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only natural therefore, based
on the ever increasing concern
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standardization of analysis
methodologies for this pervading
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The history of HORIBA began with the founder Dr. Masao Horiba having com-
pleted the first Japanese glass pH electrode meter in 1950. Since it is the origin of
HORIBA, water analysis is the foundation of HORIBA.

In the 1960s, the desktop pH meter was evolved into a compact design. In the
1970s, the composite electrode was developed by integrating with a glass elec-
trode, a reference clectrode and a temperature compensation electrode. In the
1980s and 1990s, we developed card-type, handy-type, and stick-type products in
response to different use requirements, and extended into on-line analysis. In the
2000s, the product lineup has been expanded, and our pH products have continu-
ally evolved in all aspects of accuracy, quality, and design. In addition to using
electrochemistry and conductivity for water analysis, we have developed our
spectroscopy technology for liquid applications, and extended water measure-
ments on-line. We now provide a wide range of water quality analysis equipment
related to environmental regulations and industrial processes on top of those for
research and development.

There are various needs for water quality analysis related to environmental regu-
lations. For example, with the tightening of exhaust gas environmental regulations
on ships (Sulfur oxide SOx emissions in general sea areas are now 0.5% or lower),
however demands for water quality monitors of exhaust gas purification equip-
ment are increasing. Sulfur oxide in exhaust gas emissions, generated from the
ship internal combustion engines, has been suppressed by sprinkling scrubber
water on the exhaust gas. However, this scrubber water is itself required to be
treated before it is discharged outboard of ships. Our product (EG-100) is indis-
pensable for measuring water quality at the time of water coming into the
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scrubber system and after water treatment, since water can only be discharged to
the outboard of the ships if it meets the regulation values set by the International
Maritime Organization (IMO).

Meanwhile, in many developed countries, there is a need for improved conve-
nience for water use so that people can realize a high standardization of water
infrastructure facilities, everyday new efforts and new facilities are created to
improve efficiency and protect water quality. The supply of water is not always
balanced against the demand of water use in many countries of the world, and
even at this moment increased water purification and water treatment facilities,
systems and measurement are needed. In addition, it is expected that more coun-
tries will step up their efforts to recycle natural and industrial wastewater, and
increase activities to reduce environmental impact. In some regions like North
America, the reuse of wastewater and desalination will be more prevalent in cer-
tain areas like the western and southern regions where water shortages are
becoming more serious. In Latin America, it is expected that more countries such
as Brazil and Argentina will promote privatization of water treatment facilities
which will bring it’s own challenges. Moreover, in Southeast Asian countries
including China and India, regulations are becoming strengthened to reduce the
environmental impact as these countries advance their capabilities. There is a
demand for efficient and reliable treatment, and quantitative measurements in
various water treatment processes such as drinking water, sewage and industrial
wastewater. We recognize the importance of our role to take a responsibility to
provide reliable measurement data for water quality attributes as these global
needs grow.

With respect to the realization of a sustainable society, in relation to sustainable
development goals (SDG’s) set by the United Nations, HORIBA also contributes
to solve many social issues by using our own technologies, products and applica-
tions to address the SDG guidelines.

In addition to the issues related to “water”that have been described so far, impor-
tant social issues “related to water”, such as microplastics, are now being focused
on by HORIBA today. There is a concern that microplastics will not only affect
the organisms living in the hydrosphere, but also the safety of our drinking water
and bottled beverages. This was also taken up as an important social issue at last
year’s G20. To address these issues, the HORIBA Group also contributes to
expert research and problem solving, centered on our Raman spectroscopy sys-
tems, which is one of HORIBA Jobin Yvon’s main product areas. It is true that
plastics are essential for commercial use and our daily lives, however their dis-
posal and removal from our ecosystem must be controlled. In order to realize a
sustainable society, the HORIBA Group is dedicated to provide unique analysis
and measurement solutions not only for “water” but also for “solids”, such as
plastics.

HORIBA believes that “protecting water quality around the world” is our mission
as a water measurement professional company. We are determined to continue to
be a company that will contribute to global environmental protection and indus-
trial development around the world, in spite of the challenges we all face this year
in our family and work lives due to the spread of coronavirus.

Reaclout English Edition No.54 July 2020

5




Review

Microplastics and Nanoplastics: Method Development
and Analysis and the Relationship with HORIBA
Instruments Incorporated (HII)

Andrew WHITLEY
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The ecological, human and marine health threat of Microplastics (MP’s) and
Nanoplastics (NP’s) is huge and very real. In order for MP’s and NP’s to be
accurately monitored, understood, legislated and reduced, there remains a
significant amount of collaborative work needed between scientists, managers,
policy makers and instrument providers such as HORIBA. Harmonized scien-
tific method is required in order to allow legislators and agency managers to
determine which issues to prioritize. In North America, HORIBA Instruments
Incorporated (HIl) is working closely with both scientists and federal and state
government agencies. These collaborations are intended to support and
develop the science and instrumentation to allow scientists and managers to
achieve the directives and advances necessary to apply legislation and reduce
the risks caused by MP’s and NP’s. This review paper explains HII’s approach,
activities and role in North America to support MP’s and NP’s analysis and
method development towards eventual field monitoring devices and actionable
legislation.

Introduction

Ever since the very beginning of HORIBA, including the early development
work at the end of 1945 and through the very first glass electrode pH meter
products in the early 1950’s, HORIBA products have been applied to environ-
mental applications to protect our planet. HORIBA found early success at the
beginning of the 1960’s through the automotive emission analyzer MEXA-1.
Since then many of our products have been developed for environmental or
related studies and applications. Today our corporate activity towards social
responsibility is focused on energy, health, the environment and safety. Some
key examples of these environmentally conscious products include decades of
continuing innovation in FT-IR exhaust gas analyzers; our range of XRF ana-
lyzers that were applied towards the waste electrical and electronic equipment
(WEEE) and the recycling of hazardous substance (RoHS) directives; and our
Aqualog fluorescence Absorbance Transmission Excitation Emission
Matrices (A-TEEM) spectrometer that was developed for rapid analysis of dis-
solved organic matter in water to allow environmental and water treatment
monitoring. It was only natural therefore, based on the ever increasing concern
over microplastics (MP’s) and nanoplastics (NP’s) in our environment, that
HORIBA would be closely involved in leading the development and standard-
ization of analysis methodologies for this pervading pollutant.

The ecological, human and marine health threat of MP’s is huge and very real.
It is estimated that every year 4.8 to 12.7 million metric tons of plastic waste
enter our oceans. One report® estimated that up to the year 2014 there were an
accumulated number of MP particles, located as a global standing stock of




small floating plastic debris, ranging from 15 to 51 trillion particles, weighing
between 93 and 236 thousand metric tons, which is only approximately 1% of
global plastic waste estimated to enter the ocean in each year. Presumably the
remaining 99% of plastic waste ends up in sediment on the ocean floor with
some washing up on beaches around the world, and some amount recovered in
cleaning exercises.

HORIBA Scientific’s North American involvement with MP’s began with the
development of a close collaboration with Dr. Chelsea Rochman and her
research group in 2015 at the Freshwater and Marine Ecology Department at
the University of Toronto. At that time Dr. Rochman acquired the XploRA
Raman microscope for her groups MP research. In 2019, a second XploRA
Raman microscope was delivered to the University and installed in the labora-
tory of Chelsea’s colleague Dr. Robert Andrews in the Institute for Water
Innovation. Dr. Rochman is a leading researcher and innovator™ in the field of
MP’s, the work of Dr. Rochman’s laboratory will be outlined in detail in an
article by Dr. Bridget O’Donnell later in this issue of Readout.

In September 2018 the California legislature responded to the increasing
threat and public concern towards MP’s by enacting two new bills, as outlined
below, that require quantification of MP’s in various media and development
of new management strategies.

Senate Bill 1422 (Portantino, Chapter 902, California Statutes of 2018)
charges the California State Water Resources Control Board (SWRCB) with
developing methodologies and a strategy for monitoring and tracking the con-
centration of MP’s in drinking water. This includes, adopting a standard defi-
nition of MP’s in drinking water by July, 2020; adopting a standard
methodology to test drinking water for MP’s by July 2021; adopting require-
ments for testing and public reporting of MP’s in drinking water; and accred-
iting laboratories to analyze MP’s.

Senate Bill 1263 (Portantino, Chapter 609, California Statutes of 2018)
requires the California Ocean protection Council (OPC) to adopt a Statewide
MP’s ocean and waterways strategy and report to the legislature on implemen-
tation by 2025. The bill also requires OPC to develop a prioritized plan to
research and support the development of risk assessments in marine habitat by
2021. This includes, development of standardized methodologies for extract-
ing, sampling, counting, and characterizing MP’s in the environment; moving
forward to characterize ambient concentrations, impacts, sources and path-
ways of MP’s in California waterways; and developing approaches to reduce
the introduction of MP’s into marine environments, including source control.

With the announcement of these bills the HORIBA Scientific Business
Development team, led by Dr. Kentaro Nishikata and Dr. Andrew Whitley
proposed a working group meeting to review the analytical instruments and
field monitoring required by these bills. We approached Dr. Rochman to dis-
cuss planning such a meeting. Dr. Rochman suggested that we collaborate
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Figure 1 Maps of the solutions of MP’s count (left column) and mass (right column) distribution for the three different
ocean circulation models. Because fits are done on a per-basin level, there are a few discontinuities visible (e.g.
South of Tasmania in the Maximenko solution, panel a)). Figure 3 from “A global inventory of small floating
plastic debris”. Erik van Sebille et al 2015 Environ. Res. Lett. 10 124006 doi:10.1088/1748-9326/10/12/124006"
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with and hold the meeting at SCCWRP in Costa Mesa, CA, which happens to
be just 13 miles from the North American headquarters of HII in Irvine.
Chelsea introduced us to Dr. Steve Weisberg, Executive Director of the
Southern California Coastal Water Research Project Authority (SCCWRP),
and together we proceeded to discuss what was required to create a successful
working group meeting. It was agreed that at the meeting it would be neces-
sary to perform a gap analysis between existing methods and summarize the
necessary actions to bridge these gaps. From an analytical instrument and
environmental monitoring device manufacturer point of view, HORIBA needs
to work closely with the scientists and managers that are tasked with advising
policy makers what instrument and method developments are needed to meet
legislation, in this case the two CA Senate bills. HORIBA and other manufac-
turers require the measurement requirement to be strictly stated so that we can
collaborate and advise on possible solutions. Where possible collaborating on
method development using existing instruments, but when needed adapting
hardware, including sample handling and automation, and software, to meet
the measurement requirements. In some cases, where the need is extensive
and fully understood, the development of new instrumentation will be done,
in the case of MP’s, as an example, for in field or treatment plant monitoring.

On April 4-5, 2019 our workshop: “Measuring Microplastics: Building Best
Practices for Sampling, Extraction and Analysis”, hosted by HORIBA,
SCCWRP and the University of Toronto, in coordination with the State of
California Water Resources Control Board (SWRCB) and the California
Ocean Protection Council (OPC) was held at SCCWRP in Costa Mesa. The
main meeting objectives were:

1. Understand policy-maker needs in regards to microplastics methods.

2. Agree on the state of the science and determine the research necessary



to reach shared goals.
3. Co-develop a manuscript on best practices for microplastics analyses.
4. Design a study plan to develop harmonized methods, including collec-
tion, laboratory and data management, for microplastics analysis.

There were 14 presentations from regulatory and legislation representatives,
and scientists and managers from around the world. The meeting presentations
were recorded and can be viewed via the link in this reviews references.” To
begin the day, we heard from Deborah Halberstadt, the Executive Director of
the OPC, and Darrin Polhemus, the Deputy Director for Drinking Water at the
SWRCP. They shared their perspective and the targets they need to meet
which were mandated by SB1263 and SB1422. The scientific presentations
were separated in to four main topics—extraction, sampling, analytical meth-
ods and data analysis. At the end of the first day, we asked everyone to think
about what they had learned and what they needed moving forward in relation
to their own research, monitoring or management. We asked everyone to
answer four questions:

What is your most urgent need at this moment?

What would you like to see in a best practices report?

What types of methods would you like to see developed?

What are some of the key concerns that should be taken into consider-
ation when developing/choosing best methods and practices?

The answers to these questions by all stakeholders were summarized in the
final meeting report, they were used to guide day 2 of the meeting and will
continue to be used to guide future work. On day 2 of the meeting our goals
were to:

1. Create scientific journal review articles (for Applied Spectroscopy) to
summarize the state of the science towards standardized MP’s analysis.

2. Develop a study plan that addresses issues necessary to achieve method
standardization.

First we worked on the articles for the special issue of Applied Spectroscopy.
We spent the morning beginning drafts of each review paper that we were
planning to write together and agreeing upon a general outline for the special
issue. The special issue will be wrapped up in July, 2020 and come out in
early Fall, 2020. Details of this special issue of Applied Spectroscopy can be
found later in this review. The afternoon session was spent discussing the
format for a multi-lab MP’s methods evaluation study plan, this is detailed
later in this review paper. The final results and actions of the meeting were
then summarized, these were the final report detail to be shared after the
meeting with all participants, the collaborative method evaluation study, a
special issue in the journal of Applied Spectroscopy, and two scientific ses-
sions on MP’s analysis (organized by Andrew Whitley, HORIBA and Shelly
Moore, SCCWRP) at the October, 2019, SciX conference in Palm Springs.
There will also be a follow-up workshop at SCCWRP to share the results of
the study plan and discuss how MP’s may impact human health.
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Figure 2 Ann-Marie Cook of the EPA presenting at the “Measuring Microplastics: Building Best Practices for
Sampling, Extraction and Analysis” workshop at SCCWRP in Costa Mesa, CA
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The question of nanotoxicology and which types and sizes of MP’s and NP’s
are most dangerous to human and animal health is still a very underserved
research area and significantly more work is required here. It is certainly the
case that certain size classifications of MP’s down to a few tens of microns,
whilst dangerous for wildlife and a pervading concern regarding pollution, do
not offer as significant a health risk to humans as the smaller size classifica-
tions. Long term this larger size classifications, if allowed to go unchecked,
could disrupt and damage marine populations with potentially huge cascading
effects further up the marine food chain and on to humans. These larger parti-
cles if they are ingested and do not pass through the body can have long term
health effects, in particular as they degrade they can leach hazardous chemi-
cals in to the body of marine animals and ultimately humans. These chemicals
have been shown to disrupt immune systems and negatively impact growth
and reproduction. As a secondary effect MP’s can also adsorb chemical con-
taminants on to their surface, transporting them within the environment or
through a biological system. These differential surface absorbents, including
biofilms, and particle transformations will impact MP and NP transport and
toxicity. This subject is covered in more chemical detail by Dr. Bridget
O’Donnell later in this issue of Readout.

The effects of MP’s become much more pronounced the smaller the particles
are, as they are more likely to pass from the gut and stomach to the blood-
stream and other organs. As they become smaller in size these particles also
can become airborne. It is known that MP’s smaller than 25 microns can enter
the human body through the nose or mouth and those less than five microns
can end up in lung tissue.”” Increasing the urgency to understand the impact of
airborne MP’s and NP’s is critical. There is already a great deal of concern,
research and attempts at legislating fine particulates in the air formed by



burning fossil fuels, including black carbon or soot. These particles have been
linked to a number of health impacts including respiratory issues, heart
attacks and the impairment of neurological function.”” Most countries have air
pollution standards to limit the volumes of particles less than 10 microns, and
especially those below 2.5 microns, respectively known as PM 10 and PM 2.5
standards."” However little has yet been done to understand the toxicity or to
monitor and legislate the potentially more harmful airborne MP’s and NP’s
pollution."” The size of a particle directly relates to the surface area-to-mass
ratios. The surface area-to-mass corresponds to the amount of surface area of
an object (particle) within a given volume or collection of particles. The fact
that NP’s have a larger surface area-to-mass than MP’s therefore provides a
greater surface for biological contact or chemical adsorption. NP’s are also
more likely to become surface charged, functionalized and therefore have a
further likelihood to have species chemisorbed on their surface. Such surface
modifications can aid transport across organ membranes. It is known that sur-
face modification, if cationic, can aid bonding to the brains endothelial cells
and therefore become a mechanism to endocytosis and transport across the
blood brain barrier. It is established that NP particles can cross biological
membranes and influence cellular signaling, however, the cellular and toxic
effects of these exposures have yet to be evaluated. Future studies must also
identify environmentally and health risk relevant concentrations and take into
account the NP physicochemical properties of each NP type analyzed. It is
critical that these studies take place rapidly to help guide the necessary devel-
opment of monitoring and analysis methods to target the most critical size
range and MP and NP types that requires the strongest and most urgent
legislation.

HORIBA Technical Reports

Figure 3 Diagram depicting the routes of NP’s exposure (i.e., ingestion, inhalation, dermal, and injection), potential
primary systems of impact, and potential secondary toxicity associated with particle deposition. Reproduced
by permission from PA Stapleton, AIMS Environ Sci. 2019; 6(5): 367-378."% Published online 2019 Oct 22.

doi: 10.3934/environsci.2019.5.367
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As part of the Applied Spectroscopy special issue on MP’s there is an excel-
lent review paper that compares the various analytical techniques used to
identify MP’s. This review paper'™® “Critical Assessment of Analytical
Methods for the Harmonized and Cost-Efficient Analysis of MP’s” by Primpke
et al includes a contribution by HORIBA’s Dr. Bridget O’Donnell. The main
focus of this comprehensive review paper is the currently applied identifica-
tion and quantification tools for MP’s. The authors evaluate these techniques
and the need to provide a harmonized guideline for future SOPs to cover leg-
islation like the two recent California Senate bills discussed above. The main
techniques used for MP’s are covered in this paper, these are naked eye detec-
tion, general optical microscopy, the application of dye staining—typically Nile
Red, flow cytometry, Fourier transform infrared (FT-IR) spectroscopy and
microsopy, Raman spectroscopy and microscopy and thermal degradation by
pyrolysis—gas chromatography—mass spectrometry (py-GC-MS) as well as
thermo-extraction and desorption gas chromatography—mass spectrometry
(TED-GC-MS). A guideline to provide the necessary method harmonization
in the time frames necessary to support legislation is provided. This includes
an analysis of the cost of each method ranging from low cost towards higher
analytical demands to measure MP’s in an effective way by field laboratories
and governmental institutions while maximizing information for risk assess-
ment. It is important to achieve the goals of the California Senate Bills that we
create analysis methods that are not only achievable by the most proficient
experts, but ones that are transferable and repeatable among a wide array of
laboratories, some of which will be introduced to MP’s for the first time as a
result of new legislation. Methods must also fit in to the requirements of any
laboratory accreditation program to ensure the data generated are correct,
consistent and traceable. The ability of the current analysis methods to meet
all these requirements are being tested through the SCCWRP study plan dis-
cussed below. At HORIBA we will use the results of this study plan, our many
ongoing MP collaborations and discussions with other government institutions
like the EPA, NIST and ASTM to develop rugged, reproducible automated
instrumentation and methods.

In Dr. O’Donnell’s review of the research work of Dr. Rochman’s laboratory
she notes that in the characterization of MP’s no single technique works for all
samples encountered. It is important to use multiple tools to be able to confi-
dently identify all or most collected particulates. This being said it has been
shown and reviewed in the paper by Primpke et al that Raman microscopy
does offer a number of significant advantages over other techniques. One of
the most important advantages of Raman microscopy is that the spatial resolu-
tion is excellent, down to one micron or less. FT-IR microscopy typically has
a spatial resolution of between 10-20 microns, and as we discussed above it is
the smaller MP’s that provide the largest threats to human health. In Dr. Lee’s
paper, in this issue of Readout, she discusses the optimum instrument and
experimental configuration for MP’s analysis. Dr. Lee also reviews some of
our North American collaborations on MP’s. It is clear from these collabora-
tions in North America, and globally, that in order for there to be statistical
relevance in studies of the number and distribution of MP’s a huge amount of
samples need to be analyzed. A single filtered sample of 5 liters of water can
capture 1000’s of particles. There is clearly a need for automated analysis. Dr.
O’Donnell and Dr. Lee show in their papers how HORIBA has worked with
researchers to extend development of our Particle Finder software to start to



provide a fully automated analysis of filters containing MP’s. Using the
XploRA Raman microscope and Particle Finder software from HORIBA,
researchers can automate the location, particle characterization and identifica-
tion of MP’s of their filtered samples.

Now that the measurement hardware and software is starting to be available it
is critical to develop standardized measurement methods. MP management
strategy requires monitoring to assess the relative contributions of multiple
MP sources and assess the progress toward source reduction. Such assess-
ments are of little value if they are confounded by incomparability of mea-
surements among different groups, sample types or over time." Placing
results from North America into context of other locations is critical, but only
if methods across geographies are consistent enough to warrant such compari-
sons. It is with this challenge of method harmonization in mind that, at the MP
workshop at SCCWRP, see above, it was agreed to undertake an ambitious
study plan called “Microplastic Measurment Methods Evaluation Study”. The
purpose of the study is to assess the consistency of a measurement, character-
ization and identification of MP’s in a number of sample types. The study plan
will assess the repeatability of results across a large number of laboratories.
The study includes evaluation of five methods (stereomicroscope, staining
with Nile Red, FT-IR, Raman and Pyrolysis GC/MS) applied to drinking
water, wastewater, sediment and fish tissue matrices. Extraction methods to be
assessed include filtration for clean water, peroxide oxidation for wastewater,
density separation for sediments and KOH digestion for fish tissue. Each par-
ticipating laboratory will be given a sample with known blind materials and a
standard operating procedure (SOP) for the methods they have agreed and
signed up to perform. Most of the expert speakers at the workshop agreed to
participate in the study, but other groups have been invited across a range of
laboratories, from novice to professional. The proposed timelines for the study

HORIBA Technical Reports

Figure 4 Examples of picked MP particles from a subset of a single experiment showing the large quantity and variation of particles that
can be generated in MP analysis studies. Image reproduced by permission from the Rochman group.
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plan were pushed back to late 2020 due to initial challenges to prepare the
samples and then because of the COVID-19 outbreak in the Spring of 2020.
The HORIBA, NJ Lab will participate in this study, along with 35 other labo-
ratories around the world.

