is known about
the distribution of microplastics in deep waters compared to
the sea surface, as the sampling chances in deep waters are
limited due to difficulty in accessibility.
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In situ underwater measurement techniques have a large
potential to increase survey efficiency. Conventional in situ
techniques for marine particles use imaging for zooplank-
ton and fluorescence analysis for phytoplankton detection.
While the morphological or specific chemical (e.g. chloro-
phyll) information can be obtained in a non-contact manner
using these devices, there are currently few methods that
can directly measure the general chemical compositions to
identify microplastics in water among other particles.
Therefore, while it is crucial to survey the dynamic spatial
and temporal changes of microplastics to understand the
current situation of the pollution, methods for the surveys,
particularly of the particles in the deep water column and
with a size of <100 um have not been established.

In our work, continuous non-contact, label-free and real-
time monitoring methods of microplastics in water are
developed by applying Raman spectroscopic-based and
imaging techniques. The research consists of two topics:

1. Development of the in situ deep-sea marine particle analyser

2. Classification of microplastics by applying coherent anti-
Stokes Raman scattering (CARS)

Development of the in situ deep-sea marine
particle analyser

Digital in-line holography is a volumetric imaging tech-
nique that can take monochrome images of suspended
particles by analysing interference patterns created by the
collimated laser beam and scattered light at a suspended
particle. While this has been widely applied to the imag-
ing of underwater planktonic animals, it has been
reported that 30 — 70 % of marine particles are not able to
be identified only by morphological characteristic. In
our work, Raman spectroscopy, a molecular analytical
technique that also observes scattered light directed at an
object with shifted wavelengths due to molecular
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vibration/rotation/stretching modes, has been efficiently
combined with holography to enable fast particle identifi-
cation with both morphological and chemical information
in asingle, large-volume channel using a compact setup®.

The laboratory setup is shown in Figure 1 (a). The mea-
surement process is the following: a 20 cm measurement
cell where the water flows using a pump is constantly
illuminated using a collimated laser beam. Using the
beam, holographic images are captured at a high frame
rate (several tens of Hz) to detect a particle. When a parti-
cle is detected, the pump stops to trap the particle and a
Raman measurement is initiated using a laser beam at the
same beam path as holography. After the Raman mea-
surement, which typically takes several to several tens of
seconds, the pump and holographic imaging start again to
wait for the next particle. The advantages of this measure-
ment method are that both image and chemical informa-
tion of particles can be taken in a large volume of water;
the whole process can be fully automated; and the system
is compact and simple without a filter or mesh to collect
particles, which does not require frequent maintenance
and is ideal for a long-term in situ deployment. Using a
laboratory setup, different plastic pellets and representa-
tive marine particles (i.e. polypropylene (PP) pellet, poly-
ethylene (PE) pellet, PE fragment collected from the sea,
zooplankton, foraminifera), were measured, as shown in
Figure 1 (b). Both holographic images and Raman spec-
tra were successfully obtained for each particle.

The 3000 m depth-rated in situ device, called “RamaCam”,
as shown in Figure 2 was developed and deployed at a
water depth of 1000-2000 m during the research cruise of
KM?24-03 conducted by the research vessel (R/V) Kaimei,
and KS-24-11 conducted by the R/V Shinseimaru, in 2024.
While the detailed data analysis obtained during the cruises
is ongoing, automatic holography and Raman measurements
of marine particles in the deep water were successfully per-
formed for the first time using the device.
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Figure 1 (a) Experimental setup of the integrated system of holography and Raman spectroscopy and (b)
the data obtained for typical marine particles using the setup. BP: bandpass filter; LPD: long-
pass dichroic filter; LP: longpass filter; AF: attenuation filter.
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(Spectrometer,
camera, CPU)

Figure 2 Deep-sea in situ marine particle analyser.

Particle classification method using images
and spectra

For the interpretation of multimodal data obtained from
the setup of the integrated holography-Raman spectro-
scopic analyser, a data fusion analysis of images and
spectra was developed™. While data fusion applications

have been expanded to a wide range of multi-sensory
data analysis'”, the previous methods have not been
applied to the identification of marine particle types/
materials due to the limitation of multiple sensory appli-
cations to analyse particles. We investigated autoencoder-
based unsupervised feature learning approaches to group
the different particle types. Autoencoders are a generic
type of unsupervised feature learner that has been well-
established for analysing imagery, including holographic
images®. They consist of an encoder network, which
reduces the input data down to smaller latent representa-
tions, and a decoder network that attempts to reconstruct
the original data from the compressed latent representa-
tion. The latent representations, through optimising both
networks to minimise the difference between the original
inputs and their reconstructions, can be used as features
for clustering and classification tasks. A key advantage
is that they are unsupervised and can flexibly manage
different sizes and dimensionality of data inputs as well
as the size of the latent feature space representations they
output, without significant modification of their underly-
ing form, which is suitable for multimodal data™.
Figure 3 illustrates the proposed multimodal holographic
image and Raman spectrum feature learning. For holo-
graphic images with a large data size (227 x 227 pixels,
downsized from the original image size prior to the fea-
ture learning to reduce the computational time), a convo-
lutional autoencoder, which can handle a complex dataset
was used to extract features.
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Figure 3 Classification algorithms using features extracted from holographic images and
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For Raman spectra with a small data size (309 x 1 pixels)
compared to images, a simple single-layer autoencoder
was used. The extracted latent representations from each
image and spectra were blended using the t-distributed
stochastic neighbour embedding (t-SNE), a method to
non-linearly reduce the dimensions of the data to two.

The classification was performed for the data of six typi-
cal marine particles (three different individuals per type)
taken using the laboratory setup introduced in the previ-
ous section. As seen in Figure 3, only two main clusters
were formed when only holographic images were used,
while too many clusters were formed when only Raman
spectra were used for classification. This might be
because some types of particles are morphologically too
similar to distinguish each other, while the features of
Raman spectra pick the difference between individuals.
When the combined features were used, the classification
accuracy was enhanced by 44 % compared to the accu-
racy obtained through the analysis only of holographic
images or Raman spectra.

Classification of microplastics by applying
CARS

Although the device introduced in the previous section is
a novel and powerful tool to identify marine particles in
situ in the ocean, the measurable size is limited to >1 mm
due to the weak Raman scattering light. The diameter of
the collimated beam is ~1 cm to scan a large volume of
water without filtering, while this can be a disadvantage
for Raman spectroscopy as the laser power density at a
target is weak, which linearly affects the intensity of the
Raman scattering light.

(a)

To monitor smaller particles, particularly with a size of
<100 pm, we applied CARS to the measurement of flow-
ing particles as a proof of concept™. CARS is an
advanced Raman spectroscopic-based method where a
specific Raman scattering is enhanced by two laser
beams with a wavelength difference equal to the wave-
length of the scattering light. In the field of biomedical
science, CARS is known as a technique for non-destruc-
tive and high-speed analysis of living cells, including in-
flow measurements in microfluidic devices™. While
CARS is promising for measuring suspended particles
in water, few studies using CARS to aim at continuous
monitoring of microplastics in natural environments
have been reported, possibly because of strict flow con-
trol to align a wide size range of particles in a microflu-
idic device. We demonstrated the detection of in-flow
microplastics with wide size ranges in a relatively large
channel (500 um depth) to avoid clogging by proposing
reconstruction analysis of two-dimensional CARS line
scanning with a wide view (0.5 mm width, 1.6 times
wider than typically used views for CARS images).
Selective detection of polystyrene (PS), Poly(methyl
methacrylate) (PMMA), and low-density polyethene
(LDPE) beads with the size of several tens to hundreds
of um flowing and with the speed of 4 mm/s was suc-
cessfully performed when the CARS signals of the cor-
responding frequencies (3050 cm™ for PS, 2940 cm™ for
PMMA, and 2840 cm™ for LDPE) was detected as shown
in Figure 4 (a) and (b). With this method, the number
density and diameters of flowing particles can be calcu-
lated. We also demonstrated the classification of flowing
microplastics (PMMA) and bio-organic particles (algae)
by taking CARS and two-photon excited autofluores-
cence (TPEAF) signals simultaneously.

Algae

(©) pavia
CARS

Figure 4 (a) Example of CARS images of PS beads in flow. (b) Zoomed CARS images of different microplastics detected with
the corresponding frequencies. The scale bars indicate 100 pm. (c) CARS (red) and TPEAF (green) signals for
PMMA and alga particles in flow. The scale bar indicates 50 pm. The scan speed and direction are indicated in (a)
and (c). Adapted with permission from Ref [10]. © 2027 American Chemical Society.
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The average intensity of both PMMA and alga particles in
the CARS signals at the frequency for C-H bonds (2940
cm™) was higher than the background level, while only
algaec emit TPEAF signals because of the existence of
chlorophyll. Classification of PMMA and alga particles in
flow has been successfully performed by simultaneous
detection of CARS and TPEAF signals, as shown in
Figure 4 (c).

Conclusions

In this paper, we first reported the development of the
integrated device of Raman spectroscopy and holography
for in situ deep-sea particle measurements. Different
marine particles, including plastic pellets with a size of ~1
mm, were successfully identified using the laboratory
setup. The classification algorithm of marine particle
types using both holographic images and Raman spectra
was also proposed. In 2024, the in situ device was devel-
oped and deployed in the sea, and fully automated in situ
measurements of marine particles were successfully per-
formed at the water depth of 1000-2000 m. Secondly, for
measurements of smaller microplastics with a size of <100
pm, a method based on CARS was reported. In-flow
microplastics and bio-organic particles (algae) were suc-
cessfully detected and classified by simultaneous detec-
tion of CARS and TPEAF signals.

This research opens new possibilities for monitoring of
microplastics. Measurements that are currently made
manually by sampling will be performed in situ and con-
tinuously. With the method being developed in this
research, the efficiency of surveys of microplastics in the
ocean can significantly be increased, which will be game-
changing for future surveys. Acquisition of global-scale
chemical data on microplastics with high spatial and tem-
poral resolution will be possible, which will lead to the
accurate estimation of microplastic pollution. It is hoped
that this will also feed back into the public awareness for
the protection of our oceans and the establishment of gov-
ernment policies.
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Development of Boron-Doped Diamond Electrodes for

Key Analytes in the Aqueous Environment and Beyond
KIREPMDOBRICEVWTEEMMMRERET D ODRIRN—THI A YT NEBDRE

Tania Louise READ

Introduction

Dissolved oxygen and pH are two of the most important factors in analytical sci-
ence, affecting processes in the environment and beyond. Given their impact their
importance is twofold, firstly their measurement is key to understanding the condi-
tion of a given environment, and secondly their control aids in managing the health
and quality of those environments for example, the toxicity of potential pollutants
such as heavy metals with pH dependent availability. Electrochemistry offers a rel-
atively simple, cheap, and clean analytical method however, conventional electrode
materials often struggle with long-term in situ measurements due to fouling, chemi-
cal, or physical degradation. Herein, we exploit the robust properties of Boron
Doped Diamond electrode materials to explore methods of analysis and in situ
control of key environmental analytes such as oxygen, pH, and heavy metals.
Negating the need to remove and chemically alter samples before analysis.

BIEFREECPHIE, PRIV TRDEELERZD—DOTHY, RIELZIEL
DETHIFEIFLTOLRICHEBERITZT, ChHENERMERFR—DOAIEZ
¥, —2BIE, ThODAIENBFEDREDIKELILET 5 L TARRAIRTH
5mCHd, —DBIF, IhoH2FIETB D, HlZIE pH ICKEFTIERRE
L EDBENEEMBEOEMEL EREREDLHICEER TS L TAVERT
H%. BRULFETER, HBWEETEIZ D DI -2 ERHFETHS
», EROBEMEHL, BOBER LR - MIELHIEICEY, RERYE
BRIBATEICHVWTRBEIRA DI EN BV RRR T, FIRF-—T LAY
T NEBMBDBRELIFEEERL, BFERE, pH E€BEV - EES
RIEAITAROBTE & L UOHIEAEERE T 5. HiC, ESBAE T, HE
AIDY > T IVEIRLE DR e WA A E R U s

complexation of other key analytes (e.g. heavy metals) can
change their bioavailability and thus impact the toxicity

Although in the modern analytical science world we are
able to measure countless aqueous species via an array of
techniques, each important in its own way to a given field
of interest, dissolved oxygen and pH are perhaps two of
the most widely important analytes of interest. Dissolved
oxygen is unequivocally key to the existence of life on our
planet, and thus it can be of no surprise that its quantita-
tion is vital in fields from the aqueous environment, to
healthcare, and from agriculture all the way through the
chain to the food and drinks industry™®. Furthermore,
life and the environment exist in a finely balanced homeo-
stasis of which pH forms a key pillar that when disturbed
can have devastating results™. Not only is the pH value
itself important, but its influence on the speciation and

of a system!. Whilst technologies exist to measure each of
these analytes, the sheer breadth of conditions and matrices
under which measurement is necessary and range of rele-
vant concentrations necessitates continued development
and innovation. For many applications existing technolo-
gies suffer drawbacks such as long-term measurement
stability, fragility, corrosion, size, and (bio)fouling. Under
potentially changeable environmental conditions subtle
changes in e.g. pH may cause release of, and therefore
increased toxicity of heavy metals®, it is therefore
important to measure both their available and total con-
centrations; normally achieved by removal and acidifica-
tion of samples thus prohibiting in situ and continuous
monitoring™. One of the most commonly used analytical
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tools in this field is electrochemistry, appealing due to its
potential for sensitive, selective, low cost, and easy to use
sensing. The body of research highlighted herein aims to
combat some of these drawbacks through exploring the use
of high-quality Boron Doped Diamond (BDD) for electro-
chemical control of pH and for the measurement of key envi-
ronmental analytes™ ™. The superior electrode qualities of
BDD have generated much interest in the electrochemistry
field over the past few decades, such as chemical and
thermal stability, low biofouling, ability to in situ electro-
chemically clean, low background currents etc"
These same qualities are what give the BDD sensors much
potential for solving some of the issues experienced by
those interested in measuring dissolved oxygen, pH and
pH dependent systems, such as heavy metals. Firstly, this
work takes advantage of the robustness of BDD at
extreme potentials to explore the ability to control the
local pH environment of the measurement electrode™™;
For traditional electrode materials such as gold, or sp’
carbon (e.g. glassy carbon, screen printed carbon) it is not
possible to work at these extremes of potential without
causing damage (corrosion) to the electrode surface over
time. The resistance to corrosion afforded by the sp®
bonded structure of BDD offers considerable advantage;
in the research highlighted here we demonstrate the use
of electrochemical water splitting to produce and control
proton concentration at a generator electrode, in turn
influencing the pH environment local to a sensing elec-
trode, where the speciation, and concentration of heavy
metals of environmental importance can be assessed. This
sensor technology is applied to the detection of heavy
metals (here Hg" and Cu®™) in aqueous solutions where
the pH is non-ideal for the measurement of interest. The sp®
bonded nature of BDD which produces these excellent qual-
ities also results in a lack of surface sites required for inner
sphere reactions, such as the oxygen reduction reaction
(ORR), and is not sensitive to pH. Previous research has

(a) (b)

Insulator

demonstrated that through surface engineering via laser
machining, controlled incorporation of very robust (corrosion
stable) forms of sp’ carbon into the BDD surface is possible.
The quinone surface terminations (BDD-Q) introduced
with the sp® carbon have been demonstrated in previous
work to undergo proton-coupled electron transfer, resulting
in a Nernstian (~59 mV/pH unit) shift in the voltammetric
peak with changing pH™"™!. The work discussed herein
expands on this, exploring the use of selective incorpora-
tion of these sp” carbon regions into BDD to enable the
simultaneous detection of both pH and dissolved oxygen in
aqueous systems on a single electrode (taking ~4 s)™*. The
possibility of negating reference electrode (RE) drift by
implementing an internal-referencing mechanism based on
the relationship between the two analytical signals is also
explored.

BDD Sensor Design For Electrochemical pH
Control

An individually addressable ring-disk electrode system is
designed; Ring and disk shaped electrodes are each laser
machined out of a wafer of freestanding BDD and placed
concentrically, separated and encapsulated by electrically-
insulating material such that the electrode faces are co-
planar but not touching. The electrochemistry at each
electrode is separately controlled via copper wires con-
nected to the BDD through Ohmic sputtered Ti-Au con-
tacts. This arrangement enables the control of local pH
through water electrolysis on the ring electrode upon the
application of a sufficiently large current, whilst analytical
voltammetric measurements of a species of interest can
be conducted independently on the disk. The relationship
between applied ring-current and resultant local pH at the
disk surface were characterised through use of an electro-
deposited pH sensitive IrOx film for both applications.
Figure 1 illustrates (a) the ring-disk format and (b)

Figure 1 (a) lllustration of the BDD ring-disk design for pH control and simultaneous electrochemical heavy metal analysis.
(b) Comparing simulated (dashed line) and experimental (solid line) data for the pH change generated at different applied ring
currents. Inset shows 2D axisymmetric simulation of the pH profile extending into bulk solution.
Figure adapted from [7] copyright 2014 American Chemical Society.
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experimental data for the pH change associated with dif-
ferent applied ring-currents compared with data produced

using finite element methods .

Electrochemical Measurement of Hg with
simultaneous pH Control

Stripping voltammetry measurements conducted in Hg
containing solutions at different bulk pH wvalues,
Figure 2(a), demonstrate the effect of pH on the analyti-
cal signal. At low pH values, where Hg is completely in
the Hg2+ form, a single sharp stripping peak is observed.
However, as the pH increases the peak is seen to shift on
the potential axis, broadening and decreasing in current
magnitude as the Hg speciation changes to less electroac-
tive forms. In Figure 2(b) measurements conducted in
bulk pH 6.40 and pH 2.0 solutions are compared to the
resulting data when a current is applied to the ring elec-
trode during measurement in bulk pH 6.40 solution.
Application of a 50 pA current is expected to result in a
pH change to ~pH 2.0 as found in Figure 1(b), here we
see the stripping peak transformed from a broad peak at
~0.2 V in bulk pH 6.4 solution to a much sharper peak at
~0.5 V, which is similar to that recorded in bulk pH 2.0

@

solution. Some shoulder peaks are observable, indicating
that the local pH may not have completely reached pH 2.0
at the point of measurement however, this data demon-
strates the power of such electrodes for in situ analysis of
heavy metals such as Hg in solutions of non-ideal pH
without the need for manual acidification.

Controlling Cu speciation and detection with
simultaneous pH Control

Copper is another common contaminant in natural water,
which can cause issues such as Wilsons Disease when it
accumulates in the body™. The binding of copper by
ligands in water systems or therapeutics can be used to
remove it — but this process is also pH dependent. In this
work the same ring disk pH control sensor format is
applied to measurement and manipulation of the specia-
tion of copper by common therapeutic ligand triethylene-
tetramine (TETA). The effect of Cu-ligand binding is
demonstrated using UV-Vis Spectroscopy in combination
with speciation simulations in Figure 3(a), here demon-
strating good agreement and a move from free copper to
bound systems as pH increases. Electrochemical measure-
ments using the disk electrode to measure in solutions at

25
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Figure 2 (a) Comparing Hg stripping peaks from cyclic voltammetry at different bulk solution pH values. inset shows full
CV and direction of scan. (b) Comparing stripping peaks for Hg in bulk pH 2 and pH 6.4 solutions with that in
bulk pH 6.4 solution with 50 pA simultaneously applied to the ring electrode. Figure adapted from [7] copyright
20714 American Chemical Society.
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Figure 3 (a) Simulated speciation curves for copper in TETA containing solutions at different pH compared to experi-

mental UV-Vis data (black squares), (b) Copper speciation simulation compared with peak currents (black
dots) for electrochemical stripping peaks of Cu in solutions at different pH.

Figure adapted from [8].
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chemically adjusted pH values showed good agreement to
simulated speciation curves, confirming that the change
in binding was observable via electrochemical measure-

ment, Figure 3(b).

Finally, the ring electrode was used to influence the local
pH enabling in situ local control over the binding of the
copper with simultaneous electroanalysis. The current
density applied to the ring is compared to the resultant Cu
detection peak current measured on the ring as a percent-
age of the maximum recorded current (representing com-
plete availability of all copper species) in Table 1; Used in
combination with the electrochemical speciation curve in
Figure 3(b) it is therefore possible to calculate the local
pH generated at each current density. This study further
highlights potential of BDD electrodes for control of metal
ligand binding and therefore measurement of free and total

metal concentrations in complex aqueous systems.

BDD Sensor Design for Electrochemical pH
and Oxygen Measurement

The ability to measure pH using BDD based electrode
materials with robust laser-induced sp® carbon regions
(BDD-sp?) has been demonstrated by researchers in the
Macpherson group™@®, Sp” carbon also catalyses reactions
which require surface interaction and are therefore not
measurable by high quality sp® diamond carbon surfaces,
such as the key environmental analyte dissolved oxygen.
This study aimed to assess the use of such sensors for
simultaneous pH and oxygen measurement. In order to
achieve this it was first necessary to optimize the pattern
of sp” regions to achieve clear and sensitive electrochemi-
cal signals for both analytes (not just pH). Figure 4 pres-
ents the three patterns assessed: (a) a microspot array of
pits with overlapping diffusional fields akin to a micro-
electrode array, (b) a single pit of equivalent total machined
area to (a), and (c) a microspot array of smaller, diffusion-
ally isolated spots. Cyclic voltammetry was used to assess
the electrochemical performance of each, and the resultant

Table 1 Comparing data for the applied current at the ring electrode with electroanalytical response on the disk

electrode for Cu detection and the effective local pH change. Table from [8].

Applied Current Density % Maximum LSV Generated pH from
(mA cm?) Peak Current Speciation Curve
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Figure 4 Optical images and cyclic voltammograms comparing BDD electrodes with (a) a microarray of machined spots with
diffusional overlap, (b) a single spot of equivalent machined area to (a), and (c) a microspot array with no diffusional
overlap and decreased machining area. Cyclic voltammograms show pH signatures (purple highlighted region) and
oxygen signatures (blue highlighted region labelled (i)) under ambient and degassed conditions. Figure adapted
from [9] copyright 2019 American Chemical Society.
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data is also presented. For each electrode a clear signal at
~0.1 V associated with the proton coupled electron trans-
fer reaction at quinone surface terminations is observed
(purple highlighted regions) as expected based on previ-
ous work. It is notable that the signature for (c) whilst
present is significantly smaller, which is expected as the
lower machined area results in a lower surface coverage
of quinone species. For (a) and (b) a signal associated
with the reduction of oxygen can also be observed at ~-1.0
V (blue highlighted region, labelled (i)), however this is
not present in (c) and is likely masked by the onset of sol-
vent reduction. As the signal for oxygen reduction was
found to be larger and more clearly distinguishable from
solvent reduction in (a) and no significant difference in
pH response was observed this pattern was used for fur-
ther studies.

Rapid Simultaneous Measurement of Oxygen
and pH

For full characterization of simultaneous oxygen and pH
response on BDD-sp’ electrodes, square wave voltamme-
try was applied as it enables reduction of background cur-
rents increasing signal-to-noise and is significantly faster
than other voltammetric techniques. Calibration curves
were collected for both analytes simultaneously, where
the concentration of oxygen in a series of solutions at dif-
ferent pH values was varied using mass flow controllers to
change the ratio of oxygen to balance gas (argon).
Figure 5 presents an example measurement (centre) with
the resultant aggregate mean data from measurements
conducted at 5 different pH values in the range 4.00-10.20,
with 5 different oxygen values over 0.1-8 mgL™ in each.
For both oxygen (blue, left) and pH (purple, right) a clear

R? = 0.99906

-0.84y =-8.77 x10*x - 1.10 x10°®

0 2 4 6 8
Mean LDO (mg-L™")

signature is observed, and calibration plots for each (left
and right respectively) are produced demonstrating linear
behaviour (R* = 0.999 for oxygen and 0.998 for pH). The
slope of the pH calibration plot, 60 mV pH *, is also found
to be close to that predicted by the Nernst equation, 59
mV pH™. Each measurement conducted to produce the
calibration plots was obtained in ~4 s, clearly demonstrating
the potential of these BDD-sp” electrodes for the rapid
simultaneous measurement of oxygen and pH in aqueous
media.

Potential to Correct for Reference
Electrode Drift

As a linear relationship is observed between the aggregate
mean oxygen peak current and the mean dissolved oxygen
concentration (measured independently via commercial
optical dissolved oxygen probe) across the whole pH
range assessed, the assumption can be made that the mag-
nitude of the oxygen current response is unaffected by pH
over the pH range 4—10. One of the most significant issues
for real-world analysis is the necessity for a long-term
stable reference electrode, to which the potential at the
sensing electrode is compared. However, in real-world
systems these reference electrodes often suffer drift due
to fouling or other influences thus impacting the accuracy
of the measurement and impeding continuous or long-
term in situ measurements, particularly when they rely on
peak potential as with the proton coupled electron transfer
reaction signals used to measure pH here. As the two ana-
lytical signals (oxygen and pH) are seemingly indepen-
dent, the relationship between them has potential to act as
an internal referencing mechanism where any reference
electrode drift would impact both equally and thus be

Mean Peak Potential vs SCE (V)
o
o

_0.2{R?=0.99829
0210 "0.06% + 0.43

4 5 6 7 8 9 10
Mean pH (Glass Probe)

Figure 5 Example measurement of both oxygen (blue) and pH (purple), centre, compared with (left) aggregate mean oxygen calibration data
and (right) aggregate mean pH calibration data conducted in solutions at a range of pH and dissolved oxygen concentrations. Figure

adapted from [9] copyright 2019 American Chemical Society.
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negated, a concept first proposed by Wrighton et al.™,

Although the equation for two electron reduction of
oxygen on sp’ C, Equation 1, indicates the involvement of
protons in the reaction, as there are no proton transfer
reactions occurring before or in the rate-determining step,
the peak position for electron transfer should not be
affected ",

This is assessed in Figure 6, where the relationship
between the pH and oxygen signatures is explored in
more detail. The peak potential for oxygen reduction from
Figure 5 was analyzed for a statistically significant
dependence using a Kruskal-Wallis analysis of variance
(ANOVA) and a One-Way ANOVA at a 5 % significance

level, with the Bonferroni correction for multiple
b
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comparisons. No statistical dependence of the oxygen
reduction peak potential was observed for either dissolved
oxygen concentration or pH, Figure 6(a) and (b), respec-
tively. Figure 6(c) shows the separation between the pH
and oxygen peaks in one measurement, AE,, as a function
of dissolved oxygen concentration, at set pH values. AE,
can thus be used to inform on solution pH, as shown in
Figure 6(d), where a gradient of 57 mV is observed, close
to that predicted by Nernst, for a plot of mean AE, for all
oxygen concentrations as a function of pH. This high-
lights the potential for using the ORR signal as an internal
reference for voltammetric pH measurements, negating
any reference electrode fouling when applied in real world
systems.
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Figure 6 Comparison of oxygen and pH peak parameters to assess the potential for internal referencing. Figure from [9]

copyright 2019 American Chemical Society.
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Conclusion

This manuscript highlights the use of BDD electrodes to
improve measurement and local-control of key environ-
mental analytes. We present the first published examples
of the use of electrochemical pH control in aqueous systems,
and its application to heavy metal detection and speciation
control. Firstly, the method is used to electrochemically
measure Hg concentrations in solutions of non-ideal mea-
surement pH without manual adjustment of the bulk pH.
This technique is subsequently used to control the local
speciation of Cu ions in the presence of binding ligands,
thus providing a route to assess total and bound concen-
trations of heavy metals using a single in situ sensor. This
work has since inspired further work by unrelated inter-
national research groups (see work by e.g. O’Riordan et al
on interdigitated electrodes for agricultural, chlorination
applications). The ability to control the local pH environ-
ment, and therefore speciation of analytes, in a system of
interest could offer new approaches to in situ analyses in
fields ranging from waste-water treatment and environ-
mental analysis to medicine (e.g. chelation based cancer
therapeutics) and human function (e.g. oxygen and hemo-
globin interactions). Proof of concept work on the use of
high quality laser-modified BDD electrodes for dissolved
oxygen and pH measurements is also described; The abil-
ity to simultaneously measure both species on a single elec-
trode (as opposed to separate sensing electrodes within a
device) offers a route to the reduction of material usage and
manufacturing steps, and therefore a potential decrease in the
environmental impact of production. Whilst the work
described herein proves the initial concept, going forwards
assessments of sensor function in a wider range of environ-
mentally relevant conditions and matrices will be conducted.