Thanks to the high spatial resolution of Raman microscopy it can be used to
study MP’s and NP’s across a wide size range from around 0.5 microns, an
order of magnitude less than the lower size definition of MP’s, up to, and
beyond, the 5 mm upper size limit definition of MP’s. Dr. O’Donnell and Dr.
Lee recommend, and have developed, a varied menu of Raman applications
methods to be used for the various size classifications of MP’s and NP’s and
for the different morphologies of these particles. It has also been found that in
order to maximize the number of particles that can be identified with Raman
spectroscopy it is important to have both a 532 nm and 785 nm excitation laser
for the analysis. Some particles will also burn under a focused laser, as used in
Raman spectroscopy, in these cases it is important to be able to lower the laser
power by accessing the laser control through the Raman software or by using
neutral density filters to control the laser power reaching the sample.

There are many institutes and industries that will likely need to monitor MP’s
and NP’s due to legislation in the near future. Apart from the more obvious
monitoring requirements for environmental water monitoring, waste water
treatment plants and public water plants, there are other industries that will
likely be subjected to regulations. These industries include packaged water,
beverages and food. Even though there have been reports on MP’s in drinking
water, there have been no large scale studies on quality control of packaged
water and beverages for MP’s. It will become, however, most likely mandatory
once regulations and reproducible methods are in place. Many companies will
have to acquire an analytical instrument or use an accredited analytical ser-
vice. Proactive companies such as Pepsi and CocaCola have already partici-
pated in MP’s workshops, and expressed interests in having access to MP
counting, characterization and identification capabilities.

The challenge and opportunities long term will be to monitor MP’s in flow.
One such method that could be adapted and applied to this challenge is flow
cytometry, this technique was originally utilized for counting and characteriz-
ing cells to monitor growth, degradation, or aggregation processes, for exam-
ple protein aggregation. The sample is typically diluted by a sheath fluid and
transported into a flow cell. Once in the flow cell the cells or particles scatter
light from a laser beam and are counted based on changes in the optical signal
in a forward or side scattering angle. Utilizing different lasers and dye stain-
ing methodologies allow for size, quantity, and distribution to be quantified,
especially when combined with a strong camera for imaging. Typical size
ranges of analyzed objects are between 0.5 and 50 microns.

Another approach for analyzing particles in the range of 2 microns to 1 mm in
flowing solution is flow imaging. Here the diluted sample is monitored by a
camera system combined with a microscope unit and each particle passing the
camera is digitally imaged. The advantage of this technique over flow cytom-
etry are that it visualizes and counts single particles with the options to later
validate the counts, removing outliers like bubbles. There are also field
deployable units that can be put in the field or treatment plants. In all case of



in flow monitoring of MP’s pre-filtration and purification will most likely be
necessary prior to analysis.

In the case of NP’s there is promise that the HORIBA ViewSizer could be
used to characterize and count these particles. The ViewSizer tracks scatter-
ing from individual particles to determine particle size distribution and con-
centration. This technique commonly known as nanoparticle tracking analysis
(NTA) or particle tracking analysis (PTA). The instrument uses three lasers to
simultaneously illuminate the sample and a color video camera for detection,
allowing it to analyze the broad size distributions encountered with plastic™
NP’s. Such broad size distributions cannot be analyzed by other single laser
systems on the market. Furthermore, there is the potential to discern plastic
NP’s from other NP’s with the use of an appropriate dye such as Nile red. The
ViewSizer can be configured to monitor only fluorescent particles and thereby
analysis specificity is limited only by the selectivity of the dye. Interest in this
technique will grow as concerns about plastic NP’s in the environment and
NP toxicity converge.

In order for MP’s and NP’s to be accurately monitored, understood, legislated
and reduced, there remains a significant amount of collaborative work needed
between scientists, managers, policy makers and instrument providers such as
HORIBA. Harmonized scientific method is required in order to allow legisla-
tors and agency managers to determine which issues to prioritize. Legislators
have great interest in ensuring that there are measurement methods and pro-
grams that characterize risk, however it is up to the scientists and managers to
determine the specific techniques that are used to achieve the risk assessment
and drive policy. HORIBA has an important role to play to develop laboratory
instrumentation and methods that allow scientists and managers to achieve the
directives of the legislative. Eventually HORIBA’s experience and expertise in
environmental monitoring systems can help drive and provide for the provi-
sion of field deployable monitoring devices for MP’s and NP’s in liquid and
air. Ultimately these tools will be able to support strategies aimed at removal
of MP’s and NP’s at the source, removal in the transport system and ways to
remove materials from the ambient environment. Finally it is likely that such
tools will be used to monitor imposed limitations on producers that would
affect the chemical nature of the source material. HORIBA’s intent in North
America is to continue collaborations with scientists and management groups
to understand the most urgent laboratory instrument and field monitoring
system needs to enable harmonized method development. HORIBA has an
important role to play in the environmental understanding, control and reduc-
tion of the risks caused by MP’s and NP’s now and in the future.

Many thanks to Dr. Bridget O’Donnell, Dr. Eunah Lee and Dr. Jeff Bodycomb
of HII, NJ for their valuable input and discussion during the preparation of
this review paper.

* This content is based on our investigation at the year of issue unless other-
wise stated.
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Guest Forum

Scott MARTINDALE

Southern California Coastal Water Research
Project Authority, Costa Mesa, CA

Status of Legislation and
Regulatory Drivers for

. . . . . Stephen B. WEISBERG
Microplastics in California s

Southern California Coastal Water Research
Project Authority, Costa Mesa, CA

Scott COFFIN

California State Water Resources Control
Board, Sacramento, CA

Microplastics are pervasive in the environment, with biological communities exposed to microplastics particles on a con-
tinuous basis. Although health risks of microplastics exposure are poorly understood, microplastics have the potential to
bioaccumulate through food webs, to serve as an exposure pathway for other contaminants that have stuck to them, and —
in the case of smaller microplastics — to translocate into tissues and organs. To comprehensively assess exposure risks,
scientists first need to build a foundational understanding of their occurrence and fate in the environment. California is at
the forefront of international efforts to vet, standardize and implement measurement techniques that will become part of
routine management monitoring. A long legacy of regulatory actions on trash pollution of all kinds has optimally positioned
California to serve in this leadership role, including development of the nation’s first TMDL (total maximum daily load) regu-
latory actions to reduce trash in waterways, as well as numerous trash source-control measures. In 2018, the California
State Legislature passed a pair of bills that require the State to develop microplastics management strategies for both
drinking water and California’s coastal ocean. The legislation has become a call to action for the international scientific
community to develop clear, actionable recommendations supporting California’s microplastics management strategy.
Already, a yearlong study has been launched to compare and evaluate various methods and instruments for measuring
microplastics levels in water, sediment and tissue matrices. The study will pave the way for California to craft comprehen-
sive, science-informed approaches for effectively managing microplastics in diverse aquatic systems.

Introduction

Numerous studies in recent years have put a spotlight on
the pervasiveness of microplastics in the environment.
Microplastics have been documented in waterways, in the
ocean, in food and drinking water, in the atmosphere, in
rain and snow." A wide variety of industrial and con-
sumer goods - from pharmaceuticals to synthetic fabrics -
contains microplastics; furthermore, larger plastics break
down over time into smaller microplastic particles. Plastic
pollution is growing at an exponential rate. Every minute,

the equivalent of one garbage truck’s worth of plastic
escapes into the environment.” Although about 14% of
all plastic produced worldwide is collected for recycling,
plastic pollution is expected to triple by 2060 in the
absence of management intervention.” The exponential
accumulation of microplastics in aquatic environments is
a growing management concern. Both wet- and dry-
weather runoff are responsible for funneling vast quanti-
ties of microplastics into the coastal ocean and other
water bodies.” Microplastics also can evade wastewater
treatment processes and get discharged into the coastal
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ocean and other water bodies.”

Although the health implications of microplas-
tics exposure are poorly understood, both ter-
restrial and aquatic biological communities are
being exposed on a continuous basis. Animals
ranging from tiny ocean filter feeders to
humans are inadvertently absorbing, breathing
and consuming microplastics.” Furthermore,
many animals cannot distinguish microplastics
from food, creating the potential for satiation
challenges.” Once microplastics enter food
webs, they can bioaccumulate and ultimately
end up in sportfish consumed by humans and
wildlife.”” Compounding the bioaccumulation
. . Figure 1
challenge is that chemicals and pathogens can
stick to microplastics, creating a potential
exposure pathway for multiple types of con-
taminants.” Finally, emerging research shows
that the smallest microplastics can penetrate
cell membranes and translocate into tissue and
organs; however, little is known about what

health risks these microplastics may pose.”

A foundational challenge of assessing health risks from
microplastics exposure is that many microplastics are dif-
ficult to measure and track in the environment. Although
microplastics are typically defined as any plastic particle
less than 5 millimeters in diameter, the vast majority of
microplastics in the environment are so small that they
can only be seen with the aid of a light microscope or
even more powerful instrumentation."” These smaller
microplastics can be difficult to distinguish - visually and/
or sometimes spectroscopically - from non-plastic parti-
cles with similar physical and chemical characteristics,

creating the potential for either under- or over-estimation.™"

To comprehensively assess the health risks of microplas-
tics exposure, scientists first need to define what consti-
tutes a microplastic particle, so they can focus on
developing methods to optimally measure this form of
pollution. Although scientists have studied microplastics
since the 1960s," international consensus has not yet
been reached on a definition."® Unlike most-water quality
contaminants that are typically dissolved, microplastics
are particles with defined solubility, size, shape and
chemical composition criteria that are found in various
possible combinations in the environment.™ In June
2020, the California State Water Resources Control Board
(State Water Board) adopted an official definition of
microplastics for its drinking water program: “Solid poly-
meric materials to which chemical additives or other sub-
stances may have been added, that have at least three
dimensions that are greater than 1 nanometer and less

English Edition No.54 July 2020

Microplastics are found in various shapes, sizes, colors, and polymer types in
the environment. Plastic particles can be difficult to distinguish visually under a
light microscope from natural particles (A-C), and may require confirmation of
material type using more powerful instrumentation. (A) Microplastic spheres
appear similar in shape and size to sand particles; in this case, they are differ-
entiated by color. (B) A dark blue plastic fiber appears next to undigested
pieces of fish tissue. (C) Although some microparticles are obviously plastic (blue
fragments), other particles could be white sand or gelatin, and may require fur-
ther spectroscopic identification. (D) Microplastic particles include spheres,
fragments, fibers, foams, pellets, film, and fiber bundles. (Photos courtesy of
Southern California Coastal Water Research Project Authority and C.M.
Rochman, University of Toronto)

than 5,000 micrometers.” Polymers that are derived in
nature that have not been chemically modified (other than
by hydrolysis) are excluded under this definition."” The
adopted definition considers the vast diversity of micro-
plastics found in the environment, and is likely to serve as
a foundation - or at least departure point - for additional
agencies and organizations that must define microplastics."
Finally, the adopted definition may evolve over time with

the science.

Scientists will use this agreed-upon definition of micro-
plastics to build a foundational understanding of the
occurrence and fate of these pollutants in the environ-
ment. By building comprehensive, high-quality data sets,
California will gain critical, baseline knowledge of realis-
tic exposure scenarios. However, assembling these data
sets will be a challenge, as microplastics monitoring pro-
grams are still in their infancy. Even in drinking water
systems - where dozens of chemical contaminants are
monitored - microplastics are not one of the contaminants
that are routinely tracked."” Furthermore, monitoring
data are not necessarily comparable even among the mon-
itoring programs that do exist, as different programs use
different, competing microplastics monitoring and analy-
sis methods. The broader scientific community has not yet
vetted any of these experimental laboratory measurement
methods or reached consensus on how to standardize
them.



California is emerging at the forefront of international
efforts to vet and standardize microplastics measurement
techniques. Not only is California evaluating the perfor-
mance of the various methods used to identify and quan-
tify microplastics, but the State is working to build
capacity to begin monitoring microplastics in water, sedi-
ment and tissue. This foundational work will pave the way
for scientists to begin reliably measuring and tracking
microplastics levels and types in aquatic environments -
and ultimately generate the high-quality, comprehensive
data sets needed to inform human and ecological health
risk assessments.

A long legacy of regulatory actions on trash pollution of
all kinds has optimally positioned California to step into
an international leadership role in developing capacity to
monitor microplastics in aquatic environments. For
decades, California has been taking forward-thinking,
decisive regulatory actions to curb the entry and spread of
trash in the environment, as well as to manage and miti-
gate the health risks of trash."® Much of this work has
been borne out of necessity - a consequence of
California’s population density and the ecological and
economic importance of the state’s many natural
resources. Initially, California’s focus was on eliminating
macro-sized trash generated by those who frequent
beaches and other recreational water bodies. Beachgoers,
boaters, anglers and businesses have been targeted with
strict anti-littering laws, public education initiatives and
outreach campaigns.

Then, in the mid-1990s, the Los Angeles Regional Water
Quality Control Board led the state - and the nation - in
dramatically rethinking how to curb trash entering water-
ways.I"" Instead of regulating trash loading one munici-
pality at a time, the L.A. Regional Board placed multiple
key waterways in the region on the federal 303(d) list of
water bodies with known water-quality impairments. This
action enabled the water-quality agency to issue a regula-
tory target for trash known as a total maximum daily load
(TMDL); the TMDL compels the many municipalities
and other entities that discharge runoff into these water-
ways to reduce trash loading. TMDLs for trash have sub-
sequently been issued in other parts of California and
beyond.

About 15 years later, seeking to build comparable regula-
tory infrastructure at a statewide level, the California
State Water Resources Control Board amended the master
plans that govern management of California’s coastal
ocean and freshwater systems to include trash as a water-
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quality impairment. Similar to the L.A.-area trash
TMDLs, the State’s “Trash Amendments” - which went
into effect in 2016 - compel agencies that discharge runoff
in areas with high trash-generating rates to either begin
installing devices at storm drain inlets to capture all par-
ticles larger than 5 mm, or develop an alternate plan for
capturing trash at equivalent rates.””

As it has become increasingly clear plastic pollution
makes up the majority of aquatic trash, California also
has targeted plastic pollution specifically. In 2014,
California voters approved a statewide ban on carry-out
plastic bags at grocery stores and pharmacies.”"” The law
went into effect two years later, following an unsuccessful
referendum to overturn the ban. In 2018, California
passed a law requiring sit-down restaurants to only dis-
tribute single-use plastic straws to customers upon
request;*? it went into effect the following year. In enact-
ing these laws, California was not just concerned about
entanglement issues as organisms come into contact with
these macro-sized plastic particles; California also was
cognizant that much of this plastic will break down over

time to become microplastics.?®

Finally, California has taken action to regulate the pro-
duction of microplastics themselves. In 2008, California
enacted strict regulations® on facilities that manufacture,
handle and transport pre-production plastic pellets, which
are particles a few millimeters in diameter that serve as
the raw materials for plastic production; these particles
can spill and become lost during transport. Subsequently,
in 2015, California enacted a ban on the sale of personal
care products that contain plastic microbeads.”
Comparable federal microbeads legislation was passed
just months later; California’s microplastics bead ban took
effect in January 2020.

Even as California has implemented numerous regulatory
mechanisms to slow the introduction and spread of micro-
plastics in aquatic environments, the State also is laying a
scientific foundation to assess the health risks associated
with exposure. In 2018, the California State Legislature
passed a pair of bills that require the State to begin build-
ing microplastics management strategies for both drink-
ing water and California’s coastal ocean and estuaries:

» Senate Bill 1422 requires the California State
Water Resources Control Board to develop plans
for measuring microplastic particles in drinking
water by 2021.%%

* Senate Bill 1263 requires the California Ocean
Protection Council to adopt and implement a
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statewide strategy for lessening the ecological
risks of microplastics to coastal marine ecosys-
tems, especially through research and policy

changes.?”

The State laws are notable for their prescriptiveness and
specificity, even in environmentally progressive California.
Both laws lay out priority actions, along with deadlines,
and explicitly call on two State agencies to take responsi-
bility for executing California’s microplastics manage-
ment priorities. Embedded in each legislative mandate is
the need for improved scientific understanding of how
microplastics exposure affects both humans and marine
organisms, and how much microplastics exposure, if any,
is too much.
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Trapped in upper airways

1-5um

Deep lung deposition

\<1pm
Reach pulmonary alveoli
through diffusion

00 nm
Phagocitosys by AMs

\

Figure 2 Like other airborne pollutants, microplastic particles
can travel deep into the human body.”® Scientists
are just beginning to document the health effects
associated with continuous microplastics exposure.
(Figure from Costa et al. 20167, reprinted with

As a direct result of the 2018 laws, California has been
propelled to the forefront of microplastics research. The
pair of laws has made it clear that California intends to
immediately adopt, use, and incorporate microplastics
science into action and policy. Thus, the 2018 legislation
has become a call to action for the international scientific
community: Develop clear, actionable recommendations
that provide a scientific foundation for California’s micro-
plastics management strategy. Meanwhile, scientists rec-
ognize that as California goes, so tends to go the rest of
the nation. Microplastics measurement laboratories and
water-quality managers across the U.S. may follow
California’s lead - adopting California’s regulatory frame-
work for managing microplastics in aquatic systems, and
designing routine microplastics monitoring programs
based on California’s.

Already, California is at the center of an international,
year-long study to compare and evaluate various methods
and instruments for measuring microplastics levels in
water, sediment and tissue matrices. The study’s goal is to
compare and standardize the many overlapping, experi-
mental approaches that have been developed by micro-
plastics researchers - and variations of these lab methods -
to quantify and characterize microplastics levels. The
study is being coordinated by the Southern California
Coastal Water Research Project Authority on behalf of the
State Water Resources Control Board and the California
Ocean Protection Council.

More than 35 leading microplastics research labs world-
wide have signed onto the study. Each participant will be
sent blind samples containing known quantities of micro-

permission) . . . .
plastics. They will use a variety of methods and instru-
ments to quantify the microplastics in the samples, and

1nm 1pm Tmm 2mm
| | 1 l 1 | \
| California’s definition for microplastic particle size (1 nm-5 mm)
1 1 1 1 1

g I I | Nets >
= T T T
o I I Sieving >
= | I |
<< | Filtration |
wv

LEGEND

u-Raman Raman microscopy

M-FT-IR () Fourier-transform infrared spectroscopy microscopy in transmission mode
u-FT-IR (r) Fourier-transform infrared spectroscopy microscopy in reflection mode

M ATR-FT-IR Micro attenuated total reflection Fourier transformation infrared spectroscopy

ATR-FT-IR/Raman Attenuated total reflection Fourier-transform infrared spectroscopy

Figure 3 Various methods have been developed for sampling and identifying microplastic particles in the environment; they are designed to measure par-
ticles of different sizes.®*** California's adopted definition for microplastics encompasses all plastic particles that have at least three dimensions

between 1 nm and 5 mm.
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compare performance of the various methods and instru-
mentation; the end goal is to develop recommendations
about which methods and which variations of methods
produce the most reliable, repeatable, accurate results.
HORIBA is among the study’s partners, helping to lead
training for study participants on the use of Raman spec-
troscopy, a leading candidate instrument for quantifying
microplastic particles so small they can’t be distinguished
from non-plastics under a light microscope.

California’s microplastics measurement methods study is
expected to be immediately consequential, resulting in a
dramatic consolidation of the nascent microplastics mea-
surement field. The study also will provide clarity to state
and federal agencies around the world about how to gen-
erate comparable, high-quality data. Finally, the standard-
ized measurement methods are expected to be codified
into laboratory accreditation standards. California’s
Environmental Laboratory Accreditation Program (ELAP),
which is charged with overseeing the quality of all envi-
ronmental data used for decision-making, will create a
laboratory inspection process that includes development
of performance evaluation samples. Laboratories that col-
lect microplastics data for California will be required to
participate in this process.

Ultimately, the foundational R&D work scoped out in the
2018 legislation will help California build capacity to
monitor and ascertain the health risks from microplastics
exposure. By making it possible for managers to reliably
measure microplastics in water, sediment and tissue, and
know that data are of high quality and comparable,
California stands poised to develop a comprehensive, sci-
ence-informed strategy for effectively managing micro-
plastics in both drinking water and diverse aquatic
ecosystems.

* This content is based on our investigation at the year of
issue unless otherwise stated.
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Nowadays humans are almost continuously exposed to micro- and nanoplastics (MNPs) through food and air, but very
little is known about the exposure level and impact on our health. Here, we focus on bottled mineral water and cultured
human podocytes as representative kidney cells prone to accumulation of particles. It is demonstrated that identical MNPs
and cells can be precisely relocalized and extensively characterized down to nanoscale in independent instruments using
nanoGPS and Particle Finder technologies developed by HORIBA. Reference particles and particles contained in mineral
water were detected, enabling statistical distributions of their mean number, size, and type depending on the bottle and
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label materials. The primary effects of MNPs (three standards and tyre wear) on human podocytes were assessed using a

cell viability test followed by correlative microscopy and spectroscopy investigations of the same cells. We observed
changes in the biological features of MNP treated cells compared to non-treated controls, attributed to cell damage
through surface adhesion and uptake of plastic particles. The integration of automatic relocalization and detection of iden-

tical objects in a multi-instrument workflow represents a novel analytical approach that can be applied beyond this topic.