Whilst BDD may initially be considered both monetarily
and resource expensive, the ability to grow it in the labora-
tory in a free-standing form at the wafer scale (~6” diame-
ter) and the fact that the sensors demonstrated here are <1
mm in diameter (with potential to go smaller limited only
by the current laboratory manual electrode fabrication and
handling methods) means a huge quantity of sensors could
be produced from a single wafer. Furthermore, the robust-
ness of BDD as a material implies a significant longevity
over other electrode materials and other existing methods (e.g.
optical) of measuring dissolved oxygen and pH and counters
these initial costs. The material qualities of BDD, such as
hardness and resistance to fouling, could offer solutions for
dissolved oxygen and pH measurement over long periods in
challenging or hazardous to access aqueous environments,
improving not only sensor longevity and measurement fre-
quency but also personnel safety.
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P4, KEFOBADKE L L T b o AR PE D TR DTSR, XD
FERIZHE ) TEMKOMERIIRE ZHEZREL 2> T0b, =T, AeDFHAL
R WIJI, WY 2K, IR EICHFIET 27Kk0#50.01%TH 1), BRE 72
KGRz G, RS DL 2L THMH L TWw 2. AR TIE, KEROZLLHRE
TS &I, AKIEBRIAE XS HBCS B 04T - SHIBA 12 oW Tl 2,

In recent years, the pattern of water resources has changed significantly. Securing
water for daily life as the population increases and for industrial use as industry
develops have become major social issues. However, the water that exists in rivers,
lakes and ponds that are easily accessible to people accounts for only about 0.01%
of the water on Earth, and this limited water resource is reused by purifying and cir-
culating it. This paper describes the changes and issues in water resources, and
the measurement technologies that contribute to a water-recycling society.
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Figure 1 OECD's 2012 graph of projected global water demand to 2050
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https://www.horiba.com/jpn/
water-liquid/products/series/
h-1-series-field-installation-type/

Figure 3 pH - K&E#4#Et WQ-3002 ) —X

https://www.horiba.com/jpn/
water-quality/handheld-meters/

Reacoul No.59 March 2025

39




eview

‘ KERBEA SO ICHE Y 2947 - FHAIE

40 | Reccloul No.59 March 2025

SA4YE NEEZAVEERBERRET= 42— UP-400CL

REBERRET -4 —HEDEWERZ=-—X

BEMINT IR oMo &, EEWZ2GECTHLHACCP(Hazard
Analysis and Critical Control Point)'# & & 12, & Y BB R ERSER SN TV 5,
B ZAEH v NEEREFEO TREEHICB W, TEOME, &0inoiRE, pH,
PRI E O EAT ) o ZTOHPTHEREIERIIVEEPIREPRT T 5729,
BRI PRI & TR ALY Heb kR Bk 2 AV CllE - RUdk e ATV, BEIIG LT
RIEREZAT) VEDP D Do TNILERETHEEL, A TEEEIC L ZHER
FRMEEN, MAI AL EDPBEEINL, $72, BHICE R L T2 THEEHO
TIoTAbICIE, BUROFFEIARMETH S, TNOLOMEEZFTHT L2 FEE LT, Ml
EVERE BEMLTE, 77— 7 @8fF b R kEIRRREE =% — (UP-400CL) % [
L7, COEBICLY, HGREOUHILL &L L0, &hiHobk, £ao &k
LRl BORELFLICEMTELLEZ TV L REIERBEREE=Y —DEH
L HERL % Figure 4127873,

REEIL S A Y E v FEME 72 BE00G b b 05 f 7 1) 0 J 5 Y 3k i
FEE=Y —Thbo KMEDY A ZI13MHEI25 mm x FAT125 mm X % E100 mm & 7
BIWOBKTHY), Ry THNE SN T L7290, REE X PIFMHLEICRET S
U THNETRETH S £72, HEOWMMIC & ) FRABRBELILEZ) TV A A
\ZHERES 5 2 EMWHRETH %o IR TSDA — FAD T — § A7~ D 7 — % 3
fEHIRETH %o

*1 BEEFBHEHPER

https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/kenkou_iryou/shokuhin/haccp/index.html

*2 2022F8F YHAN

ERESEPCHREENEICLAOT7T7/ 09 —

PRI FZEOBEFAIEIIE, 1EkHEd LESE0EBE VR —-I077 74—
EPHCENT WL, L LD, 3L PGP OFRIRRBEMIE, EFECH
ETE R\, HENETEDN SEL T 2 AW OREIZ LY, BEETORG % HE
AN, BHICIRRENRT 5720 TH b, 2T, TAIGEERBKFORES
HENEE LRV EEF—T L7254 YEY FEMBDD ; Boron-Doped
Diamond) & #RH L, AWM OEE Y Z KT 2MBEOHEY —7 v AP% B
ZE L7,

() vomaa
Outlet |
L e
| HAV7EY REBIR
Flow -
S | LEER
@ e — — 5 \AgCI
Inlet | CRET>Y—A)
= S 21 A

Figure 4 Photo and device configuration of residual chlorine concentration monitor.
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Figure 5 Example of residual chlorine concentration monitor operation at a vegetable processing factory.
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Figure 6 Image of concentration measurement and control during vegetable washing
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Since the population has been decreasing in Japan, it is important to focus on the area with small population or low

population density. In this article, small water supply systems managed mainly by residents in small residence area were
described. Various water supply methodologies and the needs of water treatment facility installed were shown. Based on

the reality of waterworks, technical needs for supporting small water supply systems were discussed.

Keywords : Water supply system, drinking water, water treatment, depopulation
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Photo 1 Water supply facility installed in Hamamatsu City,
Shizuoka Prefecture
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Figure 1 A scheme of installing point of entry type water
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Figure 2 lllustration of water transmission by transportation.
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Figure 3 An example of evaluating water supply methodologies.
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Figure 4 Slow sand filtration facility newly developed for small residence area.

MHFFEIC LD, NBUEEERTIGEL O i 5 /%38 A B E (.
TR S WP ) ASEHLIC BT S iz Bl & s K
DOFT-%Figure 4R d . HEENIITHEAL 20, FfE
LA HEL TV A ESKE LS TH L. R -
[ TH DM A DT OIS o PLEIKITKR O I123% 5 1,
THRHICE>TAHBEND, 2D LD IZKAHE % Bl
L7722 LT, FhArTF oy AMEETH G IRIER RS
T AL LTS, 2B, BRIIAETH S,

MEEBIBNAETHL I LD FHMTH Y, HKEER
3~6 m*/H (% #4~8 m/HIZKIS) Th be S, T~
FTEANDFEANDICHEH L TWD, 512, BHERMEII1IE
13077 & 2l T 5o

AREFOFFE ST R LU, SAEAH L HIRIZ BT 5
S RXFER L) AT, ROSN LMK - HEOLEIR
L, AR SN REFM 2 BEEIIIR L2 LDHITH
NDHe TCEY, REFEEREOS —7 v N &2 HHEC
O, BNZFCEY A ARMITREE V) AL 25
ZEDNTE EBIC, ZREHE W)L, 2o L) RIRIC
LDHENL IR, MGk - EBEEXFBHAE T LIER
Mol v,

ZO LI, BHIEDSHEAE L 2o AFHE L, HE = - XS
< F L H B AR T A EICEEI LT B LR LD
TEL, BPSELLAHEETEDDOTREV, ZLC, 4
A E N7 AR A B, AN, 2 T
ADEG, KA FEwvo i, B/ BEEED = — X7
WHHIE T X BT & 72 o 720 B % 8 2 THERINEIT Tl <
ERA D LT L,

INREKEIES AT LEZTAD
B EO=—X

PLE, KT RS & ok L3 o 2 > oMz & ) H1T,
ZFOBN R E RN LIz [, 26 okMEY 27
LAELZHHEMEBIMT 2 KE L& =— AWHFET
%o ZITIE, BRSHEG KM OMELBRRD L LD
2, AINEBKEERR Y 2 T D2 A RREE R T 5 DICh
BN 72 Bt AT AN OV Taw U TA 7z,

48 | Reccloul No.59 March 2025

T—SEHE - BEHRENOBARR CHM

ANBUBIRMERG > A 7 2T, EER - MEFRFEEE S Ny Ofk
R 7=y OERZEROBEENIEKEFELTEY, £<
DYEET Fu R, TabbIIHEASLTHE X EIZ
I0frbhTws, NOEA L &b g, 2 o)
BETEITHREICR>TETW S,

CHUIH LT, EREDPEC, BIFEORY) 2 EilE
EHRATIZ X0 BIBZFRIN T & 2 WTREMED D 5 o HHEET
Mz L E, mAREREZR 7 — & dRtsk (0 7)) 25§ 2
ENTE, TOT =5 &k E LEBMTERS A 2 &%
RE& 72 %o MEBRBEDH L, BIET— 4 7217 T CHY;
DYTNEALEBET -5 2Rk ETLHILLTURETH D,
B orkT 2 BHTHER T2 L8 TE 5. 2720, 20
£ 9 B AR R SRR R 720, PERIIKE S
PRI RIS B A FHIDE L A ET, ANHBRE
Y AT DIFERSNIHENIRS NS,

ZIFE TlZiE, CPS (Cyber-Physical System) %°1oT (Internet
of Things) % & DFEIHHAM O & ) FHIEORZALR A
ED E\IREY — EAOFEBZ X 5720, El+H2S@EE A K
BB B10T G HHEAET 7OV | CEIGAE akmt 72
L 4) M L TE 0 a8, £/, E+5mE, &%
A, NEDO (EINIFFE RSB AR = A v 3 — - i
A HAFEAERE) D5 L COKERBIGH Y AT 2 O T F >
N7 r—AERREEL, - R LY b B D

INBUBERBEAG & A 7 A28 A 3T & v ) BT T, (RER
P EBIEEO RSV ETH L, T80, EHERF - —
FRERICED2IAN YV ELZENLETH Y, Kl
VAN OHBE~ORR S SHICEEZODO[E#ETE 52— K
A& L COFEMMAGEEZRE Z EDVEETH 5,

FE - BARRESENDLF

T, IRFETHRESNAHTICO VT, AR
MY AT ANOBADTREEIZ O WTHET 2, 6B, &
SRS B FH O —ERIG IR R 12 B S 2 1
A FMNZEB SN TV DS,

&



HORIBA Technical Reports

cKEEEBBIXOCEZ42Y D TFREORE

INEBEREERE S AT 22 o TR, £ L Dk DR EMAL
PEBLTEST, B LTWA IR TIIKERE T A b
WRELZAHIZR > TV D, bAEOAERGLETIRE
ENTWBIHAKIISITH Do TN BEEIEIIBIT 5B
A REBI A L A 247 & FIR21 M &2 2T %,
FE1NATH ZOEEEMEIIMZ T, KEETIEENN 2
& x RO TB Y, WEIIMRASN, 58 RAEsh « 17 ) 5%
B be NS EEMT L&, MAEHIZEMBHNSTHH
WUFEN T Do FRRNAD D I WA R 876 TlE, 20
KREWMEBRIIREREHE o> T, EBR, ZOEH
GAREMEEHZRKTEL I L2 ERBEE LT, 5
TG % SRR R TS T 2 H b A5 N0 TH
Bo FOERKMERR IR T H K EED I SN vz,
FROKEMAEEMBRE L RNDL LN TE L E W) DI
T b FRE, MBETHE(Z L Z9)F T, 7tk FM74
FHEL TV b0, BT X o TEMSHITHE X
TEICER T E 2L ) FANDH L, 2D LD BN H
ELT, FEHEIL, TOMBIIEICLEZBATE O #ER
BIOMAHEDOZEL ), WHIETH ALY A XA FK
B O N EREAT L ERRBL TV LY,

COKEOER A ED T, KRE ML O ERIRI & [ 212 ]
B TEL Y AT ARHIUTHERER ERE A v b %
Hteo AR, WERM R RO EMERILE W RIHEA TS
D, ZNSDOEHN2EZTWEIATHDB, TTIZ, KE
MEORBEFEICBWTHEES v 7 72 H LKA 2
F—EADRRFHIN TS,

B2, FRHELEFIATET CIa, Hokdy, BUkib, 2#Kk¥%57%
EFEF 16 MiFk oW, TL A= R s Ty N L]
\Y A7 AFERL, KEPKE, BARRZEDT—5 %
—HEEHL TWwh,

M EEEHOBRVLE S JUEEREDRRE
INEBOKAR > A 7 4Tl SEREICIEMEZVW 00, B
WA DO BEE LTI OBEEHLKE RIEI R 2 HH0IF S
Vo 2D &) iR T, 2T A YT ARG RiEK
WP AT NHBEATDLOWMEETH D 72, KER
LEOF &L L 72 HKEE & 2 O i B K 2 561 12
DT, MLBIRE, FER, BRER, R RER, E
SN X T B

Photo 11213, {EAAT THEA S N7 UK /MRS K 618
RN L7Z0 2O LD RRICBIF AIoTOEAFI L LT
&, 797 FIEBER Y AT 2528 A LFEELD
5B F 7o e Lo T H A%, Ll LPWA (Low
Power Wide Area) #fE %= LM OEFEKEITEA L, FRIC
£ BB O KA BRI ) B RRR L 72605 5 W,

- FAIHRED & VU AR E L HBEDRKEES
INHBEREAR S AT 2B A HERFER oA —2
12, WERHEER OIS D 2, WHESH 1, SR A D
ANECHEBELHFEEELZE L2 WHBEHENPE TN, T0
£ HAIEBOBGEARLE - |ESIN TV D,

R IREEIR DA S & S
BB S A 7 5 B B IEES TH ), SCEI B
AR O B AR A S 2 7 A DBADKD 5L
%o 0T ExR HVHBEMORENED N TEY, A
B B T ORI 25 %

- ARy MK D EARPERMER

HEERC N0 — P SEORMEE A FEH 5 UL, R
O FAHER R AT I B R A R K 2 BRAE O O %
WHEWFFTE B, BAE, KESTFOTRR Y MFOIEA
&, ADADRD R VENR S > 7 NOBIE R EIZRE S
NTWbo 4tkid, TRy M X 2RE MRS DOHMERE
PRl Fe o HEDERRAL 2 &, X D RIAVHETOFHA
PS5,

BFbHUIC

DOEOKBIEESHE, BEFBRAL T BEBIIH L, #
ik, K -d - NEBUKER 22 Cid R (, BiSKE, 8
SAZIT R R O/ NBBOK MR S A 7 25 0 &9
TTHD KEREIZLTD, 3k HFEOENH L LS
NTEDS, R0 ISR L T SR S
TwaM, CoORMFIZH - TIFRk2BET B L, SH%
KB AT L, B 2WVIEEIRRAKE-SDPIER ST L
VDB D L& L B,

HHICRL LW 2 WO b 382 5 DA EOKEIC
xFLC, BAE, KEFHFEOEERL, &2V IZZFNDHEIO
et ietEx mo A 72012, BIETLR, 7477, BLOD
REDPBE L LENTVRIRFTH L, TIN5 Offifid %
TATTRREIHEEELE SN T RLENDH LD, T3
&, TN ax L2 5FMPBIH EN T BEN D B AF
EBEICL TV E, KHMTERREMAEAB SN
T ZEERIFEL 20,

—J5, KERE LTI, ZRARKEY AT L - ZHieKkE
HEPEE SN T L DETT R WHIE, L < DS,
HENIZNOOFRLEN S BRIV EEEINDLEZAT
H 5o

Reacoul No.59 March 2025

49




uest Forum

PR ‘ HAEICE T2 NERELEKEY AT LOKREERHM=—X

[1] ZKEFHFELBRICTT RS KEFEO AR TR I D
AT EHI (2016).

[2] JKEEHIFIEREAS © KELT A N7 v 7 ARITCHE-, KEE
SEFTRIAE, 197p. (2020).

[3] MHiEwE, REEH, FEME NEAET, A ERL BIHEHI
INEHE S - ANBUBE 22 KIS & A 7 & ~ 22 42 70 ICRIK O Ff5e T
T AR T~ KEREEREFL, 236p. (2024).

[4] FEAIFTEEEESE - AN ARKER BRI 5 A EFIE,
AHISETH (2023).

[5] AFERL ELERE GHERE  NIEIKEIC BT 256K
B3 % RARHUETEAN & T € 7V o, AKiEHaHERE 93(9),
22-32 (2024).

[6] FHRIET AT L LGSR — AR « AL T o 1 > 7 7 3%,
FOEE R (2013).

[7]1 FERGE @ AR T BT 2 % MEEEHE - iRk (2B d % 5
&= — X BEEd A TAASE, 33(2), 3-10 (2019).

[8]1 EI1Z&EA 1 KEFHEIZBITH10T - FrEfinid FEAEE 7V

[9]1 ETz@% © SH1 345 2EVKERRIE L XE R (2022).

[10] KGEFAEE /S — b — ARttt - NBBRAEE B3 A 5 A T
https://www.waterpartners.jp/smallscalewatersupply/0_
format/newpage3-4.html
(e B BE20244E12 1)

[11] KEHEATIZE L > ¥ — B2 KRS - ARG K.
https://www.jwrc-net.or.jp/info/emergency/equipment.html
(R BIE20244E12 1)

[12] VEEfdE, MRS, —& iz, ZFE, STEAN, F2
S, BEEE, AR MIBEREERCB T 52 77 Rl
FREAL Y AT 2 OB AHH, T304 B 4 FE &k (EAET 7R
834 AL, 704-705 (2018).

[13] ¥:8EA, /NEEASES - BB REHEBE 2 FH L 725 iR £
V2 — I X B/NRBOR A TR O m IR AL KBRS, 46(1),
11-19 (2023).

[14] EY JapanKOZaREHISHEMERER « AR RO KER 4
ZE 9 %5 0h 2 (20244EH0) (2024).

50 | Reccloul No.59 March 2025



Feature Article

GEST

Standardizing Early Oil Spill Detection for Drinking
Water with Absorbance-Transmittance Excitation

Emission Matrix (A-TEEM) Spectroscopy

Rt - BEMEIE 3 RITHEE - HA~ MU U X% (A-TEEM) 9HEEICEK B EREIKBADFRE A,
BEIMRHEOEAEEICIOWVWT

Oil spills into fresh water sources used for drinking water treatment present serious

Adam M G”_MORE potential damage to the treatment plant infrastructure, the environment and consumer
health. While the major fraction of most fuel and oil spill components are insoluble in
water, smaller component molecules including Benzene, Toluene, Ethylbenzene and
Xylene (BTEX) and other Polycyclic Aromatic Hydrocarbons (PAHS) are both soluble and
fluorescent. These dissolved components, which can diffuse rapidly in the water body
and are detectable in the pg/L range, can serve as early warning sentinels to prevent spill
uptake using HORIBA's patented A-TEEM technology. Importantly, the A-TEEM facilitates
spectral identification and linear quantification of these compounds in the presence of
mg/L levels of natural and manmade Dissolved Organic Matter (DOM) by virtue of Inner-
Filter Effect (IFE) correction of the fluorescence data. The A-TEEM detection limits are
significant as exemplified by the carcinogen Benzene which is regulated in finished drink-
ing water at 10 and 5 pg/L, respectively, by the World Health Organization (WHO) and
United States Environmental Protection Agency (USEPA). Here we summarize the back-
ground and methodology associated with the recently published standard test
method, D8431-22!", with the American Society of Testing Materials (ASTM).

Keywords
BTEX, Extreme Gradient Boosting, Inner-Filter Effect, Naphthalene,
Parallel Factor Analysis, Polycyclic Aromatic Hydrocarbons
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Excitation Emission Matrix (A-TEEM) Spectroscopy

Figure 1 Chemical structures for Benzene, Toluene,
Ethylbenzene (BTE), ortho-, meta- and para-Xylene (X’s)
and Naphthalene.

Introduction

The global demand of fuel oils conflicts directly with safe
drinking water treatment with respect to the fact that both
shipping and storage of oil can expose drinking water
sources to spilled and leaked materials. Oil spills are dan-
gerous to consumer health primarily as sources of carcin-
ogens, including Benzene, that are regulated by the WHO
and USEPA in the low pg/L concentration ranges. Oil
spills can also significantly damage the environment,
including natural flora and fauna, as well as damage the
infrastructure of many types of drinking water treatment
facilities. Thus, it is of direct benefit to be able to detect
oil spills prior to uptake into a treatment facility as a pri-
mary means to protect the plant infrastructure and, most
importantly, consumer health.

In most cases the majority of the mass of fuel oil spill
components are insoluble in water and depending on their
density may float or sink in fresh water. However, most
fuel oils also contain a significant fraction of water soluble
components in the form of BTEX and certain PAHs with
relatively low molecular weight®®. Figure 1 shows the
molecular structures for the BTEX and naphthalene com-
pounds. These water-soluble components can diffuse and
travel faster than the bulk of the insoluble oil in some
streams and water sources. They are also highly fluores-
cent making them detectable as early warning spill indi-
cators with HORIBA’s patented A-TEEM technology “*®,

In this article we first describe the basic operation of the
A-TEEM method with a special focus on how it facilitates
rapid optical identification and quantification of BTEX
and other components in the presence of an essentially
ubiquitous background of naturally occurring DOM;
DOM is usually present in the mg/L range in most fresh
drinking water sources and finished water. Key aspects
of the standard method development included evaluation
of the method Ruggedness and Design of Experiment
(DOE) which are discussed with a focus on the major
potentially interfering signals from DOM and turbidity
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Figure 2 Patented Optical Bench Diagram for the HORIBA Aqualog®
A-TEEM Spectrometer. (A). 150 W vertically mounted ozone-
bearing exciting light source (200-1000 nm), (B). Double-
subtractive monochromator (fixed 5 nm bandpass) with high-
stray light rejecting holographic deep UV (250 nm) blazed
gratings, (C). Order-sorted excitation optical path for absorbance
and fluorescence excitation, (D). Geometrically matched all
reflective excitation and emission sampling optics to eliminate
color-dependent (chromatic) effects and ensure optical focus on
the sample at all wavelengths, (E). A spectrally corrected refer-
ence diode detector (200-1000 nm) to account for changes in
the light source intensity as a function of time and wavelength
for signal stability, (F). A sample compartment with temperature,
dry-gas, stirring and flow-cell compatibility, (G). A diode-based
transmission detector capable of measuring from 200-1000 nm,
and (H). A thermoelectrically cooled, aberration-corrected CCD-
spectrograph (250-800 nm) with adjustable binning and gain to
maximize the signal to noise with integration times ranging from
5msto 65s.

(suspended particulates). The analytical methods includ-
ing machine learning algorithms, and how these calibra-
tions and validations are documented, are also discussed.
The article concludes with a discussion of how this
method can be applied with improved sensitivity to con-
temporary and future applications as well as a brief com-
parison to conventional, time consuming and expensive
chromatographic methods.

Basic Theory and Operation of A-TEEM
Spectroscopy

The patented A-TEEM technology™, is exemplified in
Figure 2 by the HORIBA Aqualog® (see caption for
details). The optical bench consists of a powerful broad-
band (UV to NIR) white light source that is monochro-
mated by a subtractive double monochromator followed
by an automated order sorting filter wheel. The first order
light is monitored immediately before the sample with a
reference detector and then used for both the absorbance
and fluorescence excitation source. The sample compart-
ment uses all-reflective optics to geometrically and kineti-
cally match the absorbance and the fluorescence excitation
and emission paths. Fluorescence emission is measured
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with a thermoelectrically cooled CCD-spectrograph.
Operation involves scanning the absorbance and excita-
tion wavelengths from red to ultraviolet (to minimize
exposure to ionizing UV); at each abs/ex wavelength a
complete emission spectrum is collected until a complete
Excitation-Emission Matrix and matching absorbance
spectrum is obtained. The signal processing is explained
in detail elsewhere!™ noting the most significant feature of
the A-TEEM analytical capacity is the coordinated cor-
rection of the primary and secondary inner-filter effects
which would otherwise distort the EEM data with respect
to Beer-Lambert linearity ™. IFE correction is critical
for the oil-spill detection method because the overlapping
absorbance of the background DOM components, with
concentrations that are both variable and usually much
higher than BTEX, would lead to distorted, nonlinear
estimates.

A-TEEM Signals for Naturally Occurring
DOM and BTEX Components

As mentioned above naturally occurring DOM is nor-
mally present in all fresh drinking water sources and even
in most finished drinking water since complete removal is
not normally achieved with conventional treatments. The
natural molecular composition of fluorescent DOM
includes three major classes of compounds including
humic acid-like, fulvic acid-like and aromatic amino acid
like compounds. Combined these normally add up to at
least 1 mg/L of total dissolved organic carbon but can
vary widely to >10 mg/L or more in certain sources
depending on weather and other conditions®™". Importantly,
all three DOM component classes absorb light (excite) in the
UV range from 240 nm. Their PARAFAC loadings also
each exhibit distinct emission peak wavelengths with the
humic acid like being the most redshifted (peak >450 nm)
followed by the fulvic acid-like (peak around 415 nm) then
aromatic amino acid-like (peak around 330-350 nm), itself
being deepest DOM component in the UV range.
Conventional wisdom explains that the relative red-shift for
the higher molecular weight fluorophores is structurally

associated with the higher extent of aromaticity (ring con-
jugation) with the single ring aromatic amino acid fluoro-
phores showing the deepest UV emission for natural DOM.

The spectral signatures of the natural DOM A-TEEM sig-
nals described above contrast significantly with those
from the BTEX and Naphthalene components as shown in
Figure 3. Figure 3 compares raw surface water A-TEEM
contour plots before (A: Control) and after (B: Spiked)
spiking with 100 pg/L each of naphthalene and total
BTEX. Naphthalene, which exhibits a very high fluores-
cence yield is most prominent with the excitation peaking
around 275 nm and emitting around 325 nm. While this
overlaps with the aromatic amino acid contours the absor-
bance (not shown) and emission contours are significantly
different. BTEX in Panel 3B excites at a lower wavelength
peak <270 nm and emits deeper in the UV peaking
around 285 nm. Overall, it is clear both of these additions
yield well distinguished spectral contours at the 100 pg/L
concentration range. This is further exemplified in Figure 4
(adapted from reference!) which shows the PARAFAC
loadings for raw fresh water samples from the same spik-
ing experiments as Figure 3. The model yields four dis-
tinct components for the selected excitation-emission
wavelength range; noting the humic acid like region is
excluded (masked) for clarity. The 4 components in
Figure 4 represent the A (Naphthalene), B (BTEX), C
(Fulvic acid-like) and D (Aromatic amino acid-like) com-
ponents. The component numbers (top of each panel) were
assigned based on the score contribution(s) of each com-
ponent to the overall model; the split-half validation
matching for the model was 94.8%. Clearly, the most
important distinguishing factor centers on the peak emis-
sion wavelengths for the BTEX compounds being consid-
erably below 300 nm (peak for BTEX mixture spike is
around 285 nm). This serves well to facilitate BTEX reso-
lution since their emission is below that of any of the natu-
rally occurring DOM components including the amino
acid-like components. It is however important to consider
that for most drinking water sources and finished water
samples the amino acid-like signal intensity is the lowest

Figure 3 A-TEEM contour plots for a raw surface water control sample (A) with 1.86 mg/L dissolved organic
carbon and a matching sample (B) spiked with 100 pg/L of Naphthalene and 100 pg/L of BTEX (25
pg/L of each compound). Signal contour areas associated with humic acid-like, fulvic acid-like and
aromatic amino acid-like DOM components are labeled in Panel A. The signal contour areas associ-
ated with Naphthalene and BTEX are labeled in Panel B.
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Figure 4 PARAFAC component loading plots for a 4 component model of the Raw water sample
shown in Figure 3 spiked with varying levels from 0-100 pg/L of Naphthalene and
0-100 pg/L of BTEX. The component numbers 1 and 2 correspond to the assignments
made based on linear regression correlations of the component scores for
Naphthalene and BTEX (see ref.”l); components 3 and 4 for fulvic acid-like and aro-
matic amino acid-like compounds were assigned based on earlier models from mea-
sured samples of Raw and Finished water from the same treatment plant.

of the three major DOM components. It however is more
important to consider the BTEX absorbance/excitation
and emission spectra overlap strongly with the UV absor-
bance for all three DOM components dictating that IFE
correction is imperative for accurate BTEX and naphtha-
lene quantification.

Experimental Design, Calibration and
Validation for ASTM D8431-22

Having established the basis for BTEX and naphthalene
detection above here we explain how this information was
used to develop and publish ASTM D8431-22 for the pur-
pose of early warning detection of these oil spill compo-
nents. The method development began with a Design of
Experiment (DOE) protocol for a Ruggedness test (see
ASTM Practice E1169"") where all essential variables
were varied to gauge their influence on the method calibra-
tion. Key variables tested included filtration (0.45 um), tur-
bidity from 0 to 20 Nephelometric Turbidity units, DOM
concentration (0-15 mg/L), temperature and stirring. The
use of 0.45 um filters both mitigated the effects of turbidity
and was needed to obtain the ‘dissolved organic fraction’ of
which the water soluble BTEX and naphthalene are key
constituents. It was determined the method was stable up to
15 mg/L DOM whereas beyond this nonlinear IFE effects
due to Beer-Lambert linear deviation were observed; dilu-
tion could be applied to compensate for DOM concentra-
tions >15 mg/L. Temperature was determined to be best
stabilized at 20°C and stirring was insignificant for the dis-
solved components. Importantly, there was no significant
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evidence of loss by volatilization for the BTEX or naphtha-
lene components using the method noting best performance
includes rapid sampling and analysis and use of Teflon
stoppered 4 ml quartz fluorescence cuvettes.

The Ruggedness test set the stage for the final method condi-
tions for the sample preparation and instrument settings, see
D8431-22" for details, noting accessing this controlled docu-
ment requires a fee to ASTM. The basic outline of the
method includes first standardizing the instrument response
as a function of the integration time and CCD camera set-
tings including the gain and binning. This is accomplished
using a sealed Type I water Raman Scattering Unit (RSU)
sample. The acquired RSU value acts as an external refer-
ence standard to account for changes in sample concentration
independent of the aforementioned instrument settings.
Samples are simply filtered (0.45 pum) through a nylon or
glass fiber filter to avoid extractable compounds that may
absorb in the UV range as an interference. The scan range
was adjusted to include the BTEXN components with the
excitation range from 240-325 nm with a 4 nm increment
and the emission range from 250-800 nm with a 5 nm bin-
ning/interpolation. The default integration time was 1 s and
Medium Gain with the sample compartment at 20°C. A
blank file was acquired using these conditions with a sample
of Type I water and a clean cuvette. The method cites ASTM
guidelines for cuvette and glassware cleaning instructions
for water-borne oil samples. Subsequent samples were eval-
uated against the blank sample and the time-date-stamped
data files exported for multivariate model calibration and
validation/application.
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Table 1 Limits of Detection and Quantification* (low and high range) for BTEXN based on the Single Lab Study.

*Based on ASTM Practice E2617""", the Limits of Detection and Quantification were calculated using the respective formulae: LOD = 3.3
s/S and LOQ = 10 s/S, where s is the standard deviation of the Y-intercept and S is the slope of the linear relationship between the

regression model predicted and the target concentration values.