Key words

microplastic, nanoplastic, tyre wear, podocytes, kidney, nanoGPS, Particle Finder, SEM, Raman, correlative workflow,

microscopy, spectroscopy

Production of plastics has dramatically increased over the
last decades and with it the plastic waste in the environ-
ment.!" Plastics are nowadays used almost in all products
including packaging, construction, textiles, tires, cosmet-
ics, and so on.”* The major issue is the mismanaged
plastic waste that is not collected at all or improperly fil-
tered and recycled, which significantly contaminates the
environment on a global scale through the transfer
between terrestrial, river, and ocean compartments.[5]
Once left in the environment, plastic debris persists and
degrades continuously into smaller fragments down to
micro- and nanoplastic (MNP) particles, attributed to size
classes of <5 mm and < 1 um or < 100 nm, respectively.®”!
With time, these MNPs are assumed to develop into toxic
chemical cocktails by increased adsorption of hazardous
pollutants and pathogens from the environment given
their larger surface areas due to fragmentation, in addi-
tion to additives and pigments added during manufactur-
ing of plastics. Moreover, the smaller the plastic particles
become (< 1.5 um), the higher the probability to enter by
ingestion and inhalation into human organs and subse-
quently to accumulate and leach chemicals with still

unknown toxicological effects on our health.®"”

Microscopy- and spectroscopy-based methods are com-
monly used to monitor MNPs in environmental samples
usually after filtering as well as in various biological
matrices and organisms. The employed techniques mainly
include optical microscopy with stereozoom, scanning
electron microscopy (SEM) with energy dispersive X-ray
spectroscopy (EDS), pyrolysis gas chromatography cou-
pled with mass spectrometry (py-GC-MS), Fourier-
(FT-IR)
spectroscopies, each method with its benefits and

transform  infrared and Raman micro-
drawbacks."""® Recently, we showed that a correlative
approach is needed to avoid overestimation of particles’
size and underestimation of particles’ number for clus-
tered MNPs as well as to measure Raman without opti-
cally visualizing the plastic nanoparticles by overlapping
SEM and optical images of high (< 10 nm) and low (~ 1

pum) spatial resolution, respectively. This was achieved by
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a correlative microscopy and spectroscopy workflow
applied to identical MNP particles on large-area filters
using an optical zoom microscope and a hyphenated
SEM-Raman instrument (with a bright field optical objec-
tive for micro-Raman inside the SEM vacuum chamber).""
However, such combined systems are limited with respect
to the number of measurement techniques available on
one instrument compared to stand-alone, method-specific
instruments from different manufacturers, in which find-
ing the same micro- and nanosized objects is still a chal-

lenge. [

In this work, the first application of a newly developed
relocalization technology for a detailed characterization
of MNPs and their effects on human kidney cells in inde-
pendent instruments is demonstrated. This technology is
based on a patented position encoder tag (from HORIBA),
called nanoGPS tag, with lithographically defined pat-
terns. These patterns are used to translate the sample
coordinates corresponding to the regions of interest (ROIs)
into the stage coordinates of different instruments (from
HORIBA, Zeiss, Leica in this study), regardless of the
sample orientation. Furthermore, the applicability of the
Particle Finder software module (from HORIBA) for
automatic detection of microplastic (MP), pigment, and
additive particles on large-area filters is shown. Context
microscopy and fingerprinting spectroscopy approaches
were applied to standard MPs, microparticle contamina-
tion of bottled mineral water, and human podocytes that
were either untreated or incubated with MNPs. The podo-
cytes exposed to MNPs were under stress and started to
die gradually, indicating an overall effect of particle
exposure on cell viability.

The samples investigated in this study can be divided into
three categories: reference micro-sized plastic particles,
mineral water from different bottle types bought in
Bavarian food stores, and human podocytes cell cultures
exposed to MNPs.



Commercially available standard plastics (see Table 1)
were selected to match the polymer types routinely
encountered in the environment."****" A mixture of
polyethylene (PE), poly(vinyl chloride) (PVC), polyamide-
Nylon 6 (PA), polystyrene (PS), and polypropylene (PP)
particles were suspended in a solution (ultrapure water
and sodium dodecyl sulphate (SDS)) followed by vacuum
filtration through polycarbonate (PC) membrane filters
(diameter 25 mm, pore size 0.4 pum) previously coated
with aluminum (Al thickness 100 nm) as detailed in our
previous work.”? These reference materials were used to
evaluate the nanoGPS relocalization technology (hardware
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and software) and its integration in a correlative micros-
copy and spectroscopy workflow applied to identical
MNP particles (see Figure 1). The nanoGPS tag
(4x5 mm” silicon piece) is firmly attached next to the
filter, which is rigidly stretched and flattened between two
metal rings fixed on a SEM holder, to avoid any thermal
drift and ensure precise relocalization in different instru-
ments. Along with the corresponding NaviGo software,
the instruments’ stages involved in the workflow are cali-
brated and the coordinates of ROIs are recorded.

Real mineral water samples packaged in reusable bottles

Table 1 Details of the plastic particle standards used in the present study to assess the nanoGPS relocalization and the exposure of human podocytes to
plastics (PVC, PA, PP). Adapted with permission from Springer Nature.*”

Material Type Manufacturer Size (um)
1-10
Polyethylene (PE) Clear microspheres, powder Cospheric 10106
Poly (vinyl chloride) (PVC) Powder Pyropowders.de <50
Polyamide - Nylon 6 (PA) Powder GoodFellow 15-20 (average particle size)
Polystyrene (PS) Polybead Micron Microspheres, 2.5% solids in water Polysciences Inc. 1
Polypropylene (PP) Chromatographic Grade, powder Polysciences Inc. 25-85

Figure 1 Correlative microscopy and spectroscopy workflow for micro- and nanoplastics on an Al coated PC membrane used to
filter MNPs from water. First, a so-called nanoGPS tag is attached directly to the sample. Second, three images are
recorded at random positions on a pattern (different patterns correspond to various instrument magnifications) and fed
into a software that calibrates the global, stage coordinates into local, tag (sample) coordinates including sample rotation.
This procedure is repeated for each instrument to be used in the workflow. Third, identical ROls are precisely relocalized
in independent instruments, regardless of the sample orientation. Fourth, the same single or agglomerated particles are
imaged at optical (BF, DF) and SEM spatial resolutions to assess size, shape, number, and surface morphology of MNPs
down to nanoscale. DF imaging is used to clearly distinguish MNPs from the porous structure of large-area filters. Fifth,
unambiguously chemical identification by micro-Raman spectroscopy is applied. The Raman spectra are taken with per-

mission from the Society for Applied Spectroscopy.

[14]
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made of poly(ethylene terephthalate) (PET), in single use
PET bottles, and in glass bottles (single and reusable)
were analyzed for microparticle contamination, taking
also into account bottle age as well as label and cap type.
Before suspension in SDS solution and vacuum filtration
through Al coated PC membranes, calcium and magne-
sium carbonate particles were dissolved with ethylene
diamine tetraacetic acid tetrasodium salt (EDTA) to
reduce the number of non-plastic particles.?" To obtain
statistically relevant data given the complexity of bottled
mineral water contamination including microplastic, pig-

ment, additive, and mixed particles, we employed an
automatic particle detection approach. This is based on
the Particle Finder software that transforms large-area (1
mm?®) dark field optical images obtained by stitching into
grey scale images, on which particles are easily detectable
using their brightness, counted, classified by size and
shape, and their coordinates recorded for further
micro-Raman chemical identification. Thus, the mean
number of microplastic, pigmented, and additive particles
(projected to 1 L sample volume), their size, and type dis-
tributions were estimated (see Figure 2, additives not

Figure 2 (a) Example of a dark field montage (1 mm?) obtained by stitching, on which particles from mineral water samples shine brighter than the pores of
the Al coated PC membrane filter. (b) Particle Finder software converts the DF image into a grey scale image used to automatically detect, clas-
sify, and measure Raman spectra of individual particles at their center, marked by red points. (c, d, €) Mean number of microplastics + standard
deviation projected to 1 L sample volume, size, and plastic type distributions function of the bottle material. (f, g, h) Mean number of pigments +
standard deviation projected to 1 L sample volume, size, and pigment type distributions function of the bottle material. Adapted with permission

from Elsevier.?"
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Conditionally immortalized human podocytes that con-
tain a heat sensitive CV40T antigen were cultured as
described previously.”® Podocytes were proliferated
under growth permissive conditions at 33°C and further
differentiated through the inactivation of SV40 T-antigen
at 37°C. After 7 days of differentiation, cells were treated
with different concentrations of diluted standard plastic
(PVC: 0.5, 1 mg/ml; PA: 0.5, 1 mg/ml; PP: 2.5, 5 mg/ml)
and tyre wear (0.125, 0.5 mg/ml) particles for 7 h to evalu-
ate their possible effects on the cells. In order to decrease
the aggregation of particles, they were sonicated before
the incubation. Following the particle treatment, cells
were washed two to three times with phosphate buffered
saline (PBS) and fixed for further biological, imaging, and
spectroscopy assays. For this study, the podocytes were
grown on the surface of silicon wafers previously coated
with platinum (Pt thickness 100 nm) that were attached
along with nanoGPS tags to SEM holders to avoid relative
sample - tag position shifts when moving between
instruments.

Complementary analytical techniques present on different
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instruments were used to visualize and detect MNPs on
filters and inside cells as well as to determine the changes
in cells caused by the contact with MNPs. All measure-
ments have been performed at room temperature. The
latter point was first addressed by using a live-dead cell
imaging kit based on two-color fluorescence cell viability
assay (Thermo Fischer Scientific). Based on this assay,
cell-permeable and cell-impermeable dyes were used for
staining of live and dead/dying cells, respectively.
Following the particle treatment, the live/dead cells were
assigned based on the kit instruction. Fluorescent images
were collected with the use of an Evos M5000 imaging
microscope (Thermo Fischer Scientific) (see Figure 3).

Furthermore, we employed a confocal micro-Raman
spectrometer (HORIBA LabRAM HR Evo-Nano or
XploRa PLUS), operated by the LabSpec 6 software (with
data analysis and Particle Finder), equipped with bright
and dark field illumination (BF, DF) objectives coupled to
a camera to image MNPs and cells (~ 1 um spatial resolu-
tion). Three lasers (532, 633, and 785 nm) focused by 50x
(NA 0.75) or 100x (NA 0.9) objectives were used for
Raman excitation and collection in a backscattering
geometry with laser powers of 1.2 mW or 3.2 mW (532
nm), 11.2 mW (633 nm), and 5.3 mW (785 nm). Two grat-
ings (300 and 600 grooves/mm) and integration times of 1

Figure 3 Fluorescence live - dead cell imaging (green - red) to assay the cytotoxicity of microplastic and tyre wear particles on podocytes, following
7 h particle exposure at relevant concentrations (mg/ml) and washing with PBS. The control cells were non-treated or intentionally killed to
check the live - dead cell imaging kit. The concentrations to initiate and induce a notable impact on podocytes depends on the polymer
type. During particle incubation the cells are under stress and start to die gradually. Consequently, some of the degraded cells are washed
away and not assigned with colors. Some attached particles with intrinsic fluorescence are also visible. The preliminary results of this
assay are yet mostly qualitative and show an overall effect of particle treatment on the cell viability. Scale bars are 300 pm.
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- 20 s and 2x accumulations were applied. The acquired
Raman spectra and maps (step size 1 um) were analyzed
to chemically identify the particles and the structural
damage induced by them on the human podocytes. A
SEM (Zeiss field emission Auriga, secondary electron
detector) was used for a detailed morphological imaging
of MNPs and cells (< 10 nm spatial resolution) at a low
voltage of 1 kV to avoid modifications caused by electron
scanning. The height profiles of the same cells investi-
gated by micro-Raman and SEM were measured by a
confocal imaging microscope (Leica DCM 3D), the relo-
calization of identical cells being realized using the
nanoGPS technology (see Figure 4). Moreover, because
of the superposition of Raman bands related to the plastic
materials and cells, we applied a classical least squares
algorithm (CLS) available in LabSpec 6 to highlight the
spatial distribution of MNPs on the mapped cells (see
Figure 5).

The nanoGPS relocalization technology for correlative
microscopy and spectroscopy investigations is illustrated
in Figure 1 for standard micro-sized plastic particles
(Table 1), with some particles being by chance < 1 pm.
First, a nanoGPS tag is rigidly mounted next to the Al
coated PC membrane filter, both on a SEM holder that is
moved between instruments, such that the tag and sample
keep their positions relative to each other. The smaller the
distance between tag and sample, the better the relocaliza-

tion accuracy that can be further influenced by stage and
imaging characteristics. Second, the multiscale and multi-
modal patterns on the tag are employed to calibrate the
stage of each instrument, different feature sizes being
used for distinct instrument magnifications (see SEM
image of the entire tag). Three images are taken at
random positions on a chosen pattern and fed along with
the global, stage coordinates into the NaviGo software. In
this example, images were recorded with the 10x objec-
tive of the optical microscope on the micro-Raman spec-
trometer. The software automatically determines the
local, sample coordinates and rotation with respect to the
tag. This calibration procedure is repeated for all instru-
ments in the workflow and can be recalled anytime by
recording one single image on the same pattern, indepen-
dent of stage and sample rotation.

In the third step, one or more ROIs are located on the filter
and their sample coordinates are saved in one instrument
and retrieved in other instruments by converting sample,
local into stage, global coordinates. In our case, large-
area optical images acquired by stitching under BF and
DF illumination are compared to a large field of view
SEM image, with the same particle marked on all over-
view pictures. Next, MNPs can be directly relocalized
and imaged at spatial resolutions of optical and electron
microscopies (step four) and their spectral fingerprints
determined by micro-Raman spectroscopy (step five) (PP
is not shown). While on the BF and DF optical images
these particles appear to be single, SEM imaging reveals
that PE and PVC are cluster particles. When approaching

Figure 4 Correlative microscopy and spectroscopy workflow applied to podocytes untreated, control (first row) and particle treated (second row) with 1 mg/
ml PA (Table 1 and Figure 3) using the nanoGPS position encoder tag (Figure 1). Two representative cells were easily relocalized and investi-
gated in three independent instruments from different manufactures (Horiba, Zeiss, Leica) with complementary analytical techniques. First, an
integrated optical microscope with dark (a, f) and bright (b, g) field illumination and micro-Raman spectrometer are used for a fast visual inspec-
tion of cells, followed by Raman imaging (c, h), showing less Raman signal for treated cells (note the same scale) that is an indication of podo-
cytes damage after exposure to PA. Second, SEM imaging (d, i) reveals detailed surface morphology changes at nanoscale induced by the PA
treatment and visualizes a PA nanoparticle (~ 30 nm), as confirmed by micro-Raman spectroscopy, delimitated by the square in the second row.
Third, an interferometric profilometer is employed to measure the height profile without (e) and with (j) plastic contamination (note the same
scale), PA incubated cells being flatter. Two horizontal profiles are also shown (maximum heights of ~ 1.5 pm and ~ 0.8 um for the control and

treated cell, respectively). Scale bars are 3 pm.
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Figure 5 (a) Classical least squares (CLS) fitting is applied to decompose each measured Raman spectrum into its spectral components based on given
reference spectra. (b) Separate score maps are generated for each component as illustrated for the podocyte cell treated with PA shown in
Figure 4 (second row). The square indicates the position of a PA particle. Thus, despite the superimposed and complex Raman bands of cells
and MNP particles, the spatial distribution of MNPs can be clearly localized. Scale bars are 3 ym.

the filter pore size, particles are barely visible in BF, but
clearly noticeable in DF because they shine brighter than
the pores, as seen for PVC. Moreover, SEM shows smooth
surfaces with spherical and fragment-like shapes for the
studied polymer particles. It should be noted that BE, DF,
and Raman are usually performed before SEM; however,
low-voltage SEM does not damage MNPs, so that Raman
after SEM is also possible." All in all, nanoGPS tagging
enables sample navigation and observation at different
length scales in independent instruments, thus detailed
morphological (size, shape, surface, number) and chemi-
cal characterization of the same micro- and nanoparticles
is achievable.

The Particle Finder software module combined with DF
optical microscopy and micro-Raman spectroscopy repre-
sents another example of correlative analysis applied here
to study contamination by microplastic, pigment, and
additive particles in bottled mineral water. 32 samples
from 21 different brands of mineral water were
investigated to determine the number, size, and type of
particles, the results being summarized in Figure 2.*" DF
imaging is used to scan five large-area image montages (1
mm?®) on each sample to warrant significant particle statis-
tics. Such a montage generated by stitching (Figure 2a) is
then converted into a grey scale image, on which all par-
ticles > 1 um are automatically detected and individually
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measured by micro-Raman (Figure 2b).

We identified varying amounts of microplastics in water
from all bottle types, partly resulting in large error bars
when calculating the mean particle number (Figure 2c);
however, some trends are clearly visible. On average,
higher number of microplastics were found in water from
reusable (PET and glass) compared to single use PET bot-
tles. Interestingly, newish, reusable PET showed less
microplastics than older, reusable PET, but similar to
single use PET, suggesting that the bottle age can criti-
cally affect MP contamination. Regarding the average
size distribution, 90.5% of MPs were < 5 pm in all bottles
and ~ 50% were < 1.5 um in PET bottles (Figure 2d),
these MP size classes being addressed for the first time in

such samples.”"?!

The predominant polymer type
detected in PET bottles was PET considered to originate
from the bottle material, while some PET particles dis-
played olefinic or pigment spectral interferences. In glass
bottles, we mainly found PE and PS attributed to abrasion
of caps on the glass bottleneck as well as PS, styrene-
butadiene-copolymer, and PET most likely from the

machinery used for the cleaning process (Figure 2e).

In addition to microplastics, pigmented and additive par-
ticles were also detected in the analyzed mineral water
samples. Large variations in the number of pigmented
particles in water from different bottle and label types
were observed (Figure 2f). On average, single use PET
contained less pigments similar to blank samples, while
reusable PET and glass bottles with printed paper labels
showed higher amounts of pigments. Alike MPs, older,
reusable PET displayed more pigments than newish, reus-
able PET and most of the pigmented particles belonged to
size classes investigated for the first time, 91.5% were < 5
um and 45.1% were < 1.5 um (Figure 29).*"* We found
that the pigment types mainly correspond to the colors
used for printing on the paper labels (Figure 2h). These
pigment particles originate from the paper labels and
enter into the bottles during the cleaning process. “°
Additive particles were detected in reusable PET bottles
and considered to leach from the bottle material (68.6%
were < 5 um and 11.7% were < 1.5 pm). These results
demonstrate that Particle Finder can be used for automatic
detection, classification, and Raman measurement of par-
ticles < 1.5 pm from real samples, which is very important
due to toxicological reasons, since this size class is con-

sidered small enough to penetrate deeply into organs.”"?

The potential risk of plastic particles on human health is
addressed in this study using human podocytes as a
highly-specialized kidney cell type. Since kidneys are
involved in the filtration process and do not regenerate
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their cells continuously, they are likely to accumulate
MNPs over the lifetime.”® We performed cell viability
tests after incubation of podocytes with four different
MNP types (standards PVC, PA, PP, and tyre wear) using
a live-dead (green - red) cell fluorescent based Kkit.
Representative results for relevant plastic concentrations
after 7 h exposure with respect to control cells are
summarized in Figure 3. The cytotoxicity response is
found to depend on the polymer type, a higher concentra-
tion is needed for PP (5 mg/ml) compared to PVC, PA,
and tyre wear (0.5 - 1 mg/ml) to achieve a similar cell
mortality rate. Two mechanisms are proposed to explain
the damage induced by the plastic particles on podocytes
and finally their death. First, particles can attach on the
cell surface and limit the nutrient uptake, the degree of
attachment depending on particles’ adhesion properties
and sizes. Some particles still remained attached after
three times washing with PBS following incubation and
can be visualized based on their intrinsic fluorescence as
shown in Figure 3. Second, smaller size particles can be
taken up into the cells by phagocytosis as illustrated in
Figure 4 for PA particles.

The correlative microscopy and spectroscopy character-
ization of identical cells using the nanoGPS relocalization
technology is demonstrated in Figure 4, exemplary
shown for PA treated cells. Two representative podocytes
(control and incubated) are localized in three independent
instruments and studied with complementary analytical
techniques down to nanoscale resolution. Optical imaging
(~ 1 um spatial resolution) under DF (a, f) and BF (b, g)
illumination show the degradation and deformation of
cells after particle exposure. The structural damage is
further confirmed by micro-Raman mapping (c, h),
treated cells display Raman spectra with less intensity (note
the same scale for the integrated area maps). High spatial
resolution SEM imaging (< 10 nm) is used to assay the
integrity of cell features at nanoscale, exposed cells do
not regularly show normal biological features like hetero-
geneous surface, nucleus, and foot processes (d, i). Height
profile imaging acquired with an interferometric pro-
filometer quantifies the deformation of incubated cells
that flatten with respect to control cells (e, j), with height
changes from ~ 0.8 um to ~ 1.5 pum, respectively (note the
same scale). Given the complex peak structure of Raman
spectra from cells and plastic particles and the large over-
lap between peaks, we employed a CLS fitting algorithm
that decomposes each measured Raman spectrum into its
spectral components and provides score distribution maps
for each component as displayed in Figure 5. This
enables us to spatially resolved MNPs without underlying
podocyte and substrate backgrounds, which are shown
separately. Taking advantage of the nanoGPS relocaliza-



tion capability in a correlative workflow, the same PA
particle (outlined by the square in Figure 5b and Figure 4
- second row) was imaged by SEM and found to be a
nanoparticle (~ 30 nm) most likely taken up into the cell
by phagocytosis (Figure 4i). All in all, these preliminary
experiments indicate the negative influence of plastic par-
ticles on human podocyte cells; however, more assays are
needed to account for other relevant polymers present in
the environment and their separate and mixed effects on
different human organs, tissues, and cells.