Calibration of the Extreme Gradient Boost (XGB)
machine learning algorithms for regression (quantification)
and discrimination (qualification model for Pass/Fail con-
taminant threshold testing) were made using the
Eigenvector Inc. Solo software. Implementation of the
regression and discrimination models used the HORIBA
Multi-Model Predictor (HMMP) tool which is a commer-
cial add-in application for Eigenvector Inc.’s Solo and
Partial Least Squares toolboxes; the HMMP tool facili-
tates concurrent batch analysis of samples with either
multiple regression models (possibly including multiple
algorithms) simultaneously or a single discrimination
model including multiple class assignments.

The machine learning algorithms for the method were
calibrated and validated according to the ASTM guide-
lines defined in (E2617"""" and E2691"*") which respectively
deal with multivariate model calibration for empirical
models and specifics for pharmaceutical and manufactur-
ing applications. A specific experimental calibration
design was applied for the standard preparations of the
BTEX and naphthalene compounds to avoid to minimize
issues with collinearity effects of the standards. Calibration
curves were measured to determine the repeatability,
recovery and the limits of detection and quantification for
each individual compound and the sum of BTEXN. It was
found that use of both high- (>50 pg/L) and low-range (<50
pg/L) calibrations for BTEX and (>20 and <20 pg/L) for
naphthalene was useful to insure accurate detection across
the wide working range of the method; noting naphthalene
exhibited a significantly higher fluorescence yield per
weight than any of the BTEX or natural DOM components.
The single-lab calibration published in D8431-22 was all
measured by spiking the raw source water before filtration
to yield detection and quantification limits for the BTEXN
compounds.

For the single lab calibration, the coefficient of determina-
tion (R?) for the predicted values was >0.998 for all com-
pound models in both the low and high range calibrations
with the exception of Benzene which was 0.988 for the
low range calibration. The recovery (%) values for all
compounds in both the high and low range calibrations

ranged from 99.4 % to 102.7 % except for Benzene in the
low range calibration which yielded 21 % at 5 pug/L, which
was the lowest concentration tested. Table 1 summarizes
the limits of detection for all compounds including the
sum of BTEXN for both the low and high range calibra-
tions. Benzene yielded an LOD of 2.52 pg/L in the low
range and 6.45 pg/L in the high range -calibration.
Benzene also yielded the highest detection and quantifica-
tion limits for both the high and low range calibrations.
This indicates Benzene, compared to the other com-
pounds, has the lowest fluorescence yield and or it is asso-
ciated with higher relative levels of background
interference. This subject will be addressed in the sched-
uled full interlaboratory study. Possible improvements
could include increasing the integration time to maximize
signals in the Benzene region when signals fall below a
threshold level; this would require adjusting the RSU

factor to account for the concentration.

With respect to current WHO guidelines and USEPA maxi-
mum contamination limits (MCL) Table 2 lists the values
for each BTEX compound. The LOD Ilevels for all com-
pounds in the low range calibration (Table 1) fall below
both the guidelines and MCL values listed noting for
Benzene the LOQ was above the USEPA MCL. It is impor-
tant to note the WHO and USEPA MCL values represent
the finished (distributed to customer) water values. This is
especially relevant to the scope of D8431-22 which pertains
only to raw untreated source water. Conventional water
treatment processes may include treatment with activated
carbon, polymers, coagulants for hydrophobic materials
and filtration all of which would be expected to reduce sol-
uble BTEX compound levels significantly via adsorption;
noting volatilization would be another expected source of
loss for BTEX during treatment and distribution.

Table2 Comparison of the WHO Guidelines and USEPA
Maximum Contamination Limit (MCL) for the BTEX
compounds in finished distributed to consumer) drinking water.
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Conclusion

This article introduces and describes a new A-TEEM stan-
dard method for rapidly detecting water soluble oil spill
components, primarily BTEX, in raw source water for
early warning purposes to prevent uptake of potentially
harmful materials by a drinking water treatment plant.
The D8431-22 method was recently published by the
ASTM DI19.06 organics subcommittee on water quality
based on a single-lab calibration study and is pending a full
interlaboratory study due in 2027. The method is advanta-
geous being rapid (<5 min per sample) and requiring mini-
mal sample preparation (only filtration). The A-TEEM
method is comparable in sensitivity requirements to
the conventional Solid Phase Microextraction Gas-
Chromatography Flame lIonization detection which can
require up to 25 min run time among other time-consum-
ing preparative steps. The D8431-22 method thus shows
promise for rapid, accurate detection of BTEX in a wide
variety of freshwater sources further noting it can be con-
ceptually adapted to other types of water production as
shown by Madhav and Gilmore"” for hydroelectric dams
and fuel oil spills during oil-assisted generator startup
procedures.

* Editorial note: This content is based on HORIBA’s
investigation at the year of issue unless otherwise stated.
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Modular Water Supply Quality Monitor that Reduces Time Spent on Site
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Monitoring the water quality at the end of water supply pipes is essential to
supplying safe and secure tap water. In recent years, the introduction of systems
has accelerated in capital cities in Southeast Asia, and the TW series of
automatic tap water quality analyzers have been introduced in Malaysia and
Thailand. Maintenance is essential for stable operation of the equipment, but
there is a strong need to shorten on-site work as much as possible in terms of

improving efficiency and ensuring the safety of workers working under high-
temperature environments. We have recently developed the GX-100 modular
water supply quality monitor to meet the aforementioned market challenges, and
we would like to describe its features.

Keywords
module sensor, modular water supply quality monitor, reduced work time,
smartphone, Bluetooth® communication, USB communication.
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Figure 1 GX-100.
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Figure 2 Measurement display of GX-100 application.
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Figure 3 GX-100 calibration kit.
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Figure 6 Operational method of GX-100.

60 | Recclout No.59 March 2025



HORIBA Technical Reports

Table 1 Comparison of calibration time and reagent volume between GX-100 and TW series.

X TF 2 RIEH GX-100(min) #e3t B (min) Bl =
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Development of the LAQUAtwin Series of Compact Water Quality Meters
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HORIBA has developed the LAQUAtwin series of compact water quality meters to
meet the demand for checking water quality anywhere, anytime, by anyone. The
lineup of measurement items so far includes pH, electrical conductivity, salinity, and
sodium, potassium, nitrate, and calcium ions, for a total of seven types, but to meet
diversifying measurement needs, a fluoride ion meter and an oxidation-reduction
potential meter have been newly added to the compact product lineup. In this paper,
we review HORIBA's characteristic water quality meters, LAQUAtwin series, and
describe the two newly introduced models.
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Figure 1 Overview of the LAQUAtwin series
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Figure 2 lon measurement diagram with an ion selective electrode
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Innovations in Continuous pH Measurement Technology for Wastewater Treatment Processes
~Reduction of Maintenance Load: Industrial Self-Cleaning pH Electrode~

HEKALIBT O X ZH T BpHEIE TIE, EfE L TAEN TS B8,

BE A& S X HAR AW PMENIC £ BpHISEH S ZADELDHED,
NISHIO Yuiji HREBBEFEOEZ T HPEBEELE - TWVWS, LAY ST, KELLE

- EHRGATEETO 200, THNARSFERENDETHY, FEE
Eujk *Eﬂ( ANDBERPEELO)IIFKEVEVWOIHBEI H D, Th 5DRHEEZ
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In the pH measurement of industrial wastewater, contamination of the pH response
glass by various organic compounds and microorganisms and clogging of the
liquid junction of the reference electrode are problems because measurements
are made continuously. Therefore, periodic cleaning and calibration are
necessary to ensure stable and accurate measurements, which poses a
significant burden on operators and a safety risk. To solve these problems, the
authors commercialized a self-cleaning pH electrode with a self-cleaning
function. The electrode consists of a glass pH electrode coated with titanium
dioxide (TiOz), which is irradiated from a built-in UV-LED to the TiO:
photocatalyst. The basic performance of the self-cleaning pH electrode is
comparable to that of conventional pH electrodes, and in an implementation test
in a microbial treatment tank, the self-cleaning pH electrode maintained
sensitivity of more than 95% after more than 16 months of cleaning, while the
current electrode required manual cleaning every month. In mounting tests at
sites with large maintenance loads due to organic contamination, the self-
cleaning pH electrode remained clean for a certain period of time, achieving no
maintenance.

Keywords
pH, Glass electrode, Self —Cleaning, Maintenance free, TiO., Anti-fouling
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Figure 1 Picture of self-cleaning electrode 6122SA.

WCpHIRE N T AR FH > TLEY) ERELLEL > TLE
Vo SN TINVEERGLEEE, ZAMICTELI LR
IED 2> O —VaES %720 Th M, FioTio,
FEFRICXRD (U & 27 %L Smart Lab) 2 v, JEEORIE
W) 7Y A — 5 (S EAERTE, UVISEL2) % F v
72 FOMCREARR O IR, UVHIILASA 70 & W 70 FE KA
WorVERHAL, KCUERHAOFHE 2 M LAY, F
ToWAEE L, oL T nwWtF =TI v v
Ta v e L7 R 2 EAR O FEARYERR X, pHAZ e
rHWCEMEME L, AFEM, EE, wHEMCOW
THRHM L 720

Figure 2ICEMD LIV 7 7 ) — = ¥ F e OPENE X % 7R
T BHOBEIZKDOLEBY) THL, pHILE T T AED
F L, ZILETIO, TI—FT 1 ¥ 7 ENTWA, UVEIL,
pHIS AW I A& L, TiO, % BiFd 5, it b &
N7-TiO,, TN FNWEF(0,) B L UK (H,0) 25 A —
NR=FFVFITVHINTZAL(0, )BIUPk Faxy
VI T HIV(OH ) ZIET 5o SO DML, AW
BT B BN EONBEIZ QBRI ST w548, fil
WORFRBAKIRIZLI>THENERLEETHELD
5o KFA T VL, TiIODOLILEEZ i L, pHIGE 7
T AN EET 5o



HORIBA Technical Reports

Porous TiO, ___

pH-responsive = Hydrophiliclayer

glass membrane

UV-LED

\

L 8o
Ate ’
l \ A = Organic contaminations
uv Microorganisms
—
®

AN

SC pH electrode

— Radicalization

Cleaning effect

N '

Figure 2 Schematic diagram of self-cleaning (SC) function.The rights to
this illustration belong to HORIBA Advanced Techno,Co., Ltd.
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Figure 3ix, 4R 7 1 — )V FRERIZ BT 2pHE 25 E
WMECORENLBERTEXRLIZODTH D, ERT
W, BHARICER T — TNV R T LDARTH - 7278, &
V7 70) == ZpHEMOY AL, UV-LEDZ sl &4
BUFNER S iz, ERERMERMN SRy 7 25
VETH B, 714 =)V FRRBRIE, FHWH T A G HE
TK D WAL W LFRA & JFOK A~ AR & AR S T, £
D THERN R & HERR L 720

HREEBE

UK TH 2 TIOHIEB Y IZEK SN TV
MaERER L7z IO T I AWM E ATV - 7V
L oTTIOE I —F 1 ¥ 7 Lize FDOFEEOXRDME R
HEFigure 41283 VF VL E 7 F & — A @ a7 /3
F— BRI NI, 7Y — ATITiO,E, 388 nm& b
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Figure 3 Schematic diagram of on-site installation (Immersion type). The
rights to this illustration belong to HORIBA Advanced Techno,
Co., Ltd.

Figure 4 XRD Pattern of TiO: Coated Glass. Reprinted with permission
from Ref.[1]. Copyright 2018 EICA

VR CIAE L UCEM LT 2 2 s s
BY, HEOBMIEATER S TWD 2 & SRR T E 72,
WG ) TV A= % o TEFEOTIOND ]
TE B AT 0 72 o W 7E 8 BT & SRR O A 0 5 98 1 o0 BOGS
E L7z, TR % Table 11IR T RDOT 7 R AE LT,
KHOMYA2EGRBET 5, 2N OEFHMETOFHE
1327.48 nmTd o 720 EMDOTIO I —F 14 ¥ 7L, b
B T AEDSIOM G 3% 7280, LEENE D 5 5
W L 2BV A P HIS A T A% Y, Sl Ti0, 2 —
TA Y TEARG S N5 EYRBES (7 = 28 YK-
35UV) & W CEIMRRE ZME L7z & 25, KM
FEL, AR RIS THRI2.0 mWem P& 7R L7z,

WICFigure 1O WA FEMOIKEE T CTEMZ SAM AT,
FEARVEREREM 2 17 - 7217, 20 R4 Table 21277,
Table 2L 0, HEHOPER L2V 7 7)) —= 2 JpH
BAEMIE, pH 4.01 & pH 9.18M TH196% 1L F & B &
JE L IZIZR UG & /R L 72 A7 AL O 181 1T Re & B 4%
£90 mVTHDIER, XL A TONIBIL— I
MEMAE LR T WS, SRIOEMOEHEMITH 6 mV
(PHTOIME) LN TH o 720 TN O ORI, Tl #
mn & EE e <, FEH EME R W TH o 72,

Table 1 Measurement of TiO: film thickness on stem tube using
ellipsometer. Reprinted with permission from Ref.[9]. Copyright

2024 Bunseki Kagaku.
Sample number 1 2 3 average
Roughness layer (nm) 4.70 7.99 3.56 542
TiOz layer (nm) 23.86 19.99  22.33 22.06
Total (nm) 28.56 2798  25.89 27.48
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Table 2 Standard property of the Self-Cleaning pH electrodes. (n=8)
Reprinted with permission from Ref.[9]. Copyright 2024 Bunseki

Kagaku.
pl6.86 " 241441
Asymmetry Potential pHA.01 144.344.3
(mV)
pHO.18 -155.9+4.6
pH6.86-4.01 99.9+0.5
Sensitivity (%) pH6.86-9.18 96.0+0.1
pH4.01-9.18 98.1+0.7
o . pH6.86 3.9+1.2
Liquid junction
. *3 pH4.01 2.0+£0.7
potential (mV)
pHO.18 1.5+0.7

*1 Asymmetry Potential
*2 Sensitivity was calculated by the following formula.

—100F(E, - E,)
2.3026RT(pH, —pH,)

E.EE M, EEBEBEREEL LTELZNhZFhOEIERa, bDEE
ATHY, RETETELE8.3145 J(K'mol)', TIF#EHEE (K), Fld 77
57 —E#H 96485 Cmol"' TH 5,

Sensitivity (a-b) (%) =

*3 Liquid junction potential was calculated by the following formula.
Liquid junction potential(mV)=(Potential in each standard solution /
mV) - (Potential in 3.33 mol L' KCI solution / mV)

INLOFEMBE FHVTT 4 — ) FikBEZ 204 Fr Ll 47 -
Too T D9 B IATEHEAR O A Yy WLBLAE () & 3T
ARALFR Y o i AR R N FL, IR b 3 T o o A% R
ETOWMEHERTWMET . TNOBBGIIMAEWRHIR
L EOBERENONESBLVEETH Y, 1H HI21E
BPICE 253 BEPLELBY TH L, OB
12T 167 HMEERAR AT o772 L EOEMDOIREE %
Figure 512783, UV-LED~®OEREIL, 8% D100 mA
DFEI TR T 1T o 720 BRBMGIZ12H TH Y, Efo
TH~9A THETOHNOMNEDS RS NIz, £ Do B
TV 7 7)) —= v FpHEMIE, # T AR OVERET
I HENOREF LS N ES T R L7z, 2~37 A
I BBOMERMER 2T > 720 FOBOpHZERIZ X 5
2RO N A PR LY)KRDOEEOFERELEI %
Figure 612" 3. 67 AN SINAOEYTIE, KEN
80WFEENKTANE S 7208, Z DM Tlx95% AL
R 720 ZHUEFigure 5CTRL72EB Y, BICHETH
NPRE L EDEREEZOND ESHOMAY O
EEATE WIS A, DR DHE N ORI BV W
TR WIEDREZLN, BREEZERLTIEPETL
we bz,

T2, 20167 HOMBIZE W THIEHERF BT B g
BAROWMEMIL, =3 mVUINZ MR L, kit os

NIZE L h oz KCIOBERIIE 4 1A L72A%, 167
Atk b R > TB Y, L¥EER (3.33 mol/L KCIEW
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Figure 5 Photos of the change over time of the SC electrode in the
microbial treatment tank : a) 5 months : b) 7 months : ¢) 9
months : d) 12 months : e) 14 months : f) 16 months. Reprinted
with permission from Ref.[9]. Copyright 2024 Bunseki Kagaku.
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0 4 8 12 16
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Figure 6 Change in sensitivity of Self-Cleaning pH electrode over time in
microbial treatment tank. Reprinted with permission from Ref.[9].
Copyright 2024 Bunseki Kagaku.

B REBT KNV ARTF s B, #2565 0 Ag/AgCl
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TR EMOF L MEREICE L Tb 167 H L LT &
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Figure 7 Results of continuous immersion tests in raw domestic
wastewater tanks (a: 1 month, b: 2 months, c: 3 months)

PN A IEHE AR O it A5 3 AN FLC ol il 52 i 12D v
THRET 5o T OB, MA LA & FAR I MED <
HROMEPH L VEHETH Y, 2BMICIERTFIZLS
S ERY RESLELBIYTHh S, Figure 7 1217 A0
LNV T 7)) —=r JpHEMOIRELX RS, TOHGIZE
WT, UVEHERE TTOXILV 7 7)) —= v ZFpHEMIZ,
TRE O EEIIZHE N E L T 50123 LT, TiO,
TI—T 4 7 ENFpHIBE T T AR OV 212
FENORER OIS, s %Mk L7 Figure 81237 H
M COMGME T — ¥ 2R T FRICEEIZ RS NI pHT
I CTLEL THETE 72, SOBEBMBOMERIL, pH 4.01
EpH 9.18M DIEEEAS, 3HHBZTHH98% & lHe L 720 £
7cpH 6.86 L H#EE DR (R A BN 1&, pH 6.74% 7R L
Too TOHYTIE, HEROIEM & Il L CofE Ll ko M
T/ — AT v 2D RETH - 72,

RBNALZ TIG O CHEERHBRZ 1T o 7o R A i3
%o O TIXBLAUZEZEDNI600 4 S/cm™T, #ASHH LT
WLBHTH Y, BBANOMEWHENDS L Y TH L, 2
VTPV RAFBAFICL S5 S ERESITON TV S,
INFTCLEMICRERNVS =2 HWT, V7 7) —=
v 7 pHEM % 17 & & T bl = 920 L 720 UV-LED
OBEFTEIE, BEHE D100 mADKREI THEEIT- 72,

0 500 1000 1500 2000 2500
Time (h)

Figure 8 Continuous measurement data for raw domestic wastewater (inflow
special manhole) Reprinted with permission from Ref.[8].
Copyright 2023 Japan Sewage Association.
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Figure 9 Change in sensitivity of Self-Cleanig pH electrode over time in

microbial treatment tank. Reprinted with permission from Ref.[2].
Copyright 2018 EICA.
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Joy and Fun for Future Scientists, Though Micro Plastic Detection Examination

HEIX MR, BAETIXFy V@I EDEFBICRIPEE VN E;k I§IF
MELTHAFTRALENFRHINTVET, L LEN SEE, BE
FINLZEDFERBADTIAF v I BECEEL CTHERES
BIZEZLTVWET, 2050FENEI, ALY TS XF Vv I THNDEE
NENELBEBELIEVIBRELTTLWET,

MIKI Jumpei

BEINAETIXAFyIOHRTH, KESIASEMMUTOYr 7073
ZF 7 (LT, MPs) 1d, SRERICHEZRIZTRIEEDH VY, Lk
RIEMBEE LT, EXERE - DELETH, TT7XF v 7 ZHHIRIC
B 7=tk 2 BRRP ESNIAO TWVET,

Kelg, k2> FHAELZEY, BADHEDOEN TEZTWVWEITIX
Fou I ZHDEBIZIOWT, PPN TLEBTERLHBESEERF
NERRELELA ABTRII VAT IRF Y I EERICBRTES
Xy PRUZODXxy bEFERAL ZFBRFEFEICOVWTHEICENTL
E

Plastic is used in vast quantities around the world as an inexpensive and
convenient material that is indispensable to our daily lives. However, in recent
years, large amounts of discarded used plastics have been released into the
ocean, causing social problems; it has been reported that the oceans in 2050
will contain more plastic waste than fish . Among discarded plastics,
microplastics (MPs), which are smaller than 5 mm in size, have the potential to
affect the ecosystem. We have developed a simple observation kit to help
children, who will be responsible for the future, learn about the plastic waste
problem that is happening around them in an easy-to-understand manner. This
paper briefly introduces the kit for simple observation of microplastics and
hands-on learning activities using the kit.

C®IC

T 7 /% — AT, BEaEEEICBWTMPsOFIE — ki Rt 725
THFARLIENTEL LN, AR— b7+ 2FH L THHETEAY (710
TIGAFy HGBEF Y MRS+ v FO) 2 BF L £ L7 (Figure 1),

BIZIZBE LU, MR 2 S BRI L 7260 7 & O FE 2 Wi L 72, HOLH)

[F ALy ¥ EAREROBR AT LT, 8bRkE) & e CrBLE T2, Figure 1 ¥ 707527 7 BBHE» b

[R5y F7]
C ORI X D ASHICIRA L TV AMPs et S E §s
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Figure 3 <4 o077 XF v VESEEX v OEXK (HE@E)

FEWICEENLEFTANL v FEREGTHRES 2 & REOFEIEHFEIT 5 1%
HEFPST 2720, et L2 LEDOREBEZ BT L 9. Shick b b
HIZE N AMPsOADHRMIZFEEIN L 9 (Figure 2)o 55 7+ v F 1, bt
THAFEHIIARE RO, a7 4V — (k&) THy b LTHRED
W ERL MR D N TE DL %> T E 9 (Figure 3),

HEAOMEEEE L TAR = 74+ Ry Ty MRROA AT ERL T 4 v
FEADOFICHEEBELTCHEHLI T, WA T2 & THTLHEICBIZENT
& foE LW E L CReERT 5 2 & T& F3 (Figure 4),

TIAF v 7 EBIFEH L EVEVN) AT Db L, BE5W+ v FOENR
OMEHIIIA (BEAR — V) 2 8RH L CREANORBE TV E L7z, $72, 05K
DORELEEH->THHRALEIICL—F—HYTHITHATELY Y TV
HBIZ L F L7z

BROCEIR

Figure 4 X577+ v F TOBEERDLE
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Figure 5 @EICHBEWFSNAERBOTIRFy ¥ ZH (18 BEEDERE)

A5+ v FORIEwRZE T, BURHT (R Z 00, LR (UET), M5
JNVL (S, ok (FFE) O R0 S BRI L 72 Of A 2T L7z,

BHHE C EMIINRHEREIZIE T T AT v 7 THAPRKREICHEE, EEL Wb L
Z AD3% L (Figure 5), Z DJEDOEE O Z L L C, ¥, eaflcxy b2
JAWTHEIE L7728 22, BRIZIRTE L 7ZMPsOGFEIEN MR TE T L2,

F72 INFETOWNEE B FE 2 2024458 H IZHORIBA 7 v — 7Ot B O T2 (VN
E)YDT-ODOWERFAEEZ WL, 204 XY MITHES Y + v F % HWMPs
BREBREERLE Lz W77 /T —CRAOFEETON - AL V=T
50T, EEEHOHEE A SR L 720 % 45 F L 72(Figure 6).

SN L 72N 72 B ICMPs SRR TR B IOV D ) 3 B L 725,
WEREDOTIZED & HWMPSHRAE L TV AR EET 2 EEZTVE L,

BML T2 B I3 &4 DU R RS, 25 v 70IREDOT, B S HGH
TR L 725, R57+ v FEAT— b T+ YN AT THEETOE L
720 WO OH P LR DB MPsE O 72 & ZITIFBNTHBEE A Ao
Twb X | E#ds L TwE L7z (Figure 7).

Figure 7 4 X2 hD#T

1~ BT 3B EEMT B
BT 7/~ EADIS Y= (KROHR)

EWOERED SER LR
(11#RERFFIE 121848)

Figure 6 1 N> NEBDOET

Reacloul No.59 March 2025 | 75




CO'“m” ‘ P BBMEBBLTCTIRF v ¥ CHBBEADED & FRES ICEROKL X %

a7 A

76 | Reccloul No.59 March 2025

T2 B W LW omi g & 0 AR FICEE ) AT [EOIIETAsH
{NTVDEH%? IMPs~ vy 722K &8 F L 72(Figure 8), FRZER2 5 HA
LEE L OWREOLH S BMPsHPBIEINTBY, #ELHI O IZMPsO
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WL TwE T,
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I WA B SR OB ARIGE S 1L, BOEII~ A 70T T AF v IR
HEENDLIEEHDPODLTOL—DODOFTEELTI[RL Y+ v F 2L BHEE
ToTBONETE, COLIHICSHOGEHOBTHAE SR 5 2 & & it
LTWwWET,

FRETES Y + v 7 [ THRF L 72HE 2 FIH L TMPsO R Hi~ v 72/
BEDNT T DORFEICHMYHATHE T,

®MAERE C ARANEIIRFBRORERD 2 WIRY | ARREFATHER T T o B
HEOWTRBLTHET,

[1] AHMEEAN DARBE. 2050E0HIM LN L TENEL 2D 253 TEL200T7 7
2= " 2022.08.25, https://www.nippon-foundation.or.jp/journal/2019/20107/ocean_
pollution, (Zf 2024-12-23).

[2] Maes Thomas etal, “A rapid-screening approach to detect and quantify microplastics
based on fluorescent tagging with Nile Red”, SCIENTIFIC REPORTS, 7(1), 1-10 (2017).

[3]1 WRUER IR B2k FHETT e A IGRL e, " 7 Y ORAEERr bR 55 0.
HARE -4 559401k 4%, 2023.09.09.
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REWRZIT, T 2B 2B OEE) - Bz My, Bpfdiom ke
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B, #%, IIEE (DUFI3HE 2w ) Rel SNl 4 5SSO EL
R ENTT5 %, FEWHEOIRE, 425, BRIZEHK S /205 %« O % IR 2 8
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fit & BmREEE XSRS 7 SNV A F7 2 7 W K&, LR WE) 7 &
OEF A REE 2 ZE L, B AORFEF IS 2 )57 H & FAEAE
Rt W07 KA E L7z

REEHOBE

REEINZ, EFEIKR LERKOPHR A + v S0 ESACFIIEE 2 EfFt= 5
) VT AKERIEREEOBBEEICHCONLFEHERTH B, KFEWIL,
et 72 — = o ZVpHEMK 61223 1) — XIZHRH &M\ 5 (Figure 1) 6

PERFEAFDRE

HAxDES LRdHSWHHEEIFHNIC & o THEH S5 EEHEK - T2EKI,
FAL 70X 22 B TANNIR &b, DK, pHOHRIE & HIfNILERBIE Y % b
195 ECTHERTRTH S, —F, EL7 01 A28 5 FEARNE R M AL
PEAE SRR T, Ml ReTEe, AR EOEmBEOGEM NG ENTS
D, BREBENEMMREIND &, BEISHENRIME L, 258 L2 ENR
WL 70 B o BMEEWE IIAE L7yE S 3 A REN AL, (EEBOTFIC
IBLEWMY LG TH Y, FEZE~DA VT F » AATREE LD X7 95K
EVEW)WEND o 72, BREEHEEHRLZET 2561, LHERLZER
ERREDLETH 513D, FELGTTOME L H - 72,
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HORIBA World-Wide Network

HORIBA, Ltd.
2 Miyanohigashi-cho, Kisshoin, Minami-ku, Kyoto,
601-8510, Japan
Phone : +(81)75-313-8121 Fax : +(81)75-321-8312
Biwako Factory
1-15-1, Noka, Otsu, Shiga, 520-0102, Japan
Phone : +(81)-77-548-6130 Fax : +(81)-77-548-6193
Tokyo Branch
Kanda Awaji-cho Nichome Building, 2-6 Kanda
Awaji-cho, Chiyoda-ku, Tokyo, 101-0063, Japan
Phone : +81-3-6206-4711 Fax : +81-3-6206-4720
Tokyo Sales Office
Kanda Awaji-cho Nichome Building, 2-6 Kanda
Awaji-cho, Chiyoda-ku, Tokyo, 101-0063, Japan
Phone : +81-3-6206-4721 Fax : +81-3-6206-4730
Hokkaido Sales Office
6F Park East Sapporo, 1-3 Minami Ichijo Higashi,
Chuo-ku, Sapporo, Hokkaido, 060-0051, Japan
Phone : +81-11-207-1800 Fax : +81-11-207-1802
Tohoku Sales Office
4-21-8 Izumichuo, Izumi-ku, Sendai, Miyagi, 981-
3133, Japan
Phone : +81-22-776-8251 Fax : +81-22-772-6727
Tochigi Sales Office
1F Flora Building, 1-9-15 Higashishukugo,
Utsunomiya, Tochigi, 321-0953, Japan
Phone : +81-28-634-7051 Fax : +81-28-634-6099
Yokohama Sales Office
1F Prime ShinYokohama Building, 2-3-19
Shinyokohama, Kohoku-ku, Yokohama, Kanagawa,
222-0033, Japan
Phone : +81-45-478-7017 Fax : +81-45-478-7029
Nagoya Sales Office
4F BlZrium Nagoya, 3-1-17 Noritakeshinmachi,
Nishi-ku, Nagoya, Aichi, 451-0051, Japan
Phone : +81-52-433-3450 Fax : +81-52-433-3460
Toyota Sales Office
2-23 Tsukasa-cho, Toyota, Aichi, 471-0831, Japan
Phone : +81-565-37-8510 Fax : +81-565-37-8511
Hamamatsu Sales Office
221-1 Sanjino-cho, Chuou-ku, Hamamatsu,
Shizuoka, 430-0816, Japan
Phone : +81-53-468-7780 Fax : +81-53-468-7781
Osaka Sales Office
4F ShinOsaka UenoToyo Building, 7-4-17
Nishinakajima, Yodogawa-ku, Osaka, 532-0011,
Japan
Phone : +81-6-6390-8011 Fax : +81-6-6390-8012
Shikoku Sales Office
9-9 Imazato-cho, Takamatsu, Kagawa, 760-0078,
Japan
Phone : +81-87-867-4800 Fax : +81-87-867-4801
Hiroshima Sales Office
1F Furuta Building, 2-5-27 Miyanomachi, Fuchu-
cho, Aki-gun, Hiroshima, 735-0005, Japan
Phone : +81-82-288-4433 Fax : +81-82-286-0761
Kyusyu Sales Office
1F Hakata Fukoku Seimei Building, 8-30
Tenyamachi, Hakata-ku, Fukuoka, 812-0025,
Japan
Phone : +81-92-292-3593 Fax : +81-92-292-3594
HORIBA Advanced Technology Center
11-5 Hokotate-cho, Kamitoba, Minami-ku, Kyoto,
601-8116, Japan
Phone : +81-75-693-2300 Fax : +81-75-693-2350
Kutsuki Training Center
335-10 Tochu, Kutsuki, Takashima, Shiga, 520-
1425, Japan
Phone : +81-740-38-3127 Fax : +81-740-38-3126