The present study introduces an efficient measurement
protocol for the assessment of contamination, accumula-
tion, and hazards related to micro- and nanoplastic parti-
cles in bottled mineral water and human kidney cells.
This protocol combines context microscopy and finger-
printing spectroscopy with automated relocalization
(nanoGPS) and detection (Particle Finder) of the same
MNPs and cells in separate instruments from distinct
manufactures (HORIBA, Zeiss, Leica). Results on mic-
roparticle contamination (average number, size, type) in
mineral water and toxicity effects of MNPs (standards
PVC, PA, PP, and tyre wear) on podocytes (in-vitro) are
reported. It was found that the bottle material (single use,
reusable PET and glass), bottle age (older, newish reusable
PET), and label print (paper, plastic) affect the distribu-
tions of microplastics, pigments, and additives. In contrast
to non-treated controls, podocytes incubated with MNPs
tend to lack usual cell characteristics such as heteroge-
neous surface, nucleus, and foot processes, confirming
the potential risk of plastic particles on the viability of
cells. These findings were revealed by a biological cell
test supported by complementary methods involving opti-
cal (bright, dark field) and scanning electron microscopy,
micro-Raman spectroscopy (with CLS spectra fitting),
and height interferometric profilometry. Further work will
deal with different plastic types, concentrations, and
exposure times.
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Scientific, regulatory and societal interests in environmental pollution by microplastics has led to the requirement for qual-
ity assured and harmonized approaches to assessing samples for microplastics. Many methods for seawater sampling
have emerged with varying degrees of comparability. For example, one of the most widely applied field methods - surface
net sampling - is limited in comparative data generation for particles < 300 ym. Other developments using different sam-
pling pumps and automated approaches require method validation and harmonization. Furthermore, there are several dif-
ferent analytical approaches with varying detection limits, costs and technical readiness levels for implementation. This
lack of inter-comparison complicates a global understanding of microplastics levels in the marine environment.
Encouragingly, methods are continuously being improved to further automatize sampling, sample pretreatment and final
analysis with a far greater attention to validation. The minimum requirements for comparative data generation in seawater
must include careful consideration of sampling parameters, analytical processes and data treatment all conducted with a

high level of QA/QC.

Microplastics, or at least particles now considered as
microplastics (< 5 mm, GESAMP 2019), were first identi-
fied in surface seawater samples dating back to the 1960’s
during plankton surveys."" Investigations which followed
generally used similar techniques with nets to sweep sur-
face waters and quantify particles visually” and later
using a suit of analytical techniques to confirm the pres-
ence of plastic polymers, including infrared and Raman
spectroscopy and thermal desorption or degradation cou-
pled to mass spectrometry.”’ Surface net sampling has
proven valuable in the establishment of long-term data
sets.® Unfortunately, this method is hampered in
adverse weather conditions and other limitations related
to the determination of accurate sample volumes, lower
size limit of particles (mostly > 300 pum) size detection
and procedural contamination which can compromise the
results. Researchers began to look at alternative methods
of analysis, such as the use of seawater intakes on
research vessels, submersible pumps and use advanced
sensor systems (e.g. FerryBox) to collect large volume
samples of which several have shown promise for their

use.®9

Academic, non-profit, government and non-governmental
organizations have all become engaged in microplastic
research: through the development of methods as well as
the inclusion of microplastic sampling into ongoing moni-
toring programs and strategic projects. As the knowledge
surrounding microplastic assessment has increased,
researchers have turned their attention to defining meth-
ods which allow the collection of robust data with quality
an essential consideration for project design.'”"? There is
a strong focus towards the production of quality con-
trolled and quality assured (QA/QC) data, with limited
sample manipulation and a general need for automated
methods of detection."® " Currently no sensors or on-line
measuring technologies exist due to the large sample vol-
umes needed, pre-concentration of the samples and often
large amounts of biological interferences. Therefore, data
generation relies on sound sampling methodologies and
analytical processing in the laboratory. Limitations to
comparative data generation cover themes such as the
inclusion and exclusion of certain sizes, sample contami-
nation, inconsistent units of reporting, lack of validation
in processing methods, accuracy or representativeness of
samples and validation of observed/visual results using
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analytical techniques."™ In the following document, the
approaches to seawater microplastic assessment are pre-
sented with a view towards methods harmonization and
minimum requirements for comparative data generation.

Field sampling for microplastics in seawater

Collection of representative samples is of upmost impor-
tance. Much literature has assessed the use of different
sampling approaches to seawater (Table 1), and the cur-
rent limiting factor is the collection of large enough vol-
umes to generate a representative sample. Further, when
sampling in areas of high biological activity, the samples
may be compromised by large amounts of organic matter
clogging the collection devices. This is especially true

: . 12,16
when using small mesh sizes."* '

Net sampling

This approach is by far the most commonly applied tech-
nique for sampling surface water (manta or neuston nets),
subsurface waters and the water column (neuston or
bongo nets). Nets are towed in surface waters or the water
column for a set duration, rinsed on deck and any anthro-
pogenic particles are categorized by morphology (size,
shape, color) and sometimes weighed™ ®. Many studies
using nets sampling focus on the visible identification of
the larger fraction of particle 1-5 mm, often these methods
do not use spectroscopic confirmation and plastics are
only identified with the naked eye. Although net sampling
methods enable sampling of large volumes, the disadvan-
tages are discriminating particles smaller than the nomi-
nal mesh size, sampling water volumes passing through
the net can only be estimated, nets often bounce on the
water surface in adverse weather conditions and it can be
very difficult to prevent contamination from working on
deck of vessels. Further, when clogging occurs the sample
may not be representative. Therefore, it is important that
samplers can as accurately as possible, estimate the
volume of water which has passed through the net, with a
flow meter, or through the calculation of distance trav-
elled.™

Bulk water samples
There are many approaches to collecting bulk water sam-
ples. A volume-reduced water sample consists of pumping
water (manually or using a motor) through a filter and out
through a flow meter. These samples can be collected
from a variety of sampling platforms: large or small ves-
sels, from static platforms and the shoreline. These
approaches are generally used when targeting microplas-
tics in the smaller size ranges < 300 pm. QA/QC proce-
dures are fundamental from sample collection into
processing, including field and laboratory procedural
blanks, which are easier to achieve using bulk water sam-
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ples. In most cases, samples may be volume reduced in
the field where necessary, but the analysis of samples is
conducted under controlled laboratory conditions. Research-
ers began taking bulk water samples using seawater intakes
on research vessels in many of the world’s oceans!”® and
have developed to filtering apparatus being incorporated
into other seawater monitoring set up, such as the
FerryBox system which are deployed on vessels of oppor-
tunity.® The standard FerryBox system collects continu-
ous data on temperature, salinity, florescence, turbidity,
as well as nutrient analysis, continuous plankton record-
ing. The incorporation of microplastics into these systems
will allow comparative data generation which can be
accurately coupled to the environmental parameters at the
time of sampling. Another example of using vessels of
opportunity was the inclusion of filtration apparatus on
sailing vessels participating in the Volvo Ocean Race,
2017. Samples (n = 68) were collected on board Team
AkzoNobel. The analysis was performed in the laboratory
used a combination of Raman spectroscopy to identify the
particles, and a camera for microplastics particle size.I'”?
Smaller bulk water samples include the collection of sea-

water in CTD rosettes.”

Figure 1 Sampling devices used for microplastic sampling in sea water, A:
Manta net; B: CTD rosette bottles, C: multinet

Challenges of continuous measurement

Automated methods, such as continuous measurements,
are advantageous as they can collected data without inter-
vention. The representativeness of samples is often com-
plicated by the distance travelled on large vessels or the
volume sampled restricted by small water intakes (~in the
range of a few cm). As often large volumes of water have
to be sampled (> 1000 L), infrequent changing of filters
could result in relatively large areas sampled (> 100 km).
This is both an advantage, large trajectories can be sam-
pled, but also a disadvantage if a small-scale special reso-
lution is needed. Another challenge includes the presence



of organic material which can cause clogging and further
compromise collected samples." Coupled with the need
for changing filters, it is paramount that QA/QC is strict
during sampling. Field blanks can be carried out to moni-
tor the levels of airborne particles in samples, as well as
the risk of contamination from the sampler or the equip-
ment. Without these controls it is impossible for research-
ers to discern the true levels of microplastics in seawater
as levels in the marine environment often are low. In
summary, the steps made towards automated/semi-auto-
mated sample collection are promising, but far from
having a readiness for worldwide implementation.

Table 1 Advantages and limitations of sampling approaches to seawater

Advantages

Limitations

Surface water nets

Long term data sets
Visual sorting possible
with fraction >1 mm
Sample large area

Surface samples only
Weather dependent
Estimated flow/volume
Lower size limit

often misses smaller

particles (e.g. 300 pm)

Pumping systems -
seawater intake
e.g. FerryBox

Accurate flow/volume

Large volume sampled BN Eill]

Can be deployed at
variable depths in the
water column
Accurate flow/volume
Large volume sampled

Pumping systems -

) Weather dependent
In situ pumps

Can be deployed at

ST variable depths in the | Low water volume
samplers - CTD .

water column (~20 litres)
rosettes

Can collect replicates

Once samples have been collected from seawater, the
analytical steps taken are critical to producing robust and
comparative data. As with sample collection, a high level
of QA/QC is recommended for studies reliant on labora-
tory and microscopy analysis. This allows the researchers
to check the validity of any processing steps introduced
before assessment and continue to monitor sources of pro-
cedural contamination. Depending on the interfering
material collected on the sampling filters
and the processing steps needed before
the analysis are not discussed herein, the

reader is referred to recent reviews on
18]

Sample
collection

the matter.

A combination of approaches, from visual
assessment with the naked eye through
to automated spectroscopic methods can
be used for the final analysis. A very

Field control
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tics has been published.” This review presented the avail-
able techniques which includes naked eye detection,
optical microscopy, uses of dyes and stains, flow cytome-
try, Fourier-Transform Infrared (FT-IR) spectroscopy and
microscopy, Raman spectroscopy and microscopy and
thermal degradation/desorption coupled to gas-chroma-
tography/mass spectrometry. The methods chosen will
impede the level of comparison between investigations.
Especially when the aim is to quantify the presence of
different plastic types. For example, when working with
samples contaminating particles from 1-5 mm in size,
researchers can use the unaided visual identification with
a high level of confidence to identify plastics, but particles
< 1 mm require more supported techniques (microscope
plus analytical validation) to determine the presence of
synthetic polymers as error values can reach up to
70%.° " ® Without polymer identification, this may lead
to a high level of misidentification, especially when parti-
cles size is below 50-100 um. As such, the use of spectro-
scopic methods is strongly recommended when working
with the identification of microplastics < 1 mm, and fun-
damental for particles < 100 um.

FT-IR and Raman spectroscopic methods allow the iden-
tification of particle composition by producing a finger-
print spectrum which is unique to different materials.
Such that plastic spectra can be differentiated from those
produced by natural materials. FT-IR and Raman are both
complementary techniques, as molecular vibrations which
are inactive with FT-IR, can be active for Raman, and
vice versa. Spectroscopic methods can also be coupled to
microscope set ups, allowing the application of polymer
identification to small particles (LFT-IR ca. 10 pum, pRaman
ca. 1 pm).® When particles are preselected for FT-IR/Raman
using optical light-microscopy by the operator, this can
introduce a bias in the analysis, and in some instances
transparent or translucent particles as well as very small
particles might be overlooked during the preselection pro-
cess.’! Hence, a reduced proportion of operator interfer-
ence is encouraged, and researchers continue to seek
advancements in uFT-IR and pRaman approaches. Often,

Data

generation

Corrections foi
contamination

Pre-treatment Analysis

___________________

Removal of biological
material

Procedural control

recent critical assessment of the analyti- i

cal methods associated to harmonized
and coast efficient analysis of microplas-

Figure 2 Schematic of steps requires for comparative data generation
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the use of spectroscopic methods is costly and time con-
suming, as such many studies use subsamples of repre-
sentative particles.

To counteract this, automated spectral methods are being
developed to enable high throughput of samples but are
currently still limited to low sample volumes. Further-
more, the automatic samples analysis requires significant
sample preparation and clean-up to be effective. Never-
theless, tFT-IR has been seen to be a powerful tool and
the atomization reduces time and demand of data genera-

tion.”!

Providing the researchers are clear in their
approach, choice of methods and use clear reporting

guidelines, they can generate comparative data.

In the microplastics field of research there are many dif-
ferent sampling approaches and technologies available to
investigate seawater microplastics. Developments are
hampered by procedural contamination as microplastics
and fibres can be introduced by the sampler, the air or
sample equipment. This requires a thorough understand-
ing of potential sources of error and effort to minimize
intervention with samples in the field. A high level of QA/
QC is required from collection through to data generation.
This is especially important when studies reliant are reli-
ant on laboratory/microscopy analysis. Method develop-
ment is continuously ongoing to further automatize
sampling, sample pretreatment and final analysis with a
far greater attention to validation.

The author is grateful for comments provided by Profes-
sor Bert van Bavel (Norwegian Institute for Water Re-
search, NIVA).

* This content is based on our investigation at the year of
issue unless otherwise stated.
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Feature Article

Understanding the Nature of Microplastic Pollution
and ldentifying Environmental Impacts

Bridget O'DONNELL

With the large-scale production of consumer plastics, comes the problem of how
to deal with the disposal of long-lived single use items. Only a small percentage
of plastics are recycled, leaving a significant volume accumulating in landfills or
polluting our environment, where they fragment into smaller pieces, termed
microplastics. Microplastics are ubiquitous and are present in every part of the
environment and in the tissue of organisms, where they have physical and chem-
ical toxic effects. To understand the extent of the problem, it is important to for-
mulate standard methods for the collection, extraction, and identification of
microplastics. In addition, laboratory-based research must be performed to
understand the capacity of microplastics to effect human and environmental
health. This review paper summarizes some of the key research direction in this
field, in particular with respect to the research laboratories of Dr. Chelsea
Rochman at the University of Toronto, one of the world’s leading authorities on
microplastic analysis and understanding of environmental and health impacts

and risks.

Introduction

Starting in the mid-twentieth century, plastics began to
replace other materials, since they were easy and inexpen-
sive to manufacture, while still being strong and durable.
With the advent of plastics, came the idea of “throwaway
living”: the idea that consumers could save time through
single-use items including tableware and flatware, bever-
age and food containers, and diapers."” With the increase
in manufacturing of disposable consumer products, the
production of plastics has ballooned since 1950, with an
estimated 8,300 million metric tons produced as of 2015.
Of that amount, only 30% of manufactured plastics are
still in use, while approximately 60% have been discarded
and 10% have been incinerated.”’ The same characteris-
tics that make plastics excellent materials for a wide vari-
ety of consumer uses, also make managing their disposal
difficult. Lifetimes of plastics can range from tens of
years to hundreds of years depending on the nature of the
material. Depending on the implementation of waste
management standards, plastic waste may be landfilled,
incinerated, recycled, or dumped into the environment.
Evidence of plastic pollution has been well documented
from the Great Pacific Garbage Patch™ to “pristine”

beaches littered with plastic trash.®

Plastic litter comprises a wide variety of materials and

sizes, including microplastics, particles less than 5 mm in

1 Sources of microplastics can be both primary and

size.
secondary. Primary sources include pellets from plastic
processing plants, microbeads from cosmetic and personal
care products, and industrial abrasives. Secondary sources
of microplastics arise from the fragmentation and degra-
dation of larger plastics. Examples include microfibers
released from textiles and tire wear particles (see
Figure 1)."7 Microplastics encompass a wide variety of
characteristics. Their morphologies include fibers, films,
fragments, pellets, foams, and spheres.®! Microplastics
also incorporate a wide variety of polymers including
polyethylene (PE), polyethylene terephthalate (PET),
polypropylene (PP), polystyrene (PS), polyvinyl chloride
(PVC), and rubber. Microplastics are also not composed
of polymers alone, but may also contain pigments or dyes
and additives such as titanium dioxide and calcium car-
bonate. The transport of microplastics to the environment
can occur through a variety of mechanisms, including
through air and water, for example from laundering efflu-
ent and exhaust.” Sinks of microplastics in the environ-
ment include sediment, freshwater bodies (lakes, rivers),
and saltwater bodies (surface water, arctic ice)."” They
can also be transported between organisms, for example
from prey to predator, via trophic transfer."” Microplastics
have been found in nearly every level of the food chain

2]

from invertebrates"“ all the way up to the largest mam-
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Figure 1 Reprinted with permission from Science Magazine (doi: 10.1126/science.aar7734).

mals on earth.™

There is ample evidence in the literature that microplas-
tics are harmful. Toxicity can take on two forms; physical
and chemical. Physical toxicity arises from the accumula-
tion of microplastics in organisms and can have a variety
of effects on health, including reduced respiratory func-
tion, hepatic stress, and the formation of granulomas
through immune response." As microplastics continue to
break down into smaller and smaller fragments down to
the nanoscale, translocation from the gut can occur lead-
ing to harmful effects in other tissues including the heart,
lungs, gallbladder, and liver."® Chemical toxicity can
arise from either additives in the plastics themselves or
through the accumulation of toxins like persistent organic
pollutants (POPs) or metals on the surface of microplastic
particles.™

Critical to understanding the source of microplastics and
potential toxicity is first understanding the presence and
characteristics of microplastics in our environment. This
includes elucidating the distribution of polymer types,
presence of additives, particle morphology, and size dis-
tribution. In order to develop a clear picture, methods for
collection, extraction, and identification of microplastics
must be developed and standardized (or at least harmo-
nized for data synthesis).
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Collection Methods

The most common method for the collection of microplas-
tics from marine environments is the neuston net or
Manta Trawl. Using this technique, a large volume of sur-
face water can be sampled by towing the net via a boat.
Designed for collecting plankton, the net’s mesh size is
generally in the range of 333-335 um, so the size of
microplastics collected is restricted to those in the larger
size range. However, microfibers, which are thought to be
one of the most prevalent microplastic morphologies, can
slip easily through a net, in addition to any other particu-
late with ellipsoidal shapes (thin fragments or folded/
rolled films). Finally, the material of the net itself may
contribute to contamination in collected samples."®
Another method for collection from marine environments
is the grab method. In this method, a 1 L (or larger
volume) sample of water is collected, typically in a glass
or metal sample container, to avoid contamination.
Although the total volume is less than a net, a grab sample
can collect plastics down to the sub-micron scale. In addi-
tion, because of the simplicity of collection, researchers of
any skill level can easily collect samples, including citizen
scientists. Samples may also be collected from a variety
of environments including shallow tidal pools and waste-

water outflow sites.!"”?

Sediment samples require alternate collection methods -
these include collection from coastal beaches to the deep
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sea. For sediment samples collected from the seabed,
specialized equipment is required. These can include grab
samplers which scoop a sample from the top layer of the
sea floor (Van Veen, Ekman) and core samplers, which
collect columns of sediment, retaining information on the
numbers of microplastics in sediment as a function of
depth. As in the case of nets, contamination from plastic
core samplers is also a concern. Metal is an alternate
choice, however the opacity of metal precludes the ability
of the researcher to actively monitor the volume of sedi-
ment collected."™

Other common matrices include biota, which consists of
sampling animals from the environment to bring back to
the lab for processing. In addition, air samples are also
becoming more common and methods for collection con-
tinue to be developed to capture both wet and dry
deposition.

Extraction Methods

During the collection of microplastic samples, particulate
of other types may also be present including minerals,
plant matter, biota, and other organic matter. There are a
number of methods used to isolate microplastics of inter-
est from other particulate including density separation
and chemical digestion. Density separation is used to sep-
arate denser particulate (e.g., minerals, silica) from the
more buoyant microplastics. In density separation, the
mixed sample matrix is immersed in a prepared solution
with high density. Those particles with lower density than
the solution, including microplastics, float to the surface,
while heavier particles sink to the bottom. The solution is
allowed to rest for an extended period so that the denser
particles have time to settle before carefully extracting the
top portion of the sample containing ‘floating’ particles.
This process may then be repeated, through the addition
of fresh solution to the settled portion of the sample to
ensure that all microplastics are collected. Different solu-
tions with varying density can be prepared including
sodium chloride, zinc chloride, calcium chloride, and

sodium iodide.l"®

A unique extraction procedure taking advantage of the
hydrophobic nature of microplastics was developed and
reported by the Rochman lab at the University of Toronto.
In this procedure, magnetic iron nanoparticles are func-
tionalized with hydrophobic hydrocarbon tails. These
hydrophobic groups preferentially bind to microplastics,
which can then be extracted using a neodymium magnet
by swirling the magnet in the sample jar and then rinsing
it into a clean reservoir. Recovery of microplastics from
spiked samples is demonstrated on a variety of size ranges
from less than 20 pm to greater than 1 mm. It was con-

cluded that magnetic extraction is beneficial as a
secondary extraction technique after density separation or
for samples that are relatively clean, as in drinking water. !
Chemical digestion may be used to remove organic mate-
rial while leaving microplastic particles behind. These
methods include wet peroxide oxidation, alkaline diges-
tion, and acidic digestion. When employing chemical
digestion, it is important to ensure that the biological
tissue and plant matter are removed without effecting the
microplastics being collected. Acidic digestion has been
shown to break down certain polymers, including nylon,
polyamide, and rubber.”” It has also been demonstrated
in a publication by Munno et al that high temperatures
generated during digestion (> 60°C) can result in the loss
of some microplastics, particularly microbeads used in
personal care products.”"! For biological samples, includ-
ing collection of microplastics from gastrointestinal (GI)
tracts, an alternative extraction procedure was developed
by the California Department of Public Health, in collabo-
ration with the Rochman lab, to avoid damage to the
microplastics under study and to ensure that no biological
tissue remains adhered to the surface of the extracted
microplastics. In this procedure, the GI tract is dissected,
isolated, and sealed in a vial. The vial is then immersed in
a water tank and subjected to bursts of ultrasonic waves,
termed pulsed ultrasonic extraction (PUE). The sample is
then poured through a 1 mm stainless steel sieve and then
filtered using a 10 pm core polycarbonate filter. Compared
to samples prepared using traditional KOH digestion,
samples extracted using PUE showed much cleaner sur-
faces and resulted in better spectral matches to reference
databases.”? For biota, biota can be extracted whole, or

dissected to isolate the GI tract or target organs.”®

Once an environmental sample has been collected and
extracted, it may be sorted into various size fractions.
Sieve stacks are used to separate particles into different
size fractions down to approximately 300 pm.”* For
smaller particles, vacuum filtration with progressively
smaller pore size membranes may be used. Large micro-
plastics can easily clog filter membranes or obscure
smaller particles if size fractioning is not employed. For
particles greater than approximately 300 pum, samples
may be manipulated manually using fine-tipped forceps,
while smaller particles are more difficult to manipulate
and can be analyzed directly from the filter membrane."®
The use of size fractioning provides an additional benefit
of collecting particles of similar size, which makes
manual sorting easier.