HORIBA STEC, Co., Ltd.
11-5 Hokotate-cho, Kamitoba, Minami-ku, Kyoto,
601-8116, Japan
Phone : +(81)-75-693-2300 Fax : +(81)-75-693-2350
Aso Factory
Torikokogyodanchi, 358-11, Koumaibata, Toriko,
Nishiharamura, Aso-gun, Kumamoto, 861-2401,
Japan
Phone : +(81)-96-279-2921 Fax : +(81)-96-279-3364
Fukuchiyama Technology Center
11-1 Miwa-cho Miwa, Fukuchiyama, Kyoto, 620-
1445 Japan
Phone : +(81)-773-59-2070 Fax : +(81)-773-59-2074
Tokyo Sales Office
5F Kanda Awaji-cho Nichome Building, 2-6 Kanda
Awaji-cho, Chiyoda-ku, Tokyo, 101-0063, Japan
Phone : +81-3-6206-4731 Fax : +81-3-6206-4740
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Tohoku Sales Office

4-21-8 lzumichuo, 1zumi-ku, Sendai, Miyagi, 981-
3133, Japan

Phone : +81-22-772-6717 Fax : +81-22-772-6727
Nagoya Sales Office

4F BlZrium Nagoya, 3-1-17 Noritakeshinmachi,
Nishi-ku, Nagoya, Aichi, 451-0051, Japan

Phone : +81-52-433-3451 Fax : +81-52-433-3461
Kyushu Chuo Sales Office

Torikokogyodanchi, 358-11, Koumaibata, Toriko,
Nishiharamura, Aso-gun, Kumamoto, 861-2401,
Japan

Phone : +81-96-279-2922 Fax : +81-96-279-3364

HORIBA Advanced Techno, Co.,Ltd.
2 Miyanohigashi-cho, Kisshoin, Minami-ku, Kyoto,
601-8551, Japan
Phone : (81) 75-321-7184 Fax : (81) 75-321-7291
Factory
2 Miyanohigashi-cho, Kisshoin, Minami-ku, Kyoto,
601-8551, Japan
Phone : +81-75-321-1215 Fax : +81-75-321-1079
Tokyo Sales Office
Kanda Awaji-cho Nichome Building, 2-6 Kanda
Awaji-cho, Chiyoda-ku, Tokyo, 101-0063, Japan
Phone : +81-3-6206-4751 Fax : +81-3-6206-4760
Tohoku Sales Office
4-21-8 lzumichuo, Izumi-ku, Sendai, Miyagi, 981-
3133, Japan
Phone : +81-22-776-8253 Fax : +81-22-772-6727
Nagoya Sales Office
4F BlZrium Nagoya, 3-1-17 Noritakeshinmachi,
Nishi-ku, Nagoya, Aichi, 451-0051, Japan
Phone : +81-52-433-3452 Fax : +81-52-433-3462
Osaka Sales Office
4F ShinOsaka UenoToyo Building, 7-4-17
Nishinakajima, Yodogawa-ku, Osaka, 532-0011,
Japan
Phone : +81-6-6390-8211 Fax : +81-6-6390-8222
Shikoku Satellite Office
9-9 Imazato-cho, Takamatsu, Kagawa, 760-0078,
Japan
Phone : +81-87-867-4841 Fax : +81-87-867-4842
Kyusyu Sales Office
1F Hakata Fukoku Seimei Building, 8-30
Tenyamachi, Hakata-ku, Fukuoka, 812-0025,
Japan
Phone : +81-92-292-3595 Fax : +81-92-292-3596
Kyushu Chuo Sales Office
Torikokogyodanchi, 358-11, Koumaibata, Toriko,
Nishiharamura, Aso-gun, Kumamoto, 861-2401,
Japan
Phone : +81-96-234-8035 Fax : +81-75-321-7291

HORIBA TECHNO SERVICE Co., Ltd.
2 Miyanohigashi-cho, Kisshoin, Minami-ku, Kyoto,
601-8305, Japan
Phone : +81-75-313-8125 Fax : +(81)-75-321-5647
Tokyo Service Station
4F Kanda Awaji-cho Nichome Building, 2-6 Awaji-
cho, Kanda, Chiyoda-ku,Tokyo, 101-0063, Japan
Phone : +81-570-200-809 Fax : +81-3-6206-4742
Hokkaido Sevice Station
6F Park East Sapporo, 1-3 Minami Ichijo Higashi,
Chuo-ku, Sapporo, Hokkaido, 060-0051, Japan
Phone : +81-570-200-809 Fax : +81-11-207-1802
Tohoku Service Station
4-21-8 lzumichuo, 1zumi-ku, Sendai, Miyagi, 981-
3133, Japan
Phone : +81-570-200-809 Fax : +81-22-772-6727
Fukushima Service Station
101 Office Tatsumi, 5-13-17 Saikon, Koriyama,
Fukushima, 963-8862, Japan
Phone : +81-570-200-809 Fax : +81-24-925-9312
Tochigi Service Station
1F Flora Building, 1-9-15 Higashishukugo,
Utsunomiya, Tochigi, 321-0953, Japan
Phone : +81-570-200-809 Fax : +81-28-634-6099
Chiba Service Station
1-8-12 Goichuo-higashi, Ichihara, Chiba,
290-0054,Japan
Phone : +81-570-200-809 Fax : +81-436-24-0642
Kashima Service Station
1-4-35 Kamisu, Kamisu, Ibaraki, 314-0143, Japan
Phone : +81-570-200-809 Fax : +81-299-92-9561
Tsukuba Service Station
203 Tsukuba Cityia Moi Building, 5-20-2
Kenkyugakuen, Tsukuba, Ibaraki, 305-0817, Japan
Phone : +81-570-200-809 Fax : +81-29-859-5221

Saitama Service Station

1F Higashikawaguchi Garden Plaza, 1-6-1
Totsukahigashi, Kawaguchi, Saitama, 333-0802,
Japan

Phone : +81-570-200-809 Fax : +81-48-298-6880
Nishitokyo Service Station

1F The-Macrocosm, 3-37-34 Izumi, Kokubuniji,
Tokyo, 185-0024, Japan

Phone : +81-570-200-809 Fax : +81-42-322-3210
Yokohama Service Station

1F Prime ShinYokohama Building, 2-3-19
Shinyokohama, Kohoku-ku, Yokohama, Kanagawa,
222-0033, Japan

Phone : +81-570-200-809 Fax : +81-45-478-7029
Fuji Service Station

1F Suzuki Building, 4-7 Suzukawahigashi-cho, Fuiji,
Shizuoka, 417-0012, Japan

Phone : +81-570-200-809 Fax : +81-545-33-3159
Hamamatsu Service Station

221-1 Sanjino-cho, Chuou-ku, Hamamatsu,
Shizuoka, 430-0816, Japan

Phone : +81-570-200-809 Fax : +81-53-464-6528
Tokai Service Station

2-23 Tsukasa-cho, Toyota, Aichi, 471-0831, Japan
Phone : +81-570-200-809 Fax : +81-565-37-3520
Nagoya Service Station

Wakahara Building, 5-207 Kamiyashiro, Meito-ku,
Nagoya, Aichi, 465-0025, Japan

Phone : +81-570-200-809 Fax : +81-52-705-0710
Hokuriku Service Station

1F Ichigo Toyama Station West Building, 1-1-19,
Jinzuhonmachi, Toyama, 930-0008, Japan

Phone : +81-570-200-809 Fax : +81-76-471-5493
Mie Service Station

1F Taiyo-Seimei Yokkaichi Building, 1-1-18
Unomori, Yokkaichi, Mie, 510-0074, Japan

Phone : +81-570-200-809 Fax : +81-59-340-6063
Kyoto Service Station

2 Miyanohigashi, Kisshoin, Minami-ku, Kyoto, 601-
8305, Japan

Phone : +81-570-200-809 Fax : +81-75-321-5647
Osaka Service Station

1-6-40, Hagoromo, Takaishi-shi, Osaka, 592-0002,
Japan

Phone : +81-570-200-809 Fax : +81-72-267-6655
Hyogo Service Station

1F Harima Building, 1215-1, Tsuchiyama, Hiraoka-
cho, Kakogawa-shi, Hyogo, 675-0104, Japan
Phone : +81-570-200-809 Fax : +81-78-941-0123
Shikoku Service Station

9-9 Imazato-cho, Takamatsu, Kagawa, 760-0078,
Japan

Phone : +81-570-200-809 Fax : +81-87-867-4822
Okayama Service Station

1-12-35 Tsurajima, Kurashiki, Okayama, 712-8012,
Japan

Phone : +81-570-200-809 Fax : +81-86-446-5637
Hiroshima Service Station

1F Furuta Building, 2-5-27 Miyanomachi,
Fuchucho, Aki-gun, Hiroshima, 735-0005, Japan
Phone : +81-570-200-809 Fax : +81-82-286-0761
Yamaguchi Service Station

1F 3rd Hanada Building, 1-72 Hashimoto, Shunan,
Yamaguchi, 745-0022, Japan

Phone : +81-570-200-809 Fax : +81-834-34-8685
Kyusyu Service Station

1F Hakata Fukoku Seimei Building, 8-30
Tenyamachi, Hakata-ku, Fukuoka, 812-0025,
Japan

Phone : +81-570-200-809 Fax : +81-92-292-3598
Oita Service Station

1F Tsuruwa Building, 2-2-37 Hagiwara, Oita, 870-
0921, Japan

Phone : +81-570-200-809 Fax : +81-97-551-3889
Kumamoto Service Station

Toriko-kogyodanchi, 358-11, Koumaibata, Toriko,
Nishiharamura, Aso-gun, Kumamoto, 861-2401,
Japan

Phone : +81-570-200-809 Fax : +81-96-279-2986
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HORIBA Instruments Brasil, Ltda.
Rua Presbitero Plinio Alves de Souza, 645,
Loteamento Multivias, Jardim Ermida Il - Jundiai
Sao Paulo - CEP 13.212-181 Brazil
Phone : +(55)-11-2923-5400 Fax : +(55)-11-2923-5490

TCA/HORIBA Sistemas de Testes Automotivos Ltda.
Avenida Luigi Papaiz, 239 - Campanario, Diadema,
Séo Paulo, CEP: 09931-610, Brazil
Phone : +(55)-11-4224-0200 Fax : +(55)-11-4227-3133

HORIBA Canada, Inc.
Unit102, 5555 North Service Road Burlington,
Ontario, L7L 5H7, Canada
Phone : (1) 905-335-0234 Fax : (1)905-331-2362
HORIBA Canada, Inc., London Office
347 Consortium Court, London, Ontario, N6E 2S8,
Canada
Phone : (1) 519-668-6920 Fax : 1(1) 519-668-8437

HORIBA Americas Holding Incorporated
9755 Research Drive, Irvine, CA 92618, U.S.A.
Phone : (1)949-250-4811

HORIBA Instruments Incorporated
9755 Research Drive, Irvine, CA 92618, U.S.A.
Phone : +(1)-949-250-4811 Fax : +(1)-949-250-0924
Ann Arbor Office
5900 Hines Drive, Ann Arbor, M| 48108, U.S.A.
Phone : +(1)-734-213-6555 Fax : +(1)-734-213-6525
Austin Office
9701 Dessau Road, Suite 605, Austin, TX 78754,
U.S.A.
Phone : +(1)-512-836-9560 Fax : +(1)-512-836-8054
Canton Office
5449 Research Drive Canton, M| 48188, U.S.A.
Phone : +(1)-800-445-9853 Fax : +(1)-734-483-1592
Fletcher Office
270 Rutledge Road, Unit D Fletcher, NC 28732,
U.S.A.
Phone : +(1)-828-676-2801 Fax : +(1)-828-676-2805
Houston Office
5390 Bay Oaks Drive, Pasadena, TX 77505
Phone : +1-281-482-4334 Fax : +1-281-674-6058
Novato Field Office
359 Bel Marin Keys Blvd, #18, Novato, CA 94949
Piscataway Office / HORIBA New Jersey Optical
Spectroscopy Center
20 Knightsbridge Rd, Piscataway, NJ 08854, U.S.A.
Phone : +(1)-732-494-8660 Fax : +(1)-732-549-5125
Portland Office
7007 S.W. Cardinal Lane, Suite 185, Portland, OR
97224, U.S.A.
Phone : +(1)-503-624-9767 Fax : +(1)-503-968-3236
Reno Office / HORIBA Reno Technology Center
3740 Barron way Reno, Nevada 89511, U.S.A.
Phone : +(1)-775-358-2332 Fax : +(1)-775-358-0434
Sunnyvale Office
430 Indio Way, Sunnyvale CA 94085, U.S.A.
Phone : +(1)-408-730-4772 Fax : +(1)-408-730-8975
Tempe Office
1515 West University Drive, Suite 101 Tempe, AZ
85281, U.S.A.
Phone : +(1)-480-791-2203
Troy Office
2890 John R Road, Troy, MI 48083, U.S.A.
Phone : +(1)-248-689-9000 Fax : +(1)-248-689-8578
Salt Lake City Office
630 Komas Drive, Suite 310, Salt Lake City, UT
84108, U.S.A
Phone : +(1)-801-322-1235 Fax : +(1)-801-322-5607

AUSTRIA
HORIBA (Austria) GmbH
Kaplanstrasse 5, A-3430 Tulln, Austria
Phone : +(43)-2272-65225 Fax : +(43)-2272-65225-45

HORIBA Czech Olomouc Factory
Zeleznicni 512/7, 779 00 Olomouc, Czech Republic
Phone : (420) 588 118 365 / (420) 588 118 393
HORIBA Czech Prague Office
Prumyslova 1306/7, CZ-10200, Praha 10, Czech
Republic
Phone : (420) 246 039 265