Due to the varied nature of techniques and differing labo-
ratory conditions, it is important to follow standard QA/
QC techniques to account for any contamination that may
be introduced throughout the collection and extraction
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process. To limit the amount of contamination, it is best to
minimize both the number of people handling samples
and the amount of time the sample is exposed to air.
General QA/QC lab practices include maintaining clean
work surfaces, avoiding synthetic clothing, covering sam-
ples whenever possible, and installing air filters in the
laboratory. In addition, proper QC/QA procedures include
the generation of blank samples both in the field at collec-
tion and in the laboratory during extraction, which are
treated with the exact same procedure used for measured
samples. The results of particles found in the blank mea-
surements may then be subtracted from the sample mea-
surements or reported for each study.”®

Detection and ldentification Methods

Visual examination of extracted samples using a sterco
zoom microscope is arguably the most prevalent tech-
nique for identifying microplastics. Using visual exami-
nation, a suspected microplastic can be characterized by
color, and morphology. In addition, visual identification
can be used to discriminate natural particles from anthro-
pogenic particles. Different modes of imaging can help to
improve contrast and aid in identification including
reflected/transmitted light, polarized light microscopy,
and dark field microscopy. Microscopy images of the par-
ticles can be taken and used to record measurements for
exact particle dimensions with the implementation of
software such as Image].”® The reliability of visual ex-
amination alone to definitively identify microplastics is
low: depending on the researcher, false negatives and pos-
itives may occur with varying frequency.”” The addition
of fluorescent staining can improve identification using

optical microscopy. The most common stain used in the
identification of microplastics is Nile Red, which binds to
plastics in both exposure experiments in the lab and in
environmental samples through hydrophobic interactions.
Nile Red fluoresces at a variety of wavelengths and is de-
pendent on the hydrophobicity of the microplastic parti-
cle’s surface. However, certain types of plastics including
polycarbonate, polyurethane, PET, and PVC display weak
signals, while microplastic fibers are particularly difficult
to stain.”® In response to these difficulties, alternate
stains have been tested in the Rochman lab, including
those designed specifically for textiles. For both labora-
tory tests and environmental samples, different dyes have
been identified as promising stain alternatives (see
Figure 2).F729

For definitive chemical identification, there are a number
of techniques that may be used including pyrolysis gas
chromatography-mass spectrometry (GC-MS), Fourier
transform infrared spectroscopy (FT-IR), Raman spec-
troscopy, and scanning electron microscopy (SEM) plus
energy dispersive x-ray spectroscopy (SEM/EDS). The
application of these techniques has been described in
detail elsewhere,?” therefore a short overview of each
technique’s use in microplastics research will be given
here. Pyrolysis GC-MS works by thermally breaking
down the sample under measurement: the masses of the
daughter fragments are analyzed in the resulting pyro-
gram to elucidate the parent molecule. GC-MS is consid-
ered a “gold standard” in analytical labs and is a readily
available piece of analytical instrumentation. Pyrolysis
GC-MS provides simultaneous identification and quantifi-
cation of microplastics in complex samples. Because of

Figure 2 Examples of plastic types and morphologies dyed with different dyes. (A) Different morphologies: spheres (10-90 um), frag-
ments (50-300 um), and fibers (30-60 pm/150-5000 um) dyed with pink dye. (B) Different fluorophores: green (kentucky dye),
red (pink dye), and far-red (blue dye). Pseudocolors are applied to different fluorescent channels for the purpose of differentia-
tion. (C) Different polymer types dyed with pink dye: polyethylene terephthalate (PET) fragments (50-500 um), high-density
polyethylene (HDPE) spheres (10-90 pm), polyvinyl chloride (PVC) fragments (50-300 pm), low-density polyethylene (LDPE)
fragments (100-500 pm), polypropylene (PP) fragments (500-4000 pm), polystyrene (PS) fragments (100-300 pm), polyester
(PET) fiber (30-60 pm/150-5000 pm), and polyacrylonitrile (PAN) fiber (20-50 um/300-3000 pm). Scale bars are 550 pm.
Reprinted with permission from Environmental Science & Technology Letters (doi: 10.1021/acs.estlett.9b00241) Copyright (2019)

American Chemical Society.
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the quantitative nature of this technique (in mass, not
number of particles), there is risk of matrix effects from
remaining organic matter and materials or chemicals from
extraction techniques, so extra care must be taken to

accommodate for potential contaminants.””

Raman spectroscopy and FT-IR spectroscopy are both
techniques that probe the vibrational bonds in a molecule.
FT-IR uses broadband infrared light to illuminate a
sample; when the light is resonant with a vibrational band
in the molecule under study, a decrease in the intensity of
the infrared light is observed. In Raman spectroscopy, a
monochromatic laser source illuminates the sample; most
of the light is elastically scattered (Rayleigh scattering),
while a small portion of light is inelastically scattered to
lower or higher frequency (Stokes and anti-Stokes scatter-
ing). The difference in energy between the inelastically
scattered photon and the laser corresponds to a vibrational
band in the molecule under study. These two vibrational
spectroscopy techniques are complementary and provide
different structural information on the particle under
study. For example, Raman active vibrational modes can
provide information on the backbone of a polymer, while
infrared active vibrational modes provide information on
side chains. In addition, Raman spectroscopy can provide
information on additives and pigments or dyes in micro-
plastics, which can help in tracking the source of micro-
plastics. While micro-FT-IR spectroscopy can measure a
minimum particle size of approximately 10 pm, Raman
spectroscopy can measure particles down to < 1 um in
size.” For microplastics, this is critically important
because it is generally agreed that, as particle sizes
become smaller, the abundance of microplastics increases.
Smaller particle sizes also have bigger ramifications when
it comes to toxicology, which will be discussed in more

detail below.?*%%%1

SEM/EDS combines scanning electron microscopy and
energy dispersive x-ray spectroscopy to provide high reso-
lution imaging at the nanoscale with elemental character-
ization of heavier elements. SEM focuses an electron
beam onto the sample under study and measures the
resulting scattered electrons. EDS works in combination
with SEM and measures the resulting x-ray radiation from
the sample. SEM/EDS provides a means to quickly distin-
guish plastics from minerals, which in marine environ-
ments, are primarily Si (sand) and Ca (shell fragments).?*?
Each technique described above has advantages, disad-
vantages, and varying associated costs and measurement
times. In the characterization of microplastics, it is
important to note that multiple techniques may be
required for complete characterization.”" It is also impor-
tant to standardize methods across different laboratories
to ensure consistency in reporting. This is one of the main

goals of the microplastics study plan organized by the
Southern California Coastal Water Research Project
(SCCWRP) described in a separate article.

As a single microplastics sample can contain hundreds or
thousands of particles, a critical part of the process of
standardization is automation of sample measurements, in
order to reduce the time required for sample analysis. One
such method of automation relies on the use of the optical
image of a sample, for example microplastic particulate
on a filter membrane, to distinguish particles from the
background substrate. The optical image provides the
spatial contrast needed to identify the particulate, and
then the use of a motorized stage together with Raman or
FT-IR spectroscopy allows the user to collect spectra at
each isolated particle. Using this technique, large areas
can be covered without collecting spectra from areas that
are not of interest, for example from the filter membrane
itself.*?

While automated routines like those described above are
sufficient for analysis of larger microplastics across an
entire filter membrane (for example a 47 mm diameter
filter), for analysis of particulate in the lower size range, <
20 um, measurements across an entire filter becomes pro-
hibitively expensive in both time and data size. As part of
standardizing the analysis of microplastics, it is important
to formulate sampling and sub-sampling schemes that are
representative of the sample under study. There are a
number of different ways to define sub-sampling, for
example, by percentage of filter area covered in a mea-
surement, or by the percentage of total particles measured.
In a paper published by Anger ef al, it was proposed that
sub-sampling by percentage of total particles is most
appropriate for two reasons; one, particles may not be
evenly distributed across the filter and two, different filter
diameters may be used across different laboratories. The
proposed working method was to first estimate the total
number of particles on a filter using the optical image, and

then chemically identify a chosen subset of particles.*®

Once spectroscopic measurements are complete, it is nec-
essary to determine the number of unique components
present. Understanding the complete picture of chemical
signatures can provide indication of the source of micro-
plastics and potentially provide information on possible
contamination as well (see Toxicology section).”” Multi-
variate analysis techniques including principal component
analysis (PCA), multivariate curve resolution (MCR), and
cluster analysis techniques can be used to determine the
number of unique spectral signatures in a sample set.*"
Once a model has been built, spectral matching algo-
rithms may be used to identify the exact species present
in a microplastics sample. The development of spectral
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Figure 3 Example workflow for automation of microplastic measurements using Raman spectroscopy and HORIBA’s ParticleFinder soft-

ware module.

databases specific to microplastics can improve the qual-
ity of spectral matching and produce results that are more
relevant to environmental samples, as microplastics
encompass a diverse suite of polymers, additives, and
dyes/pigments'. Existing libraries contain mostly pure
polymers, which can only provide limited information.
The development of SLoPP and SLoPP-E (Spectral
Library of Plastic Particles, Environment) libraries by the
Rochman Lab enable better spectral matching and provide
much more information on collected samples, as the
libraries include reference spectra from particles sourced
from everyday products and from the environment.®
Making these databases freely accessible to the micro-
plastics community helps to ease the cost burden of com-
mercial spectral databases, which frequently come with
high annual subscription costs.

Toxicology

While it is important to understand the presence and
nature of microplastics in our environment, it is also criti-
cally important to understand the impact of microplastics
on our ecosystems and potentially on human health as
well. There are a number of mechanisms through which
microplastics may be harmful including physical and
chemical pathways, as described above. Because micro-
plastics can both sorb contaminants®®® and leach harmful
additives,”®” bioaccumulation of these toxins may occur
in marine organisms.®® In addition, biomagnification,
where toxins consumed by smaller organisms are concen-
trated in predators that consume them, can also occur,
effecting the health of ecosystems across the entire food
web. Examples of chemical contaminants in microplastics
(sorbed contaminants, chemical ingredients, and chemical
byproducts) are shown in Figure 4.°%

Figure 4 Cocktail of contaminants associated with marine plastic debris. Contaminants
associated with marine debris include chemical ingredients (red squares), byprod-
ucts of manufacturing (yellow squares) and those that accumulate from surrounding
ocean water in the marine environment (blue squares). Reprinted with permission
from Marine Anthropogenic Litter (doi: 10.1007/978-3-319-16510-3).
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In a laboratory-based study by Rochman et a/, the effects
of bioaccumulation were tested using Japanese medaka.
In this study, three groups of fish were studied; a control
group, a group fed virgin LDPE, and a group fed LDPE
that had been deployed in an urban bay. After one and
two months of exposure, the amount of polycyclic aro-
matic hydrocabons (PAH), polychlorinated biphenyls
(PCB), and polybrominated diphenyls (PBDE) were
tracked in the tissue of the fish. The results showed that
not only does bioaccumulation of chemical pollutants
occur, but signs of liver toxicity and pathology arise in the
groups fed both virgin and deployed LDPE, namely gly-
cogen depletion, fatty vacuolation, and single cell necrosis
(in deployed LDPE only). This study demonstrated that (1)
bioaccumulation of chemical pollutants through exposure
to microplastics occurs in aquatic organisms and (2)
exposure to microplastics and associated chemicals may

induce hepatic stress.”*”

While evidence for harm from microplastics in marine
life has been well documented,"®%*¥ less well under-
stood is the effect that microplastics may have on humans.
It is clear that microplastics are found in food consumed,
including a variety of species of marine organisms,*®
salt,”*® and canned fish."”! An example of a potential route
of exposure through seafood is shown in Figure 5.
What happens once microplastics are consumed is not
entirely clear. It is likely that many microplastic fragments
are passed as waste, but this does not negate the possibil-
ity of physical and chemical toxicity in humans. A well-
known example of the effect of chemical toxicity from

plastic packaging is bisphenol-A (BPA), a constituent
monomer of polycarbonate. It was demonstrated that
higher levels of BPA present in urine samples were asso-
ciated with reported heart disease in American adults.”®
Further research is needed to understand the amount of
microplastics consumed, associated chemical exposure,

and what health effects arise from such exposure.™”
Mitigation

To address the global problem of microplastics, govern-
ments around the world have begun to enact policies to
deal with the staggering problem of plastic pollution. This
includes the ban of microbeads from personal care prod-
ucts, the tracking of municipal or commercial waste, and
commitments to reduce marine debris."” From an indus-
trial perspective, companies have started to implement
sustainability practices including manufacturing products
from plastics collected from beaches™”
biodegradable or compostable materials,
ing to durable, multi-use packaging.®” Beach clean-up

, moving towards
5% and transition-

programs organized by non-governmental organizations
(NGO) serve two purposes; to raise awareness of the
problem of plastic marine debris and to help remove
larger plastics that have the potential to become smaller
microplastics.®® For consumers, there are also strategies
that can be used daily to reduce microplastics. While
reducing plastic use in general is a good first step (especially
single-use plastic items), other sources of microplastics
can be addressed in different ways. For example, microfi-
bers from textiles are likely a large contributor to micro-

Figure 5 An example of how microplastics could end up on a consumer’s plate. Reprinted with permission from
Current Environmental Health Reports (doi: 10.1007/s40572-018-0206-z).
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plastics emissions, where hundreds to thousands of
microplastics are generated through the washing of a
single garment. ®® Products like the Lint LUV-R filter
and CORA ball can help to trap microplastic fibers before
they reach wastewater treatment plants, and ultimately are

discharged into bodies of water.”

Conclusion

Microplastic pollution is a global issue and one of the first
steps in addressing the problem is to understand the
nature of microplastics. This includes elucidating the
major sources and sinks of microplastics in the environ-
ment, types of plastics and additives, and the particle
morphologies and sizes. Optimization and standardization
of laboratory methods for microplastic analysis is critical
for reproducibility amongst labs including sample collec-
tion, extraction, detection, and identification methods.
From this information, researchers can understand more
about the sources of microplastics and how best to miti-
gate the threat to the environment and potentially to
human health as well. The work of research laboratories
like that of the Rochman group are critical to help drive
standardized methodologies and a true understanding of
the impact of microplastics and nanoplastics on our envi-
ronment and health. Only through the development of
harmonized reproducible methodologies will government
agencies be able to provide the necessary recommenda-
tions to state and federal legislative bodies to put in place
mandated monitoring and control programs.
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Raman Applications on Microplastics

Microplastics (MPs) is an emerging and rapidly growing research field, the

Eunah LEE

potential for which the scientific impact and business opportunities are abundant.

HORIBA is working with several key opinion leaders (KOLs) help develop and

Bridget O'DONNELL

drive the critical thinking to establish analytical standards and regulation guide-

lines. The availability of harmonized methods and key instrumental and software

Andrew WHITLEY

capabilities will determine how well we can monitor and control MP pollution and

health risks in the future. This paper will summarize ongoing collaboration proj-
ects with KOLs being performed by the HORIBA US Raman team, and what

we’ve learned from this so far.

Introduction

It has been reported that less than 10% of manufactured
plastics are recycled. With approx. 30% in use, this leaves
60% of plastics to be discarded into environment, or being
incinerated. Discarded plastics take tens (e.g. plastic bags
and foam cups) to hundreds (e.g. plastic bottles and dis-
posable diapers) of years to decompose, accumulating on
land, including in landfill sites, coastlines, in Arctic sea
ice, and on the sea surface and floor."” During these long
years, plastics fragment into small particulates, forming
microplastics (MPs) and nanoplastics (NPs). They are not
only hazardous for wildlife, but also pose health risks for
humans® through air pollution (e.g. nanotoxicity due to
enhaling NPs), water (e.g. MPs in drinking water) and
food sources.

Governing bodies around the world have recognized the
detrimental impact of MPs, and started implementing
new regulations. Scientific guidelines are critical for
effective regulation, and key opinion leaders (KOLs) are
actively working to develop standard methods for sample

(b)

collection, preparation, analysis, and evaluation. HORIBA
has been working with several KOLs to understand ana-
lytical requirements for MPs, including software and
hardware optimization and automation. These efforts
have been successful so far, resulting in various publica-
tions and presentations’. There is however still a long
way to go.

It has been demonstrated™ that using multiple technolo-
gies, including Raman microscopy, is essential to identi-
fying MPs without ambiguity. Raman microscopy is
growing in its importance due to its high spatial resolu-
tion (necessary for particles on the order of ~ 10 um and
smaller), high tolerance toward wet samples (advantageous
for field analysis), sensitivity to additives (useful for brand
and source identification) and polymers (useful for chemi-
cal identification), and specificity for polymer type (for
positive identification) and minerals (for exclusive identi-
fication). HORIBA Scientific’s XploRA PLUS confocal
Raman microscope is well equipped to handle MP analy-
sis, and has been installed at multiple KOL laboratories,
successfully proving its performance and usefulness. As

©

Figure 1 HORIBA Raman instruments. (a) XploRA PLUS, (b) MacroRAM and (c) XploRA Nano
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research progresses, the demand for Raman analysis (and
instruments) will expand to field analysis instruments (e.g.
compact Raman spectrometer such as HORIBA’s
MacroRAM coupled with optical fiber probes), NPs anal-
ysis (e.g. AFM-Raman hybrid system) aided by nano-tags
(e.g. nanoGPS), and multi-modal imaging and microscopy
(e.g. epi-fluorescence and hyperspectral imaging micros-
copy). HORIBA is well placed to explore the business
potential of MPs with its versatile collection of products.

Importance of collaboration

MP analysis is just emerging and rapidly growing as a
research field; exponentially increasing in volume and
importance as an application area and at critical timing as
a business opportunity. Analytical requirements are not
well determined, yet. Standards and regulations are yet to
be defined. It is critical to work with KOLs to accumulate
and exchange knowledge, learn requirements specific for
MP analysis, establish Raman as a standard analysis tech-
nology for MPs, and establish and brand HORIBA as a
go-to vendor for Raman analysis for MPs.

Collaboration with Prof. Chelsea Rochman,
University of Toronto®

Professor Rochman is a faculty member in the Depart-
ment of Ecology & Evolutionary Biology at the University
of Toronto. The ultimate goal of this collaboration is to
develop an automated technique for handling small-size
MPs (< 100 um).

Automating MP analysis must be proceeded by establish-
ing standard operating procedures (SOPs). SOPs are criti-
cal in MP analysis because MPs migrate over a long
distance (e.g. from river to ocean to shore), and require
collective characterization by multiple research groups.

| I I
ciﬁ:::r:i:n SOP necessary to minimize contamination
Sample SOP necessary to separate plastics from non-plastics,

preparation

!

and to classify plastics into characteristic groups

Sample SOP necessary to maximize the efficiency and minimize
presentation the interferences
Data SOP necessary to maximize the efficiency and minimize
acquisition the interferences
Data . -
analysis SOP necessary to maximize the efficiency and accuracy
Report . . "
results SOP necessary to maximize universal data efficacy

Figure 2 A flowchart of MP analysis. Items highlighted in red mark pro-
cesses of high demand for automation. Items in green mark
Rochman group research focuses at this time.
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Unless every research group follows the same SOP, it will
be impossible to combine/compare data, follow the plas-
tics lifecycle as they migrate through the environment, or
establish effective guidelines to minimize MPs in the
environment.

Dr. Rochman’s group has developed SOPs for sample
preparation that include:
0. MPs are collected from various matrices (water,
sediment, biota)
1. Acid, base, or enzymatic digestion is carried out
to remove organic material
2. MPs are size fractioned using sieves down to
100 pm in size
3. Remaining small MPs are filtered into size groups
down to 1 pm

When collected from the environment, MP samples con-
tain inorganic materials (e.g. sand), organic materials (e.g.
biofilm), and non-synthetic materials (e.g. natural fibers)
along with MPs. SOPs developed by Dr. Rochman’s group
separate MPs from non-plastic materials (step 1 of SOP),
and divide MPs into size groups (steps 2 and 3 of SOP).
Step 2 divides MPs into multiple size categories using
sieves, the smallest size category being 100 um in diame-
ter. Particles smaller than 100 pm are divided into multi-
ple size categories using filters in step 3, the smallest size
threshold being 1 pm in diameter. It is not an accident that
size thresholds are set at 100 um and 1 pm. 100 um repre-
sents the smallest size a researcher with a reasonable
training can handle manually (e.g. picking up with twee-
zers). In other words, step 2, with the smallest sieve, sepa-
rates MPs that can be manually sorted from those too
small for that, and designates them for further sample
preparation in step 3. 1 um represents the smallest size an
optical microscope can detect, resolve, count, and mea-
sure. In other words, step 3, with the finest filter, separates
MPs that can be analyzed with an optical microscope i.e.
1 wm or greater, from those too small for that, i.e. <1 pm,
and designates those < 1 pm for nanomaterial analysis by,
for example, an atomic force microscope (AFM).

Dr. Rochman’s group recognized the advantage of mini-
mizing the number of sample transfers, and utilized filters
as a substrate to present the sample to Raman micro-
scopes. This opened the door to further research to opti-
mize the filter material for step 3. Currently multiple
filters, commercial and custom developed in the lab, are
tested for their efficiency in terms of interference, cost,
mass manufacturing, etc.

As the Rochman group’s SOPs are being finessed for
practicality, the volume of samples they analyze increases,
and so do their data accumulation challenges. They have
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started compiling accumulated data into Raman spectral
libraries dedicated for MPs research called SLoPP (spectral
library of plastic particles) and SLoPP-E (spectral library
of plastic particles aged in environment)®. SLoPP is made
of pure and pristine MPs spectra, and SLoPP-E spectra of
weathered MPs. These libraries are being continuously
expanded.

Collaboration with Dr. Ashok Deshpande,
NOAA and Dr. Jennifer Lynch, NIST

Raman is a relatively new technology for MP analysis,
gaining recognition in recent years. It is important to
evaluate a new technology with respect to existing tech-
nologies. For MP analysis, the two methods used are
mainly pyrolysis gas chromatography-mass spectrometer
(pyro-GC-MS) and Fourier transform infrared (FT-IR)
spectroscopy. MP samples from Hawaii were analyzed by
three technologies for comparison, each at a different lab-
oratory using a different technology. The results proved
not the superiority of a single technology but the impor-
tance of multi-technology analysis for accurate identifica-
tion.

W

Kahulew Teanseck 4

Dr. Jennifer Lynch of the Biochemical and Exposure
Science Group of National Institute of Standards and
Technology (NIST)® is a Research Biologist at and co-
director of Center for Marine Debris Research (Hawaii
Pacific University). She provided samples in this collabo-
ration, and her student Kayla Brignac performed the anal-
ysis using FT-IR.

Dr. Ashok Deshpande of National Oceanic and Atmo-
spheric Administration (NOAA)™® is a Research Chemist
at Northeast Fisheries Science Center (James J. Howard
Marine Sciences Laboratory at Sandy Hook). He per-
formed the analysis with pyro-GC-MS.

Dr. Bridget O’Donnell of HORIBA is Manager of Raman
Applications at HORIBA Scientific (Piscataway, New
Jersey). She coordinated the collaboration, and performed
analysis using Raman.

« Identification was ‘perfect’ for approximately 70%
of samples, all three technologies making the
same identification, and boosting the confidence
in the results by cross-validating each other.

* Identification was ‘good’ for approximately 10%

P’.zﬁb

4z

au
. i

Figure 3 Photo of Hawaiian marine debris items, Windward Oahu beach. Kahuku Transect 1

Table 1 Comparison of pyro-GC-MS, FT-IR and Raman

Raman ATR-FT-IR Pyro-GC-MS
Technology Scattering technique Absorption technique Chromatographic technique
Sample Little to no sample preparation Sample mounted on diamond crystal and | Sample is completely pyrolyzed
compressed (destroyed)
Sensitive to molecular vibration based | Sensitive to molecular vibration based -
on change in polarizabilit on change in dipole moment SEE (12 @ A ORIER SHLIE B2EET S
Advantages gein p Y 9 P breakdown into fragments Quantitative

Spatial resolution < 1 ym

Sensitive to polymer backbone structure | Sensitive to polymer side chains
Extensive databases available

results

Disadvantages Susceptible to background fluorescence

Susceptible to water absorption

Long measurement time Large sample
volume

Analysis by Bridget O’'Donnell, HORIBA

Jennifer Lynch, NIST

Ashok Deshpande, NOAA
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of samples, two technologies making the same
identification. The third technology identifies
these as a variety of or similar structure to the
accurate identification.

* Identification was ‘poor’ for approximately 10%
of samples, each technology making different
identification.

* The remaining 10% of samples were identified by
only one technology, the other two technologies
failing to yield usable data.

Given the extreme heterogeneity of plastic products with
diversity in manufacturing process, this is not surprising.
It would be possible to improve these results with further
analysis or additional analytical technologies, and calls
for adding even more technologies for the MPs’ analytical
tool box.

Collaboration with Southern California
Coastal Water Research Project (SCCWRP)

Southern California Coastal Water Research Project
(SCCWRP)™ is a public Research and Development
agency that is leading the project to establish the guideline
for MP analysis, which will become the standard method
for California State Government regulations. Dr. Steve
Weisberg (Executive Director) and Dr. Charles Wong
(Department Head, Chemistry Department) initiated and
organized a study plan to evaluate MP measurement
methods. This is the first step in establishing standard
measurement methods that every MP research group will
share and follow. In this study plan, they invited research-
ers around the world, including HORIBA, to participate
in drafting measurement methods. SCCWRP has com-
pleted drafting a proposal for the method, and is in the
process of producing and distributing standard samples in
clean water, dirty water, sediment, and biological tissue.
Each of the participating laboratories will analyze stan-
dard samples with the proposed method, evaluate its prac-
ticality, and help finesse improvements. HORIBA
contributes expertise on Raman spectroscopy by propos-
ing an augmentation to the study plan, and will evaluate
methods for automating MP analysis and for potential
field analysis using optical probes.

In preparation for and as a part of the study plan,
SCCWRP organized three events in 2019: a workshop and
round table discussion in April, sample extraction and
preparation training in October, and sample analysis
training in November. HORIBA participated in all three
events, playing a key role in the sample analysis training.

Many environmental researchers spend limited time in a
chemical laboratory, and thus require training operating
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analytical instruments. The training session at SCCWRP
for sample analysis in November 2019 was dedicated to
Raman microscopy (provided by HORIBA Scientific) and
FT-IR  microscopy (provided by Thermo-Fisher).
Researchers from key regulatory (e.g. Environmental
Protection Agency) and academic (e.g. California State
Universities) institutes were present, and trained on
Raman wusing HORIBA Scientific’s XploRA PLUS.
Researchers will travel back to SCCWRP to perform
Raman analysis as part of the study plan, when standard

samples are distributed, using the XploRA PLUS.

Instrument requirements of Raman analysis
for MP analysis

One of the biggest complexities of MPs (and NPs) analysis
is the extremely wide size distribution, ranging from 5
mm to 1 pm (and smaller). As mentioned above, one of
the first steps of sample preparation SOPs are classifying
MPs into size groups.

MacroRAM with BallProbe""” (by MarqMetrix) would be
suitable to analyze large MPs (in the order of millimeters),
especially for field screening. Handheld Raman may be an
intuitive candidate for field screening, but is typically
designed for bulk analysis. Its measurement spot may be
too large for MPs. The focus point of BallProbe is small (in
the order of 200-400 um), making it a good match for
large MPs in size. The MacroRAM is small, light and
rugged, and suitable to transport between field basecamps.
There are no moving parts, so installation is minimal and
alignment is not required: plug it in, and turn it on.

One of the important aspects when selecting a field unit is
its compatibility to a lab unit. MPs are sent back to a lab
for further analysis if their analysis results are unsatisfac-
tory for various reasons (e.g. too small even for the
BallProbe, inconclusive identification, possibility of toxic-
ity, etc.). It simplifies data comparison when the field unit
and the lab unit use the same software. HORIBA’s bench-
top MacroRAM, just like all Raman instruments from
HORIBA, uses the LabSpec 6 Spectroscopy Suite (LS6)
software, making it easy and simple to compare data to
those from a lab unit such as the XploRA PLUS.

XploRA PLUS confocal Raman microscope is well
equipped to handle small MP analysis (typically smaller
than 1 mm down to less than 1 um) with a fully featured
optical microscope, multiple lasers, confocal spectrome-
ter, motorized stage, and advanced software.

The first step of any analysis is to observe MPs to gauge
its color, size, shape and texture. For small MPs (typically
smaller than 1 mm), the observation requires an optical
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microscope. Optical microscopy technologies are dedi-
cated to improve the contrast and the image authenticity.
It may sound simple, but it is not trivial to improve
contrast or image authenticity. To improve the contrast,
one must improve the signal-to-noise ratio (SNR), achieve
the best possible focus, and be able to differentiate subtle
differences in optical properties (e.g. color, refractive
index, birefringence, etc.). To improve image authenticity,
one must minimize interference such as ‘shadows’ from
non-uniform illumination, artifacts and distortions from
optics themselves, and aberrations from polychromatic
light. HORIBA’s XploRA PLUS is compatible with all
optical microscopy technologies such as darkfield (DF)
imaging, polarized light microscopy (PLM), epi-fluores-
cence imaging, and hyperspectral imaging (HSI) micros-
copy, allowing the researcher to observe, analyze and
classify MPs by their size, color, shape and texture. It is
imperative to note that there is absolutely no sample
transfer to utilize any or all of these multimodal imaging
techniques, which improves the practicality, speed and
reliability of correlated analysis immensely.

Chemical composition of synthetic plastics are complex
with multiple polymers and additives'™ such as stabiliz-
ers, flame retardants, pigments, reinforcements, etc. The
complexity increases as MPs undergo weathering in envi-
ronments, which changes the physical and chemical char-
acteristics. It has been reported™ that the impact of
weathering on MPs is significant, and that the accuracy
improves a great deal when spectra from weathered MPs,
as well as those from pristine plastics, are used in identifi-
cation methods. Optimum experiment conditions, natu-
rally, vary depending on MPs’ characteristics, the first of
which is selecting the ‘right’ laser to suppress any fluores-
cence baseline. The XploRA PLUS can house three lasers
from blue to near-infrared (NIR), and switch between
them easily with a single click, making laser selection a
quick and intuitive operation.

One of the most neglected steps in MP analysis is sample
presentation. It is necessary to place MPs on some kind of
substrate to present it to a Raman microscope. The sub-
strate may be a petri dish, a glass slide or a filter on a filter
holder. It is possible to get interference from substrates.
For example, the substrate may be Raman active, and its
spectral features mix with MP spectra. Confocality of the
spectrometer suppresses signals from substrates by sup-
pressing out of focus signal. The XploRA PLUS employs
a true confocal optical design for the Raman scattering
beam path, making it ideal to acquire ‘clean’ Raman
spectra by minimizing non-sample signals.

As Dr. Andrew Whitley’s article in this issue of Readout
mentioned, assessing MPs in environments for its quan-

tity, migration and hazard requires statistical analysis of a
massive amount MPs. Automated high throughput analy-
sis is absolutely necessary, and a critical research goal.
While research groups, with collaboration with HORIBA,
are developing SOPs to become the template of automated
analysis, a few elements are already identified as
necessary.

MPs are often presented for analysis arrayed in a petri
dish or retained on a filter. The size of a petri dish or a
filter is much bigger than MPs, and navigation requires
the stage travel a long distance while stopping at precise
positions. A motorized stage with precision control makes
navigation easier and more precise, making the experi-
ment more efficient.

Another advantage of a motorized stage is software con-
trol and programmed movements. Coupling this ability to
the microscopy functionalities of the XploRA PLUS,
HORIBA developed an application module called
ParticleFinder (PF)"¥ on the LS6 platform. PF acquires a
microgram, and analyzes the counts, sizes, shapes, and
locations of MPs. PF then moves the stage to each of the
MP’s location, and acquires a Raman spectrum. The final
results include total counts of all MPs, statistics of sizes
and shapes, location and Raman spectrum of each MP,
and spectral classifications.

As mentioned repeatedly, MPs are highly complex and
heterogeneity targets for analysis. Data processing and
analysis are proportionally complex™ requiring sophisti-
cated software. LS6 offers extensive functionalities for
data processing (e.g. baseline correction, smoothing, sub-
strate spectrum subtraction, etc.), data analysis (e.g. mul-
tivariate analysis, library search, etc.) and visualization (e.g.
image rendering) both developed in house and working
with business collaborators: Bio-Rad Laboratories, Inc. to
incorporate KnowlItAll” library search, and Eigenvector
Research Inc. for multivariate analysis (MVA).

Sample
presentation

!

Acquire a Counts, sizes,
) q —»| shapesand
microgram X
locations
Acquire Statics and Identification
Raman spectra classifications by Raman

I )

Figure 4 Workflow diagram of PF operation followed by identification by
Raman library search. Red boxes highlights data acquisition
steps in PF, green results generated in PF, and blue results cou-
pled with library search
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Table 2 Summary of HORIBA technologies useful for MPs analysis

Raman spectroscopy Fluorescence spectroscopy

Particle size analysis

EDXRF' spectroscopy

Chemical identification &
differentiation of:

¢ Polymers

* Additives

* Dyes/Pigments

* Natural particles

* Probe effect of MPs on DOM*

* Determine concentration of NPs
* Quantify MPs for toxicity studies
* Measure DOM in control studies

* Measure particle size distribution
of possible MPs

 Viewsizer - Potential for
nanoparticle tracking analysis for
NP’s

¢ Analyze metals accumulated on
MPs!®

* DOM stands for dissolved organic matter
" EDXRF stands for energy dispersive x-ray fluorescence

HORIBA technologies for MPs analysis

The complexity and heterogeneity of MP analysis
requires, as demonstrated in the collaboration work with
NOAA and NIST above, multimodal imaging and multi-
technology approaches. It has, therefore, become a natural
focus of interest how to combine, correlate and compare
data and results from multiple sources. For now, we are
still tackling data from one technology at a time.
However, we are preparing for next steps, investigating
future development possibilities such as data fusion, cor-
related microscopy and machine learning.

Conclusion

Microplastic (MP) is a mega trend that is growing even
bigger presently. HORIBA is collaborating with KOLs of
the field to determine (and influence) the market demand
(and trend), and staying relevant to this newly emerging
field. We have made an impression as ‘the’ Raman com-
pany for researchers who will provide guidelines to MPs
regulations. The scientific and business opportunities are
abundant, and we are making good progress.

* This content is based on our investigation at the year of
issue unless otherwise stated.
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A Focus on HORIBA European Network Activity
around Microplastics

Current research on microplastics, ranging from discovering or confirming their
presence in various environments, to quantifying their induced pollution in food
matrices, to understanding their impact on wildlife, ecosystems and even human

Florian FORMANEK

health has become a hot topic worldwide. Europe has always been attentive to
environmental issues and prompt to sponsor coordinated programs at the aca-
demic level, but also to regulate the different industries whose activities may
generate microplastics. This featured article will detail a few initiatives from
HORIBA Scientific in Europe to contribute to the harmonization of analytical
methods, including sample collection and preparation, as well as to the develop-
ment and validation of standard reference samples in the field of microplastics

research.

Introduction

Microplastics (MPs) are present in every environmental
compartment, including in the remotest places on earth,
and have gained recent interest as a major environmental
pollutant. In 2015, the European Union (EU) produced 25
million tons of plastic waste, with 60% still originating
from packaging, representing an average of 31 kg per
person per year. Worth noting is the fact that the majority
of the MPs released in the ocean originate from synthetic
textiles, tire dust or city dist.

“Plastic” is not a well-defined term, but rather encom-
passes a set of synthetic polymeric materials having a
wide range of high molecular weight, and whose particle
dimensions span 6 orders of magnitude in size, from the
nanometer up to 5 mm. MPs present a large variety of
chemical compositions: (co)polymers, residual monomers,
chemical additives, catalysts or fillers, and can even be
contaminated by non-intentionally added substances.
While naturally occurring polymers exist, such as rubber
or cotton, plastic pollution mostly originates from a few
synthetic polymeric families like Polystyrene (PS), poly-
ethylene (PE), polypropylene (PP), polyvinylchloride
(PVC) or polyethylene terephthalate (PET).

This diversity gave rise to a search of a variety of method-
ologies to answer the burning questions in MPs research
and to support plastic pollution monitoring and mitigation
policies under consideration by state and non-state actors.
The existence of various definitions for different
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regulatory sectors and regions also complicates under-
standing and implementation of legislation.

Moreover, no validated and harmonized standard methods
are currently available for the analysis of MPs and many
analytical protocols and techniques are used. There is still
no consensus on the reporting format, in terms of number
of particles, mass of size fractions, and an absence of cer-
tified reference materials to investigate analytical
proficiencies.

Those points were highlighted during the Global Summit
on Regulatory Science (GSRS) 2019 Nanotechnology and
Nanoplastics which took place in Ispra (Italy) in
September 2019,™ organized by the European Commission
Joint Research Center (JRC), whose mission is to provide
scientific advice and support to the European Union
policy.

All this explains why open interlaboratory studies were
recently set up in order to address those shortcomings.

Evidence of microplastics in food

HORIBA Scientific is proud to count world-leading
research teams among his customers of Raman spectrom-
eters. Their affiliations reveal the wide range of fields
where Raman microscopy is used to study MPs: environ-
ment institutes, health and food safety authorities, ocean-
ology and hydrology departments, marine biology
agencies, ecotoxicology laboratories, but also water treat-
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ment and distribution entities or bottled water companies.

Clearly, the most pressing question on the scientific com-
munity agenda is whether or not MPs pose a threat to
human health, especially through seafood consumption.
To that extend, the European Food Safety Authority (EFSA)
Panel for Contaminants in the Food Chain (CONTAM)
was asked, following a request from the German Federal
Institute for Risk Assessment (BfR), to deliver a state-
ment on the presence of MP (but also nanoplastics) in
food, with particular focus on seafood.”’

This bibliographic review confirmed that MPs can be
ingested by many marine invertebrates and have the
potential to be transferred between trophic levels, as illus-
trated in Figure 1. Indeed, the presence of plastic debris,
indicated as anthropogenic debris, in the gastrointestinal
tract of fished on sale for human consumption was sam-
pled from markets in several countries.

Following on this statement, a team of researchers from
IFREMER (French Research Institute for Exploitation of
the Sea) and ANSES (French Agency for Food,
Environmental and Occupational Health & Safety) has
developed a protocol to extract and characterize MPs
from seafood tissues, which should be implemented to
assure the relevance and comparison of further studies or
assess seafood product quality, notably to follow recom-

mendation from the OSPAR Convention for the Protection
of the Marine Environment of the North-East Atlantic,
ratified by 15 EU countries in relation with the Marine
Strategy Framework Directive.

Plastic integrity and composition was evaluated through
microscopic inspection and the use of HORIBA LabRAM
Raman spectrometer, before and after digestion by KOH
10% solution with 24 h incubation at 60°C.®

Again, related to fish meal pollution, HORIBA Scientific
recently participated in a study which demonstrated that
cultured (farmed) organisms could be exposed to high
levels of MPs via contaminated fish/shellfish used in fish
meal production by the aquaculture industry.”! The most
abundant isolated plastic polymer was PE (63.0%) fol-
lowed by PP (27.8%) and PET (8.8%), while the average
size of the particles was found to be 855 pum.

Another publication coauthored by HORIBA Scientific in
Scientific Reports™ made the headlines when it revealed
the presence of MPs even in commercial sea and lake
salts originating from 8 different countries (Figure 2).
This study also raised concerns over the possible transfer
of other contaminants associated with MPs into salt, such
as pigment fragments, some of them being toxic.

Another milestone article investigated the presence of

Figure 1 Potential pathways for the transport of microplastics and their biological interactions.”
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MPs in mineral waters from different bottle types.”” Led
by scientists from the Bavarian Health and Food Safety
Authority (LGL) in Germany, the team focused on small
particles (below 5 pm) posing higher toxicological risks
as they have the potential to translocate into body tissues
and are more likely to penetrate deeply into organs. Using

a HORIBA XploRA PLUS system to locate and identify
particles down to a size of 1 um on specially prepared
aluminum coated polycarbonatemembrane filters, evi-
dence of higher amounts of MPs in reusable bottles (PET
as well as glass) was found compared to single use
bottles.

Open interlaboratory studies

A recent meeting hosted by the Group
of Chief Scientific Advisors of the Euro-
pean Commission,” supported by the
evidence review of the SAPEA Consor-
tium (Science Advice for Policy by
European Academies),’” concluded on
the lack of harmonized methodologies
in order to generate standardized data.
On this basis, several organizations ini-
tiated collaborative programs with the
aim of validating internal laboratories
quality assessment and competence,
supporting environmental data, provid-
ing data for national and international
stakeholders or supporting accreditation.

One of the initiatives in which HORIBA

took part was set up by the Vrije Univer-
siteit Amsterdam (VUA), the Norwegian
Institute for Water Research (NIVA) and
the WEPAL (Wageningen Evaluating
Programmes for Analytical Laborato-
ries) organization based in the Nether-
land and recognized by the Dutch Ac-
creditation Council (RvA).

This international interlaboratory study
on MPs, called QUASIMEME for “Quality
Assurance of Information in Marine
Environmental monitoring”, saw 34 lab-
oratories participating to analyze the
test materials between May in August
2019, using several instrumental and
quantification methods, with the objec-
tive of counting the particles and identi-
fying their chemical family.

Test samples were prepared at NIVA, to
enable the analysis by a broad variety of
analytical methods and techniques: visual,
hyperspectral imaging, Fourier transform
Infrared Spectroscopy (FT-IR), Raman

Figure 2 Top: Microscopic images of some of the extracted particles. (a) polyisoprene/polysty-
rene, (b) polyethylene, and (c) pigment (phthalocyanine) fragment. Image (d) is a

nylon-6 filament.

Bottom: Stacked bar chart of the number of (a) plastic polymer and (b) pigment parti-

cles isolated from different salt brands.”
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and Mass Spectrometry ; and consisted
of 6 preproduction pellets, 5 tablets con-
taining microplastics fragments (ob-
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tained after filtration of PET, PVC and PS powder) of
fibres and 1 blank tablet. The fibres were created by wash-
ing polyester blankets in a typical domestic washing ma-
chine. While the majority of the participating laboratories
used ATR-FT-IR (Attenuated Total Reflection FT-IR) or
w-FT-IR, we employed Raman microscopy (Figure 3),
which is favorable for small size particles, typically below
20 pm.

Table 1 shows an example of reported table by the partic-
ipants for one of the tablet sample. Although some poly-
mer misidentification occurred in some cases, the polymer
type was correctly assigned for both larger preproduction
pellets (2-4 mm) and particles or fibres added to the tab-
lets (150-300 um). However, the reported number of parti-
cles varied considerably (up to 78% standard deviation),
and the standard deviations of the determination of the
polymer type in the tablets varied from 29% (for PET) to
99% (for PS).

Overall, the results of this first round indicate that poly-
mer identification and quantification of the number of
plastics particles in a sample (especially in smaller size
fractions) is not simple of straightforward. Yet, HORIBA’s
Applications Laboratory was able to demonstrate analyti-
cal results on par with recognized European facilities.

This round of the QUASIMEME study will be followed
by exercises with increasing complexity and difficulty of
samples, including MPs extracted from complex matrices
(e.g. sediments and fishes). After several study rounds, the

analytical methodologies for MPs are expected to be
better comparable and will be included in a routine profi-
ciency testing scheme.

HORIBA Scientific also recently responded to a call to
enter an exploratory study organized by the JRC, with
support from the German Federal Institute for Materials
Research and Testing (BAM).®! The aim of this profi-
ciency test study on MPs in water in sediments is to help
in the identification of possible method candidates for
future validation and standardization.

In practice, reference samples employed to benchmark
laboratories were developed and qualified beforehand.
Those samples were sent to the different laboratories to
be prepared on site through a reconstitution protocol,
from vials containing a NaCl-carrier with embedded PET
particles, a surfactant solution (triton X-100), and deion-
ized water. Participants are to report the number of parti-
cles or mass of particles above 30 um, the particles
identified as PET, particles identified as plastic (including
PET) and particles of any kind, with a report of the mea-
surement uncertainty.