HORIBA Europe Holding SASU
14 Boulevard Thomas Gobert - CS 45002 - 91120,
Palaiseau, France
HORIBA FRANCE SAS / HORIBA Europe
Research Center
14 Boulevard Thomas Gobert - Passage Jobin
Yvon CS 45002 - 91120, Palaiseau, France
Phone : (33) 1-69-74-72-00 Fax : (33) 1-69-31-32-20
Lille Office
455 avenue Eugene Avinée - 59120 LOOS -
France
Phone : +(33)-1-69-74-72-00 Fax : +(33)-3-20-59-18-08
Vénissieux Office
Montpellier Office
Parc Euromédecine Rue du Caducée 34790
Grabels, France
HORIBA Advanced Techno France SAS
100 B Allée Saint Exupéry 38330 Montbonnot-
Saint-Martin
Phone : +33 (0)4 76 41 86 39 Fax: +33 (0)4 76 41 92 27

HORIBA Europe GmbH / Oberursel Office
Hans-Mess-Str.6, D-61440 Oberursel, Germany
Phone : (49) 6172-1396-0 Fax : (49) 6172-1373-85
Darmstadt Office
Landwehrstrasse 55, D-64293, Darmstadt,
Germany
Phone : (49)-6151-5000-0 Fax : (49)-6151-5000-3865
Dresden Office
Hugo-Junckers-Ring 1, 01109 Dresden, Germany
Phone : (49) 351-8896807 Fax : (49) 351-8896808
Florsheim Office
Mariechen-Graulich-Stral3e 10-12a, 65439
Florsheim, Germany
Phone : (49) 6145-37699-12
Hanover Office
Frankenring 14, D-30855 Langenhagen, Germany
Phone : (49) 511-65523987 Fax : (49) 511-54571751
Korschenbroich Office
Friedrich-Ebert-Str. 9-11, D-41352 Korschenbroich,
Germany
Phone : (49) 2161-47537-0
Leichlingen Office
Julius-Kronenberg-Str. 9, D-42799 Leichlingen,
Germany
Phone : (49) 2175-8978-0 Fax : (49) 2175-897850
Munich Office
Waldmeisterstr. 72-74/Robinienstr. 66, D-80935
Munich, Germany
Phone : (49) 89-2444779-0 Fax : (49) 89-2444779-10
Potsdam Office
Dennis-Gabor-Str. 2, D-14469 Potsdam, Germany
Phone : (49) 3316-4900-70 Fax : (49) 3316-4900-74
Stuttgart Office (Neuhausen)

Zabergaeustr. 3, D-73765 Neuhausen, Germany
Phone : (49) 7158-933-800 Fax : (49) 7158-933-899
Wolfsburg Office

Klauskamp, Heinenkap Il 38444 Wolfsburg,
Germany

Phone : (49) 5361-38653-16 Fax : (49) 5361-38653-24

HORIBA Jobin Yvon GmbH
Hans-Mess-Str. 6, 61440 Oberursel, Germany
Phone : 49(0)61-72-13-96500

HORIBA FuelCon GmbH
Otto-von-Guericke-Allee 20, 39179 Barleben,
Germany
Phone : (49) 39203-514-400 Fax : (49) 39203-514-409

BeXema GmbH
Otto-von-Guericke-Allee 20, 39179 Barleben,
Germany
Phone : +49 39203 964 200

HORIBA Tocadero GmbH
Johann-Hittorf-Str. 8 12489 Berlin Germany
Phone : +49 (0)30 6392 3150 Fax : +49 (0)30 6392 3151

HORIBA ITALIA Srl
Via Luca Gaurico 209 - 00143 ROMA
Phone : +(39)-6-51-59-22-1 Fax : +(39)-6-51-96-43-34
Torino Office
Via Feroggio, 30, 10151 Torino, Italy
Phone : +(39)-1-19-04-06-01 Fax : +(39)-1-19-00-04-48
HORIBA ABX SAS, Italy Branch
Viale Luca Gaurico 209/211, 00143, Roma, Italy
Phone : (39) 6-51-59-22-1 Fax : (39) 6-51-96-43-34

NETHERLANDS

HORIBA Europe GmbH, Netherlands Branch
Science Park Eindhoven 5080 (Industrial park
"Ekkersrijt") 5692 EA, Son, Netherlands
Phone : (31) 40-2900240 Fax : (31) 40-2900624

POLAND

HORIBA ABX Sp. z 0.0.
Aleja Niepodleglosci 1802-653 Warszawa
(Warsaw), Poland.
Phone : (48) 22-673-2022 Fax : (48) 22-673-2026
PORTUGAL

HORIBA ABX SAS, Portugal Branch
Alfrapark - Estrada de Alfragide n°® 67, Edificio F -
Piso 0 Sul, 2610-008 Amadora, Portugal
Phone : (351) 2-14-72-17-70 Fax : (351) 2-14-72-17-89

ROMANIA

HORIBA (Austria) GmbH, Romania Branch
B-dul.Republicii, nr. 164, Etaj Parter, Birourile nr. 3
si 4, Pitesti, 110177, Judetul Arges, ROMANIA
Phone : +(40)-348-807117 Fax : +(40)-348-807118

RUSSIA

HORIBA OO0
Altufievskoe shosse, 13, building 5, 127106,
Moscow, Russia
Phone : +(7)-495-221-87-71 Fax : +(7)-495-221-87-68
Zelenograd Office
Office 106, 2nd West st., 1, build 1, 124460,
Zelenograd city, Moscow, Russia
Phone : (+7)-499-995-09-54
SPAIN
HORIBA ABX SAS, Spain Branch
Calle Apolonio Morales. Num. 6 (Bajos), 28036
Madrid, Spain
Phone : (34) 91-353-30-10 Fax : (34) 91-353-30-11
HORIBA MIRA SPAIN, S.L.
Calle Oficios, nave 22, 04620 Vera (Almeria)
Phone : +(34)-950-39-11-53
SWEDEN

HORIBA Europe GmbH, Sweden Branch (Gothenburg)
Grimboasen 10 A, S-417 05 Gothenburg, Sweden
Phone : (46) 10-161-1500 Fax : (46) 10-161-1503
HORIBA Europe GmbH, Sweden Branch (Sodertalje)
Sydhamnsvagen 55-57, SE- 15138, Sodertalje,
Sweden
Phone : +(46)-8-550-80701 Fax : +(46)-8-550-80567

TURKEY

HORIBA Europe GmbH, Istanbul Office
Veysel Karani Mahallesi, Colakoglu Sokak No: 10,
Rings Rezidans D:23, PK: 34885, Sancaktepe /

Istanbul, Turkey
Phone : (90) 216-572-1166 Fax : (90) 216-572-1167
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UNITED KINGDOM
HORIBA UK Limited
Kyoto Close Moulton Park Northampton NN3 6FL
UK
Phone : +44 (0)1604 542500 Fax : +44 (0)1604 542699
HORIBA UK Finance Limited
Kyoto Close Moulton Park Northampton NN3 6FL
UK
Phone : +(44) 1604 542500

HORIBA Jobin Yvon IBH Ltd.
133 Finnieston St. Glasgow G3 8HB, UK
Phone : +(44)-141-229-67-89 Fax : +(44)-141-229-67-90
HORIBA Test Automation Limited
Brook Court Whittington Hall Worcester WR5 2RX,
UK
Phone : +(44)-1905-359359 Fax : +(44)-1905 359332

HORIBA MIRA Limited
Watling Street, Nuneaton, Warwickshire, CV10
0TU, United Kingdom
Phone : +(44)-24-7635-5000
Quatro Park
Unit 1, Quatro Park, Paycocke Road, Basildon,
Essex, SS14 3GH, United Kingdom
Phone : +(44)-1268-290100

HORIBA MIRA Certification Limited
Watling Street, Nuneaton, Warwickshire, CV10
0TU, United Kingdom
Phone : +(44)-24-7635-5000

MIRA Technology Park Limited
Watling Street, Nuneaton, Warwickshire, CV10
0TU, United Kingdom
Phone : +(44)-24-7635-5000

MIRA Technology Park Services Limited
Watling Street, Nuneaton, Warwickshire, England,
CV10 0TU
Phone : +(44)-24-7635-5000

IDV Robotics Ltd.

Suite 1.03, Technology Centre Nw05 Mira
Technology Park, Watling Street, Nuneaton,
Warwickshire, United Kingdom, CV10 0TU

HORIBA INSTRUMENTS (SHANGHAI) CO., LTD
No0.99, Chunxiu Rd, Anting Town, Jiading District,
Shanghai, China 201804
Phone : +(86)-21-6952-2835 Fax : +(86)-21-6952-2823

HORIBA Technology (Suzhou) Co., LTD.
No.1 building, Industry park, No.101 Chenmenjing
Rd, Taicang, Jiangsu, China (215400)

Phone : +(86)-0512-3306-6388

HORIBA (China) Co., Ltd.

No0.99, Chunxiu Rd, Anting Town, Jiading District,
Shanghai, China 201804
Phone : +(86)-21-6289-6060 Fax : +(86)-21-6289-5553

HORIBA (China) Trading Co., Ltd.
Unit D, 1F, Building A, Synnex International Park,
1068 West Tianshan Road, 200335, Shanghai
Phone : +(86)-21-6289-6060 Fax : +(86)-21-6289-5553
Beijing Branch
12F, Metropolis Tower, No.2, Haidian Dong 3
Street, Beijing, 100080, China
Phone : +(86)-10-8567-9966 Fax : +(86)-10-8567-9066
Guangzhou Branch
Room 1611/1612, Goldlion Digital Network Center,
138 Tiyu Road East, Guangzhou 510620, China
Phone : +(86)-20-3878-1883 Fax : +(86)-20-3878-1810
HORIBA Precision Instruments (Beijing) Co., Ltd.
Building1, No.3 yuan, Xixing Road, Houshayu
Town, Shunyi District, Beijing, 101318 China
Phone : +86-10 8492 9402 Fax : +86-10 8492 7216
MIRA China Ltd
Unit E, B1F, Building A, Synnex International Park,
No. 1068 Tianshan West Road, Shanghai 200335
Phone : +(86)-21-6220-6377 Fax : +(86)-21-6220-6379
Xiangyang Branch
A27-1, Jiahai industrial park, High-tech District,
Xiangyang, Hubei, 441004, China
Phone : +(86)-710-2578-268
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NDIA

HORIBA India Private Limited
246, OKHLA INDUSTRIAL ESTATE, PHASE 3
NEW DELHI - 110020, India
Phone : +91-11-4646-5000 Fax : +91-11-4646-5020
Bangalore Office
3rd, No.504, 22nd Cross HSR Club Road Sector-3,
Bengaluru, Karnataka, 560102, INDIA
Phone : +(91)-80-4127-3637
Chennai Office
No.9, 01 & 02 Floor,Ganapathy Colony, Thiru-Vi-Ka
Industrial Estate,Guindy, Chennai ,600032 India
Phone : +(91)-44-42077899
Haridwar Factory
Plot No. 26, Sector-7, IIE, SIDCUL, Haridwar,
Uttarakhand - 249403, India
Phone : +(91)-1334-239139
Kolkata Office
EK Tower/6th Floor/Office -4A, Action Area-Il D,
Newtown, Pin Code 700161,India
Phone : +(91)-90073-63356
Nagpur Factory
Plot No B-3, C-32, MIDC Industrial Area, Butibori,
Phase 2, Nagpur, Maharashtra, 441122, India
Phone : +(91) 71-0328-0200
Technical Center
D-225,Chakan MIDC Phase-Il, Bhamboli Village,
Pune-410501.
Phone : +(91) 21-3567-6000
Ahmedabad Office
810, ALTIMUS NEAR DINESH HALL, ASHRAM
ROAD, Ahmedabad, 380009, INDIA
Phone : +(91) 95601 99913

INDONESIA

PT HORIBA Indonesia
JI. Jalur Sutera Blok 20A, No. 16-17, Kel. Kunciran,
Kec. Pinang Tangerang - 15144, Indonesia
Phone : +62-21-3044 8525 Fax : +62-21-3044 8521

KOREA

HORIBA KOREA Ltd.
25, 94-Gil, lljik-Ro, Manan-Gu, Anyang-Si,
Gyeonggi-Do, 13901, Korea
Phone : +(82)-31-296-7911 Fax : +(82)-31-296-7913
Ulsan Office
(44633)5F, 10, Bukbusunhwan-doro, Nam-gu,
Ulsan, Korea
Phone : +(82)-52-275-0122 Fax : +(82)-52-276-0136
Dongtan Office
513-Ho, Digital Station, 160, Samsung 1-Ro,
Hwaseong-Si, Gyeonggi-Do, 18450, Korea
Phone : +(82)70-4689-0647

HORIBA STEC KOREA, Ltd.
98, Digital valley-ro Suji-gu, Yongin-si Gyeonggi-do
16878 Korea
Phone : +(82)-31-8025-6500 Fax : +(82)-31-8025-6599

MALAYSIA

HORIBA Malaysia Sdn Bhd
73-3-1, Ideal@The One, Jalan Mahsuri, Bayan
Lepas, 11950 Penang, Malaysia

HORIBA Instruments (Singapore) Pte Ltd., Manila Office
27/F Tower 2, The Enterprise Center, 6766 Ayala
Avenue corner Paseo de Roxas, Brgy. San
Lorenzo, Makati City, Philippines, 1226
Phone : +63 2 8885 8468

HORIBA Instruments (Singapore) Pte Ltd
3 Changi Business Park Vista #01-01, Singapore
486051
Phone : +(65)-6-745-8300 Fax : +(65)-6-745-8155
West Office
83 Science Park Drive, #02-02A, The Curie,
Singapore 118258
Phone : +(65)-6-908-9660

HORIBA Taiwan, Inc.
8F.-8, N0.38, Taiyuan St. Zhubei City, Hsinchu
County 30265, Taiwan (R.O.C.)
Phone : +(886)-3-5600606 Fax : +(886)-3-5600550
Tainan Office
1F., N0.90 Ziyou Rd., Shanhua Dist., Tainan City,
74158, Taiwan (R.O.C.)
Phone : +(886)6-581-1108 Fax : +(886)6-581-1560

HORIBA Holding (Thailand) Limited
46/8 Rungrojthanakul Bld., 1st, 2 nd Floor,
Ratchadapisek Road., Huai Khwang Bangkok,
10310, Thailand
Phone : (66) 2-861-5995 Fax : (66) 2-861-5200
HORIBA (Thailand) Limited
46/8 Rungrojthanakul Bld., 1st, 2 nd Floor,
Ratchadapisek Road., Huai Khwang Bangkok
10310
Phone : +66 (0) 2 861 5995 ext.123 Fax : +66 (0) 2 861 5200

HORIBA Vietnam Company Limited
Lot 3 and 4, 16 Floor, Detech Tower II, No. 107
Nguyen Phong Sac Street, Dich Vong Hau Ward,
Cau Giay District, Hanoi, Vietnam
Phone : +(84)-24-3795-8552 Fax : +(84)-24-3795-8553
Branch in Ho Chi Minh city
7th Floor, No 09 Dinh Tien Hoang Street, Da Kao
Ward, District 1, Hochiminh City
Phone : +84 2871095386

(2024F12A8%)
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