A workshop will take place during the summer of 2020 to
discuss the results and conclusions once the participants
report their findings.

Finally, HORIBA France is actively involved in a group
of experts within the French Standardization Association
(AFNOR) currently working on establishing a regulation

Figure 3 Left: Raman spectra recorded on different polymer families.
Top right: aluminum strip pellet containing 12 tablets sent to participants, that were to be dissolved in analytical grade

water to control background contamination.

Bottom right: HORIBA Xplora PLUS Raman microscope with class | laser enclosure used for this study.
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Table 1 Type and number of plastic particles reported for table in position no. 10 in the strip pellet shown in
Figure 3, by all the participating laboratories of the QUASIMEME study.

on the analysis of MPs in drinking water, through spec-
troscopic techniques (UWFT-IR and Raman). This group,
part of the T91IM “Organic micropollutants” Commission,
gathers various governmental, academic and industry
organizations, including the Standardization Bureau for
Plastics and Plastics Engineering (BNPP), with the objec-
tive of drawing up a new norm for the first half of 2021.
This work was presented at the last ISO (International
Organization for Standardization) meeting held by the
Technical Committee TC 147 on Water Quality in Tokyo,
with the purpose of reaching a global consensus in the
near future.

Challenge and perspectives

With the improvement of the robustness of analytical
techniques, researchers working in the field of MPs will
more easily be able to trust their results and compare their
studies.

The most pressing question to answer, as little is known
at this point, concerns the toxicity of MPs on human
health. In particular, an important aspect revolves on the
fact that MPs both absorb and give off toxic chemicals
and harmful pollutants, which may build up over time and
stay in the environment.

58 | Readout English Edition No.54 July 2020

There is also a clear lack of knowledge on nanoplastics
(particles smaller than 0.1 um), which may represent a
greater risk to the environment and health. However, their
characterization is currently hindered by technical limita-
tions and will require new instrumental developments.

To conclude, it is worth mentioning that the microplastics
scientific community will gather at MICRO 2020"% in
Arrecife (Spain), the major biannual international confer-
ence focusing on the fate and impacts of microplastics.

HORIBA Scientific will be present !

* This content is based on our investigation at the year of
issue unless otherwise stated.
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Japan

In recent years, plastics pollution has become a widely discussed international

NUMATA Tomoko

problem. Drifting into the ocean from the urban areas, plastics gradually miniatur-

ize into small particles called microplastics, that affect ecosystem in many vari-

YAMAUCHI Susumu

ous ways. HORIBA Group engineers and scientists in Japan and worldwide, are

working to establish the measurement techniques for microplastics analysis. In

this paper, we will introduce our HORIBA Group’s efforts in Japan, in response to

the microplastics analysis needs, including application examples.

Introduction

In the past several decades, plastics were widely used due
to their many convenient benefits, but in recent years, the
plastic pollution has become a widely discussed interna-
tional problem. Drifting into the ocean from the urban
areas, plastics gradually miniaturize into small particles
that affect ecosystems in many various ways. These plas-
tic particles are called Microplastics (MPs) when they get
smaller than 5 mm.

The G20 summit held in Osaka in June 2019, resulted in
the “Osaka Blue Ocean Vision” declaration which aims to
stop any additional pollution being introduced into the
ocean by 2050. To achieve this goal, the Japanese “Ministry
of the Environment and Ministry of Economy, Trade and
Industry” has introduced several programs: (1) reduction
and replacement with alternative materials, (2) recycling
and resource circulation, (3) countermeasures against sea
pollution, and (4) introduction of various national move-
ments for dissemination and awareness activities.

Analytical instruments for MPs
characterization

MPs size range and evaluation parameters depend on
analysis purposes and survey targets: sea, river, lake,
pond, sewage treated water or factory drainage.
Measurement conditions and the applied instruments are
shown in Table 1. MPs research of sea water is focused
on 300 pum to 5 mm, while for the sewage treatment and
drinking water it is focused on the size smaller than
300 pm. In the life science field research is focused on
particles smaller than 10 pm, because of their impact on
the ecosystem.
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Recently it is becoming common to consider to use sev-
eral techniques for MPs characterization to provide a
complete picture of information.

Table 1 Survey target, condition and applied instruments for MPs
identification

Survey target MPs size | Preparation . s cel
instruments
Sea, River, 300 pm Picking u FT-IR, Raman
Lake and Pond ~5mm gup pyrolysis-GCMS
Sewage water, 10 ym Primary FT-IR Microscope
Factory drainage ~ 300 pm | filtration Raman Microscope
Clean water, . .l .
Drinking water Omdlfatlon
Food Gravity )
Cosmetic <10 pm separation Raman Microscope
U
Impact on Ecosystem Secondary
(biocells) filtration

MPs measurement’s issues

In the case of MPs characterization, analytical methods
and measurement parameters depend on the evaluation
target: particle size, composition, mass, surface area, and
identification of plastic types and additional hazardous
substances. Furthermore, the method of collecting the
sample, the method of removing contaminants and pre-
treatment differ depending on the target sample. The
smaller the MPs particle size, the more difficult charac-
terization becomes. Many of above mentioned methods
are currently performed using each researcher’s personal
knowledge. This now needs to be considered towards a
standardization process for better reproducibility of
research and for reliable data comparison moving for-
ward. Currently it also requires a lot of time and effort to
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perform multiple measurements, because most of sample
treatments are done manually. Therefore, automation and
semi-automation for sample treatment should be priori-
tized to reduce significantly the time and labor required
for MPs analysis.

Activities in Japan

As a reaction to the MPs pollution problem, many semi-
nars and symposiums have been held in Japan’s industry
and academia societies. In various seminars, on the theme
“Particle size analysis and Raman spectroscopy for MPs”,
HORIBA has introduced measurement examples using
HORIBA products. Several instruments like: the Laser
Diffraction Analyzer (LA-960V2), the Dynamic Laser
Scattering (SZ-100V2) and the Nanoparticle Tracking
Analyzer (ViewSizer'™ 3000), are used to characterize
particle size and distribution, particle number and con-
centration, zeta potential and aggregation conditions. Our
capability to cover a wide size range of samples (mm ~
pm ~ nm) was introduced.

In addition, we have demonstrated that our Raman
Microscopes (XploRA PLUS and LabRAM Evolution)
equipped with the particle analysis function (Particle-
Finder) enables users to associate chemical information
with particle size, shape, number and compositions using
automated image analysis functions for the Component

Table 2 List of events and presentation title

analysis was performed using Fourier detection and posi-
tioning of small particles.

A list of events and presentation titles are summarized in
Table 2 and HORIBA product pictures, used for this
study are shown in Figure 1

MPs mock sample analysis

The presence of MPs in our environment other than envi-
ronmental water, such as our ocean and rivers, has also
been reported, for example in air, drinking water and
food.® In this article, we will introduce two analysis
examples: mock MPs samples from environmental water
and MPs obtained from the atmosphere.

A MPs mock sample was prepared by pulverizing a poly-
propylene (PP), polyurethane (PU), polymethylmethacry-
late (PMMA), and polyethylene terephthalate (PET)
mixture.

Component analysis was performed using Fourier Trans-
form Infrared (FT-IR) microscopy. Particle size distribu-
tion and image observation were performed using a laser
diffraction/scattering particle size analyzer with an
optional built in Imaging Unit.®! The respective measure-
ment systems will be described below.

Event name Date Title Organizer
Japan Society for Environmental Chemistry (JSE)
JASIS conference | 2019/9/6 Microplastic measurement and environmental impact | Japan Analytical Instruments Manufacturers”
Association (JAIMA)
JETA seminar 2019/11/28 | Measurement of microplastics in environmental water | Japan Environmental Technology Association (JETA)
AIST symposium | 2019/12/2 Measurement and evaluation of microplastics el WA D ORI IS L Sl i
Technology (AIST)
Particle size analysis Raman
— B -
Y 3 — g —
partica m w:! r ﬂ |

&,

QewSizer 3000 $Z-100V2 J

Figure 1 HORIBA product’s pictures, used for this study
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In infrared spectroscopic analysis, when a sample is
irradiated with infrared light, an infrared absorption
spectrum is obtained from an absorption value at each
wavelength. A component analysis is performed using
this infrared absorption spectrum. FT-IR microscopes use
focused infrared light with a spatial resolution of about
10 um, when combined with a motorized stage it is capa-
ble to obtain component infrared spectral images of a
wide area.

The laser diffraction/scattering particle
size analyzer can measure the particle
size distribution of a sample. When the
sample is irradiated with incident light
at certain wavelengths, the scattered light

angular distribution intensity changes

Moveable

according to the particles diameter size. oy

By analyzing this pattern, the particle
size distribution in the sample can be
obtained. The sample dispersed in the

liquid circulates in the flow cell. Since scattered

many particles are measured at the level light sensor
of several millions, statistically high
accuracy and measurement reproduc-
ibility can be obtained compared with

the counting method using a micro-

Ring detector

Front wide-angle

scope. Figure 2 shows the optical set up for the laser dif-
fraction/scattering particle size analyzer.

The Imaging Unit is an optional built in unit used for
image analysis. White light is emitted into the back sur-
face of the cell, from a light source installed in the
Imaging Unit, and a transmission image of particles in the
cell is captured by a strobe camera. Particles in this circu-
lated flow cell can be observed in real time, and a

Front wide-angle
scattered
light sensor

LED

\ Projection lens

Projection lens

Semiconductor
laser
Flow cell

Back scattered
light sensor

Figure 2 Optical set up of a laser diffraction/scattering particle size analyzer distribution mea-
surement device

(a) Mock (b) Optical Image

(d) Particle Distribution

Figures 3 Optical image and measurement results of MPs mock sample
*Figures 3 were kindly provided by Toray Research Center, Inc.
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histogram of particle size distribution can be calculated
from image particle analysis results.

After collecting water from the ocean or river, and pre-
treatment for MPs separation, the measurement of parti-
cles number and a component analysis by FT-IR
microscopy is widely adopted for the MPs analysis. The
MPs mock samples used in this study were prepared by
pulverizing a PP, PU, PMMA, and PET mixture. A photo-
graph of the sample inside the plastic case is shown in
Figure 3(a). This sample was dispersed on a metal sub-
strate and infrared reflection-absorption imaging was per-
formed by a FT-IR microscope. The spectrum obtained
from each measurement point was subjected to principal
component analysis to obtain a distribution chart of PP,
PU, PMMA and PET. As shown in the Figure 3(b), (c),
all the particles in the observed image could be identified.

The laser diffraction scattering particle size analyzer used
for the same mock sample found the particle size distribu-
tion to be within a 10 um to 2 mm range. As shown in
Figure 3(d), it can be seen that the results can be obtained
with high particle size resolution.

Inserted in part of Figure 3(d) shows images of particles
with different shapes . Using the Imaging Unit it is possi-
ble to observe actual particles simultaneously with the
particle size distribution.

Measurement of Airborne Microplastics by
Raman Microscopy

Currently several researchers have reported Airborne
microplastics (AMPs) found in the atmosphere of urban
areas, high altitude mountains and the arctic circle.”
These facts suggest that AMPs contamination is widely
spread due to atmospheric circulation. In addition, AMPs
smaller than 10 p may have a bad influence not only on
the environment but on the human health due to inhala-

tion.®

In this study, we evaluated AMPs collected in the free
troposphere (ca. 2000-11000 m a.s.l.) by researchers in
Waseda University. AMPs collection was performed at
night on the top of Mt Fuji at an altitude of 3776 m. A
cyclone type High Volume Air Sampler (SIBATA
SCIENTIFIC TECHNOLOGY LTD.) was used to collect
PM2.5 particles on a Teflon filter. Chemical composition
analysis was performed after removing natural organic or
inorganic particles. In general, a FT-IR microscope is
used to analyze larger microplastics, but because the
expected estimated size of AMPs is smaller than 10 pum,
the FT-IR microscope spatial resolution would be not suf-
ficient. Therefore we decided to use Raman microscopy
which has a much higher, up to sub-micron scale, spatial

resolution.

Raman spectroscopy can perform composition analysis
and crystallinity evaluation from inelastic light scattered
(Raman scattering) on a laser irradiated sample. By com-
bination of a microscope and motorized sample stage,
sub-micron spatial resolution Raman chemical imaging is
achievable.

In order to perform Raman measurements, we transferred
AMPs to an Almina filter and carried out mapping mea-
surement in 4 areas, | mm’ each, followed by the imaging
of CH stretching mode intensities. This image illustrates
distribution of the existing organic compounds in the
AMPs. 30 pieces of AMPs were detected in the 4 map-
ping areas. By conducting point measurement of detected
AMPs with longer acquisition times, a total of 15 differ-
ent polymer species there identified. Figure 4 shows the
optical image of part of the detected AMPs on the Almina
filter using a X100 objective lens. Figure 5 shows the
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Figure 4 Optical image of detected AMPs
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Figure 5 Image of CH stretching mode intensity
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Table 3 AMPs size and identified species chemical names

target Size/pm identlifiilt)ag&osn;z(:g: e 1227
1 8 (diameter) Polystyrene (PS)
2 | 6(Maj axis), 4(Min axis) | Unidentified polymer + TiO2
3 | 3(diameter) Polyester
4 | 4(diameter) Polypropylene (PP)
5 | 6(Maj axis), 4(Min axis) |Polyurethane (PU)
6 12 (Maj axis), 3 (Min axis) | Polyethylene (PE)
7 | 1.4(diameter) Poly-3-Hydroxyl Butyl acid
8 | 2(diameter) Polyolefin
9 28 (Maj axis), 2(Min axis) l?;.ll}l':eEt)raﬂuoro e
10 |ND Polyolefin

image of CH stretching mode intensities in one of the
mapped areas. In Table 3 the AMPs size and identified
species chemical names are summarized. Most of the
AMPs were smaller than 10 um. 37% of detected particles
were made from Polypropylene material, followed by bio-
degradable plastics such as Polyhydroxybutyric acid.

The AMPs number concentration in the atmosphere, cal-
culated in this study, was found to be 4.47 particles/m’.
These results show that Raman microscopy is suitable for
the qualitative analysis of MPs composition for particles
smaller than 10 pm.
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Product Introduction

X-ray Fluorescence Sulfur/Chlorine-in-Oil-Analyzer
MESA-7220V2

The regulations for sulfur concentration in the automotive fuels have now started
going down to 10 mg/kg around the world. In the refineries, it is necessary to
control the costs for de-sulfurizing the incoming crude oil. In order to do this, it is

UEDA Hideo
Michael POHL

required to know the incoming sulfur concentration as well as the clean crude oil
being distilled in the refinery. The logical technology to employ is Energy
Dispersive X-ray Fluorescence (EDXRF) spectrometry as it can easily measure
the mass % levels of sulfur in crude oil as well as the ppm (mg/kg) levels of sulfur
in the final product. The HORIBA MESA-7220V2 has been developed in order to

meet these two concentration ranges and everything in between.

Key words

ASTM D7220, Monochromatic Energy Dispersive X-ray Fluorescence Spectrometry,
Singly curved Highly Oriented Pyrolytic Graphite, Lower back ground,
Limit of Detection less than 1 mg/kg

Introduction

Sulfur is naturally occurring in all crude oil samples and
thus appears in refined fuel samples. The pollution effect
of the sulfur combustion products as well as the poisoning
of catalytic systems make continued reduction in sulfur
concentrations essential. The current level in Tier 3 gaso-
line is set at the 10 mg/kg level and is expected to be
reduced in the future.

In the case of diesel fuel, the limit for low sulfur diesel
was set at 500 mg/kg in the mid 1990’s and ultra-low
sulfur diesel at 15 mg/kg in 2006. These regulations were
originally specified for on-road vehicles; but have now
been expanded to include construction equipment, trains,
and home heating oil. There is even a movement afoot to
extend it to the maritime industry in the future. These
sorts of requirements were exactly the ones which were
used in the MESA-7220 design.

If the requirement is restricted to the sulfur in crude oil,
then ASTM D4294 is an excellent, cost effective solution.
With a measurement range of 17 mg/kg to 4.6 mass %,
the requirements for crude oil are easily met. In order to
meet these needs over the years, HORIBA has developed
the SLFA-60, SLFA-6100, and the SLFA-6800."" These
units measure samples inside enforcement vans, on board
ships and in independent test labs.

As the sulfur concentrations in fuels have gone lower and
lower, the D4294 technology did not have the required
sensitivity. As a result, some modifications to the basic
design were required. The approach taken was to reduce
the noise level so that the small sulfur peak could be more
easily detected and quantified. This was accomplished
with the use of special optics to filter out the undesirable
X-rays from the detector. The result of this work was the
MESA-7220 and ASTM Method D7220.

ASTM D7220-12

The new revision of the method D7220 was approved in
2012 just in time for use with some of the newer fuel
requirements. The method is written around a series of
petroleum types. These include gasoline, home heating
oil, jetfuel, and others. The scope of the method is
3 mg/kg up to 942 mg/kg. The method is based upon the
EDXRF method. This method is based upon a number of
new optical developments. As a part of the method, the
source of the X-ray was specified to be an end window
X-ray tube with Ag or Pd electrode. This beam then hits a
Highly Oriented Pyrolytic Graphite (HOPG) crystal
which works as an X-ray diffraction grating. This Bragg
Optic is designed to produce mono-chromatic Ag or Pd
radiation which is focused on the typical sample cell con-
taining the material of interest.

The resulting X-rays coming off the sample, primarily
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sulfur fluoresced X-rays then get into the detector. The
X-ray detector is typically a Silicon Drift Detector (SDD),
but it must have a resolution value not to exceed 175 eV at 5.9
keV and 10 kcps. Using a detector meeting these require-
ments has proven essential to separate the fluorescence
peak of chlorine from that of the sulfur. These elements
both appear in petroleum type samples and this separation
is required to avoid chlorine from interfering with the
sulfur measurement.

In order to avoid the effect of low levels of Ar present in
atmospheric air, a vacuum of < 4.0 kPa must be applied to
the X-ray optical system. In addition, the instrument must
include signal conditioning and data handling electronics.
These features permit the X-ray intensity counting and
spectral analysis. It also allows for the subtraction of
background X-rays, peak deconvolution, and calculation
of overlap corrections. This results in the conversion of
X-ray intensity into sulfur concentration.

X-ray Optics and Performance

The MESA-7220V2 has been developed as a mono-chro-
matic EDXRF instrument. It is equipped with an end
window X-ray tube with an Ag anode. The X-ray is dif-
fracted on a HOPG crystal which passes the Ag-La radia-
tion. This radiation strikes the sample cup and the emitted
X-rays are directed into an SDD.

The HOPG crystal® is prepared in a high temperature
furnace also under high pressure. Layers of poly-imide
film are laid down, and the heat and pressure is applied.
The resulting graphite block is composed of highly ori-
ented carbon layers. This material acts as a diffraction
grating to be used as a monochromator for Ag-La X-rays
of 2.98 + 0.02 keV as illustrated in Figure 1. This is then
configured as a slightly curved crystal.

This curvature is required in order to make the X-ray

(002)

d=0.335 nm

Bragg’s Law: n\=2d sin 6
Ag-La: 2.98 keV— A = 0.416 nm
6 = 38.33 deg (n=1)

Figure 1 HOPG
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beam converge. A singly curved HOPG crystal whose
radius of curvature is equal to 2R creates a converging
optic called a Rowland circle. This circle whose radius is
equal to R is illustrated in Figure 2. The X-ray source,
the center of the HOPG surface and the focal point on the
sample all fall on the circumference of the Rowland circle.”
The result of the X-ray focusing of the beam prior to the

sample cell is a line shaped beam.

The complete MESA-7220V2 optical system is shown in
Figure 3. The X-ray beam from the Ag anode, the center
of the HOPG surface, and bottom of the sample cell are
all aligned on the circumference of the Rowland circle.
The HOPG crystal can then be manually rotated to find
the best angle to maximize the S-Ka intensity. An exam-
ple of the spectrum which is produced is shown in Figure 4.
The Ag-La and its second harmonic are diffracted from
the HOPG crystal. The former is the characteristic X-ray
anode of the X-ray tube and the latter is the continuous
X-ray from the target.

Beam shape on radio-chromic film
at sample position

Rowland Circle

Focus
on sample

X-ray
source

Figure 2 Singly curved HOPG

Sample Cell
Air F
HOPG
c.’ SDD
N
Vacuum

S

X-ray Tube

Figure 3 X-ray optics
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Figure 4 X-ray spectrum

The optics are receiving both the fluoresced X-ray and the
scattered X-ray from the sample. Comparison of the spec-
tra caused by continuous X-ray excitation versus mono-
chromatic excitation is shown in Figure 5. Measurement
of blank (sulfur-free) sample shows up the background of
the sulfur measurement. It illustrates the 10 fold improve-
ment of S-Ka intensity for blank mineral oil with the
monochromatic beam. The data analysis yields a Limit of
Detection (LOD) of 3.2 mg/kg for the continuous X-ray

— Continuous X-ray

beam and 0.5 mg/kg for the monochromatic beam. Thus
the much better sensitivity of the mono-chromatic instru-
ment is proved.

Features and Benefits

(1) Auto-Sampler

The turntable is an option which can automatically switch

samples to speed up the analysis and reduce the operator

involvement. The 8 position sampler is shown in Figure 6.

(2) Measurement Modes

The software offers four different modes of analysis.

These include sulfur-only analysis, chlorine-only analy-

sis, sulfur/chlorine analysis and sulfur analysis including

oxygen correction.

(3) Auto Ranging

Normal operation includes the use of three different cali-

bration curves. These are for low, middle and high con-

centrations for most accurate determinations based upon

the intensity of the S-Ka X-rays. These calibrations can

be combined to form a single curve to simplify operation.

(4) Replacement of the vacuum window

The mono-chromatic X-ray beam exits through the

Kapton” Window to hit the sample cell. This window can

easily be replaced by a normal operator. Replacement
windows are provided to the user as a
part of the ship kit.

Instrument Applications

(1) Sulfur in petroleum products

N / With an LOD lower than 1 mg/kg, this
instrument is useful for all standard fuel

\/ samples. Since the instrument has been

311 shown to be compliant with ASTM
D4294, it can also be used for high

sulfur samples such as crude oil and

residual oil.
1.3 (2) Sulfur in Biofuels

. S-Ka 2.3 keV
—Monochromatic X-ray &
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Figure 5 Lower back ground

Figure 6 MESA-7220V2 and the optional 8 positions turntable

Due to addition of an oxygen correction
factor ethanol, biodiesel, reformulated
gasoline and biodiesel blends can be
analyzed. These oxygen correction fac-
tors are derived from the measurement
of the scattered X-ray from oxygen. This
all happens automatically with no inter-
vention by the operator.

(3) Chlorine in petroleum products

The fluorescence for the Cl-Ka peak is
closer to the excitation energy of the
Ag-La than is S-Ka. Thus the chlorine
produces a stronger peak and so pro-
vides good sensitivity. The LOD for the
chlorine is thus less than 0.6 mg/kg. The
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biggest challenge is that in many cases the chlorine
appears in a sample which has very high sulfur concentra-
tions. With proper peak separation of the sulfur and chlo-
rine the chlorine can be accurately measured. A good
example is ASTM method D4929.

Conclusion

The MESA-7220V2 complies with a series of ASTM
methods. From D7220 to D4294 plus D4929, this instru-
ment has proven to be very useful. The application will
only continue to grow in the future.

* This content is based on our investigation at the year of
issue unless otherwise stated.
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Development of the Ambient Carbon Dioxide Monitor

APCA-370

In recent years, there has been an increasing need to measure carbon dioxide (CO,)

NAGASAWA Kenya

in our atmosphere with high accuracy. This is due to the necessity of measuring,

controlling, and reducing the emissions of the greenhouse gas, CO,, in each

MIZUNO Yusuke

country participating in the Paris Agreement. The HORIBA APCA-370 is a device

that measures carbon dioxide in the atmosphere with high accuracy. This has
been achieved by adopting our unique measurement technology method, cross

flow modulation, and a self-regenerating CO, purifier. This paper introduces the
development history and features of the APCA-370 in detail.

Introduction

Reduction of greenhouse gases emissions - CO,, nitrous
oxide, methane, and others - is one of the goals for the
Paris Agreement adopted in 2015. The monitoring of CO,
concentration in our atmosphere has been attracting
attention, and the requirements for monitoring CO, has
been increasing year over year, especially in Europe.

Since the early 1960s, many countries have been measur-
ing CO, in areas with low anthropogenic emissions
(abbreviated as background CO, monitoring). This is led
by the WMO (World Meteorological Organization) to
clarify long-term global changes in atmospheric compo-
nents that effect weather and climate. In Japan, the Japan
Meteorological Agency has released data collected from
Ryori Village (Iwate Prefecture), Minamitori Island (Oga-
sawara Village, Tokyo), and Yonaguni Island (Okinawa
Prefecture). Recent measurements of CO, concentration
have exceeded 400 ppm. This concentration increased by
47% compared with the average value of 278 ppm before
the Industrial Revolution (around 1750)."

Technologies for capturing and effectively utilizing emit-
ted CO, have been developed and have been a key to min-
imizing CO, emissions. Highly sensitive measurement of
CO, is essential for detecting the leakage of captured CO..
A device that measures CO, with high sensitivity, high
accuracy, and long-term stability is required for the back-
ground CO, monitoring and the leakage of captured CO..
The HORIBA APCA-370 was developed to satisfy these
requirements.

Product Overview

Generally, when a molecule composed of two or more
different atoms is irradiated with infrared light, the mole-
cule will absorb the infrared light with specific wave-
length based on the energy levels of vibration and
rotational motion of the molecule. Non-dispersive infrared
absorption (NDIR) performs quantitative analysis by
measuring the amount of specific wavelength absorption
of a molecule. The change in the amount of infrared ab-
sorption depends on the concentration of the absorbing
molecule (the measuring gas). This relationship is ex-
pressed by the Lambert-Beer law of Equation 1.

1= Ioexp (_ mcd) ....................................... (1)

I, : Intensity of incident light

I : Intensity of transmitted light

¢ : Concentration of absorbing molecule (measuring gas)

m: absorption coefficient (constant determined by mole-
cule and wavelength)

d : Thickness of absorption molecular layer (gas layer)

Since Iy, 1 and d are constants that can be determined by
the type of measuring gas component and the device, the
concentration of measuring gas, ¢, can be determined by
measuring the intensity of transmitted light, I. For the
measurement of CO,, the NDIR method is widely used
because CO, has strong absorption in the infrared region.
NDIR is simple in structure, easy to maintain, and suit-
able for continuous measurement.”

Double beam type NDIR has been used in our measure-
ment of CO,. Figure 1 shows the schematic diagram of a

Readlout  English Edition No.54 July 2020

69




P roduct Introduction

Development of the Ambient Carbon Dioxide Monitor APCA-370

Light source ! %
\Ig*

Sample cell

Chopper*

Reference cell

\.%_’ Optical adjustment part*

*There is dead space for

Detector
atmospheric Air to enter.

Figure 1 Schematic diagram of a double beam type NDIR

double beam type NDIR. The infrared light emitted from
the light source passes through the sample cell and the
reference cell and enters the detector. The transmitted
light in the sample cell and reference cell enter the
detector alternately via the splitting of infrared light by a
continuously rotating optical chopper. The amount of
infrared light entering the sample cell and the reference
cell is adjusted to be substantially equal in the optical
adjustment part. The intensity of the transmitted light that
passes through the sample cell will decrease as the result
of the proportion of absorption of infrared light to CO,
concentration present. The intensity of transmitted light
passing through the reference cell will remain unchanged
due to the presence of a sealed gas that does not absorb
infrared light. The difference in the transmitted light is
detected by the detector and converted into an electric
signal @

There are two issues in this method when monitoring
background CO, or detecting leakage of recovered CO,
with high sensitivity, high accuracy, and long-term stabil-
ity. The first issue is the effect of change in CO, concen-
tration in the dead space. The optical system has some
dead space in the structure of the chopper and the light
adjustment part. Ambient air containing CO, can infiltrate
the space. It is possible that when humans are present and
exhaling CO,, the CO, concentration in the space is
changed, and this change can effect the reading value.
This effect is a non-negligible error for highly sensitive
measurements of CO,. Therefore, the dead space must be
purged for the CO, concentration remains constant, or the
optical system must have a structure in which CO, does
not enter. The second issue is drift. The output at zero
reading will drift slightly over time. This is called zero-
drift. Successive changes in the reflectance of the sample
cell surface and the transmittance of the window both
cause zero-drift. This drift brings about a non-negligible
error during the measurement of low amounts of CO,,
such as the leakage of the recovered CO, described in
introduction. Thus, it is necessary to calibrate the mea-
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Figure 2 Schematic diagram of a cross-flow modulation type NDIR

surement system more frequently than usual.

To solve this issue, the APCA-370 adopts HORIBA’s
unique fluid modulation method (cross-flow modulation).
Figure 2 shows the basic structure and operating princi-
ple. The APCA-370 consists of a light source, a cell, a
detector, and a flow modulator (solenoid valve). In an
infrared analyzer using the cross-flow modulation method,
fixed amounts of sample gas and reference gas that does
not contain CO, are alternately introduced into the sample
cell by solenoid valve, and an alternating current is pro-
duced as a signal as a result of the two gases different
absorption strengths. Therefore, the cross-flow modula-
tion without optical chopper part and light adjustment
part is designed to minimize the dead space. The change
of the condition of the cell window surface and reflectiv-
ity of the cell inner wall surface over certain periods can

Figure 3 External Appearance of the APCA-370

Table 1 Specification of APCA-370

Measurement principle

NDIR

Measurement target

Carbon dioxide (CO,) in ambient air

Rage

0 to 500/1000 ppm

Lower detectable limit

0.5 ppm (20)

Reproducibility
(repeating accuracy)

+ 1.0% of the full scale

Linearity (readout error)

+ 2.0 % of the full scale

Zero drift

+ 1.0 ppm/day

Span drift

+ 2.0 % of the full scale/day

Response time

60 sec or shoter (Tg, from the inlet)

Gas flow rate

Approximately 0.7 L/min

(W) | 430 mm
External dimensions | (H) | 221 mm
(D) | 550 mm

mass Approximately 20 kg
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be canceled by supplying a sample gas and reference
gas to only one cell when detecting gas concentration.
Cross-flow modulation has very low zero-drift.** The
external appearance and main specifications of the APCA-
370 system are shown in Figure 3 and Table 1.

Adoption of Self-regenerating CO, purifier

What is important in adopting the cross flow modulation
method is the CO, content contained in the reference gas.
As described above, in the cross-flow modulation method,
the measured value is the difference in the concentration
of CO, between the sample gas and the reference gas.
Therefore, the amount of CO, contained in the reference
gas is one of the measurement errors. There are two
methods for supplying reference gas. These are by using a
gas cylinder without CO, or removing CO, from the
atmosphere or sample gas with the adsorbent and purify-
ing it to the reference gas. The gas cylinder needs to be
changed frequently as the cross-flow modulation requires
large amounts of reference gas. Frequent replacement of
gas cylinders increases the burden on the user.

Soda lime is used to purify CO,. Regeneration is difficult
and the adsorbent must be replaced periodically. This
makes maintenance relatively complicated, but not as
much as replacing the gas cylinder. Therefore, the APCA-
370 adopts an adsorbent that has a high adsorption perfor-
mance for CO,, and desorbs CO, when the temperature is
increased. The APCA-370 has two purifiers packed with
adsorbent. One is performing reference gas purification,
while the other is performing regeneration with increasing
temperature. Purification and regeneration operations are
performed alternately, and a reference gas is always intro-
duced
measurement.

into the sample cell to enable continuous

A uniqueness to minimize consumption of
adsorbents in the purifier.

APCA-370 reuses the reference gas as a purification gas
in its gas flow system as shown in Figure 4, and therefore
it enables to reduce consumption of absorbents in the
purifier. The sample gas (Ql) is introduced from the
sample inlet and flows into the sample cell by passing
through the solenoid valve. The gas is then introduced to
the purifier (Q2). Some of the gas are used as a reference
gas returning to the sample cell without CO, (Q3), and the
rest of the gas is for a purification gas to regenerate ability
of adsorption in the purifier (Q4). The returning reference
gas (Q3) flows into the sample cell and comes back to the
purifier again. Hence, the types of gas introduced into the
purifier during the operation are followings: sample gas
with CO, and reference gas without CO,. As a result, total

FILTER
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Figure 4 Schematic diagram of APCA-370 gas flow

consumption of adsorbents in the purifier is significantly
reduced, compared with the system in which the sample
gas with CO, keeps coming into the purifier. APCA-370 is
able to reduce consumption of adsorbents down to 40%
from conventional gas flow systems.

Verification test

A demonstration test of APCA-370 was conducted from
May 24, 2019 to December 6, 2019 at an air quality moni-
toring station (AQMS) in our factory. AQMS is shown in
Figure 5. The device periodically introduces 0 ppm gas
without calibration, and the results are shown in Figure 6.
Zero-drift was about 0.1 ppm at the maximum in six
months, and the drift amount was below the Lower
detectable limit. These results indicate that APCA-370

Figure 5 Air Quality Monitoring Station (AQMS)
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Figure 6 The result of zero-drift

Readlout  English Edition No.54 July 2020

71




P roduct Introduction Development of the Ambient Carbon Dioxide Monitor APCA-370

has low zero-drift and can perform long-term stable
measurement.

Conclusion

At present, with the increasing public interest in
environmental issues, highly accurate and highly reliable
atmospheric measurement devices are required. The
APCA-370 introduced here is expected to be applied not
only to background CO, monitoring but also to various
fields such as indoor CO, monitoring for which demand
will increase in the near future. Our mission as a compre-
hensive manufacture of analytical instrument, is to
improve the APCA-370 actively develop domestic and
overseas markets, meet customer and contribute to
society.

* This content is based on our investigation at the year of
issue unless otherwise stated.
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Product Introduction

Development of the WQ-300 Series Multi-digital
Water Quality Meter

We developed the WQ-300 series of multi-digital water quality analyzers that can
simultaneously select three items from pH, dissolved oxygen (DO), electrical
conductivity, oxidation-reduction potential (ORP), and ion measurement items.

KOMATSU VYuichiro

The WQ-300 series includes a pH sensor with a non-refillable reference elec-
trode that does not require replenishment of the internal solution, a 4-pole electri-
cal conductivity sensor that can measure a wide range, and an optical DO
sensor that is less affected by flow rate. Compared to the previous model of por-
table water quality meter, simultaneous display of all items with color graphic
LCD, push-pull lock type connector for easy attachment/detachment of sensor,
USB power supply for measuring without worrying about battery capacity, instal-
lation on the ground even though the screen is easy to see, the meter stand that
supports operability, the wireless communication function that can wirelessly
transfer stored data, and usability have been greatly improved. Therefore, the
WQ-300 series is expected to be able to contribute to environmental water mea-
surement beyond the range of conventional portable water quality meters.

Introduction

It is essential to measure the basic characteristics of water,
such as water temperature, pH, electrical conductivity,
and dissolved oxygen for environmental water monitor-
ing, sewage maintenance, periodic inspection of construc-
tion site and factory wastewater. Since it takes time and
effort to measure each measurement with each instru-
ment, a multi water quality meter that can measure many
items at once is often used. We have developed a U-50
multi water quality meter for these applications. The multi
water quality meter has built-in sensors such as pH, elec-
tric conductivity, dissolved oxygen (DO), oxidation-
reduction potential (ORP), turbidity, water depth and
water temperature in a portable size device. However, a
multi water quality measurement device is expensive and
maintenance is difficult in surface water measurement
that does not require a depth direction and indoor mea-
surement of a sample collected on site. Therefore, we
decided to develop a new WQ-300 series that can solve
these disadvantages and market requirements.

Product overview

Figure 1 shows a multi-digital water quality meter. The
weight of the meter and each sensor is very light, near 0.4
kg and near 0.2 kg. Up to 3 sensors can be connected to

the meter, and measurements can be made by immersing
the sensor in the sample. The meter is equipped with a
screen that efficiently collects external light in the liquid
crystal, which not only displays measurement items in a
batch, but also realizes a screen that is easy to see in
direct sunlight as well as in dark places. Until the conven-
tional product, the analog data detected by the sensor was
subjected to digital conversion processing on the meter
side. However, as a drawback, it is possible to measure

Digital data input Digital data output

Sensor head with
built-in digital circuit

LAQUA

Retains calibration and
measurement information
for sensor

=
a
5

Analog data input

Sensor cartridge

Replaceable,
cost efficient and
Environment-friendly

Meter with color graphic LCD screen

Figure 1 Product outline
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only measurement item depending on the electronic board
built in the meter, so there is no scalability. Further, the
calibration data and the measurement settings are not
inherited and the function does not work unless the meter
and the sensor are paired when the sensor is replaced with
another meter. As shown in Figure 1, the WQ-300 series
solves these disadvantages by moving the electronic board
from the meter to the sensor. A digital circuit is built in
the sensor head and can hold information on measure-
ment. The sensor is environmentally friendly, and the
operation cost and the maintainability in on-site measure-
ment are improved since the sensor is a replaceable car-
tridge type. In addition, conventional products often
fluctuated the measured value due to noise from the out-
side. However, it is possible to measure with less noise
effect by moving the digital circuit close to the sensor.
Since data from the sensor to the meter is transferred digi-
tally, this product can eliminate the noise effect and the
increase in internal resistance due to the cable length. It
can be extended to future water quality products.

Designed for a series of operations related
to measurement

A carry case was prepared for the product to carry all the
equipment required for on-site measurements. As shown
in Figure 2, in the storage space, a replacement battery,
calibration standard solutions, and an instruction manual
can be stored in addition to a meter and sensors. This
makes it possible to calibrate immediately before mea-
surement after heading to the site, and also to evaluate by
standard solution measurement for product confirmation
when there is a problem with any measured value. The
internal structure of the carry case is provided with a
storage space according to the shape of the product and a
storage space for cables that tend to be complicated when
stored. Further, since it is difficult to prepare a sensor
stand at the site, as in a laboratory, the calibration stan-
dard solution bottle can be fixedly installed and provided

Bottle stand
Secures the bottles upright
| while doing calibration

J

Figure 2 Carry Case outline
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with a self-standing structure even if the sensor is
immersed as it is. Therefore, all preparations can be com-
pleted in this case. The case is designed a series of opera-
tions of calibration, measurement, and setting can be
smoothly performed so that the user only needs to take
out the device after preparation.

Designed for simultaneous measurement

It was designed to be easy to carry during the operation of
measuring the sample on site, and it is easy to handle 3
sensors (Figure 3 (left)). The meter is coated with soft
resin to provide non- slip grip and not easily damage even
if the product falls. Sensors can be mounted on 3 holders
on the meter for carrying (see Figure 3), and each sensor
head has 2 holders and one hook which can be used to
attach up to 3 sensor heads during on-site measurement.
This structure has made it possible to perform measure-
ments with the measurement detection position of multiple
sensors aligned (Figure 3 (right)).

Figure 3 Sensor holders and hooks

High-precision measurement independent of
the environment at the measurement site

The sensor developed for the WQ-300 series was designed
with high precision in field measurement and operability.
The newly developed pH sensor uses KCI gel electrolyte
formed in the bio polycarbonate housing which does not
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Figure 4 Linearity of non-filled type pH sensor
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need to refill the internal solution for the reference elec-
trode in order to facilitate daily pre-measurement prepara-
tion and on-site measurement. As shown in Figure 4,
even on the acid side and the alkali side, the correlation
coefficient with respect to the theoretical value is 0.9997,
which can be measured with high accuracy. Regarding
the electric conductivity measurement, as shown in
Figure 5, the four-pole electric conductivity measuring
method that can measure a wide range with high accuracy
was adopted. Since the sensor is made of carbon, it can be
brush- cleaned for physical contamination caused by a
turbid sample. For the DO measurement, as shown in
Figure 6, the optical dissolved oxygen method that can
reduce the influence of the flow rate is adopted. In addi-
tion, the meter is equipped with an atmospheric pressure
detector, which performs automatic atmospheric pressure
correction when calibrating the DO value that changes
with the atmospheric pressure of the measurement envi-
ronment. Furthermore, by combining with an electric
conductivity sensor, the salt concentration is converted
from the electric conductivity value measured from the
sample, and the salt value is automatically corrected to
the DO value. In this way, by using these functions pro-
vided in the product to compensate for environmental
changes related to measured values, highly accurate mea-
surements that are not affected by the measurement envi-
ronment can be performed automatically.
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Figure 5 Linearity of 4-cell conductivity sensor
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Conclusion

The multi-digital water quality meter WQ-300 series
introduced this time enables high-precision measurement
by automatically compensating for measurement errors
due to environmental changes, in addition to the product
design that enables smooth on-site and also laboratory
Further, the measurement range is
expanded and handling is facilitated. Therefore, the mea-

measurement.

surement of environmental water can be performed more
easily and with higher accuracy than previous products,
and this product can also be used for applications that
require simultaneous measurement according to environ-
mental effects.

The deep blue seas, clear beautiful rivers, highly transpar-
ent lakes and marshes, water is a life-essential resource.
However, our precious water resources are threatened by
various human activities that generate waste water, such
as sewage water, plant waste water, and agricultural waste
water. This leads to eutrophication and organic pollutant
contamination, resulting in wide-scale environmental
destruction. This problem is common all over the world,
and tasks analysis instrument manufacturers with the
important role of providing instruments for accurately
monitoring and controlling water quality. To that end, we
are committed to continue developing water quality mea-
suring equipment as our contribution to environmental
problem solutions; supply water control; and sewage
treatment process control.

* This content is based on our investigation at the year of
issue unless otherwise stated.

KOMATSU Yuichiro

New Product Development Department 1
Research & Development Division
HORIBA Advanced Techno, Co., Ltd.
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Product Introduction

Industrial Gel-Filled pH Electrode 6155

We have developed “Industrial Gel-filled pH Electrode 6155”. One of the features
of this product is that polymer gel including potassium chloride (KCI) solution,
instead of KCI solution itself, is filled inside of its reference electrode. This

KINOSHITA Takamasa
ITO Yuichi

NISHIO Yui
MUROGA Tatsuoki

improves usability during maintenance because there is no need to replenish the
internal solution. Besides, water pressure resistance is also improved comparing
with general liquid-filled electrodes. Another feature is double structure of liquid
junction, which reduced measurement errors in fast-flowing low conductive sam-
ples to less than one tenth of our existing electrodes. We are proud to provide
satisfying pH measurement to further a wider range of customers by the develop-
ment of this product. In this article, we explain the feature of the 6155 electrode
in detail, and introduce examples of measurements in some fields.

In this article, we explain the advantages of the 6155 elec-
trode comparing with general electrodes, and introduce
examples of measurement in some fields.

Introduction

HORIBA group has been developing and providing pH
electrodes over 60 years since Masao Horiba, who is the
founder of HORIBA, developed a first glass pH electrode
in Japan. Now, HORIBA pH electrodes are used for water
quality management in various fields, such as water and
wastewater treatment plants and process water treatment
facilities in many kinds of factories. In such fields, pH
electrodes are frequently placed in harsh environment,
and are required accurate measurement with continuity
and durability. In order to meet the needs of diverse fields,
we have been lining up many kinds of pH electrodes, such
as hydrofluoric acid-resistant electrodes and alkali-resis-
tant pH electrodes.™

Whereas, customer demands are so diverse that we have

still challenges for improvement in order to use pH elec-
o . . . Figure 1 A photographic image of the industrial gel-filled pH electrode

trodes more easily in a variety of site. For example, sim- 6155.

plification of maintenance is sought by many customers

because general pH electrodes require laborious opera-

tions during maintenance like calibration and washing.
Also, the pH eclectrodes generally have problems such as
short life at a site with high pressure, and measurement
error at a site with high flow rate. Therefore, we have
developed “Industrial Gel-filled pH Electrode 6155 that
has advantages in the following three points (Figure 1).

* Usability (Ease of maintenance)
* Pressure resistance
* Accuracy of low conductivity sample measurements
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Structure of pH electrode and the
measurement principle

A general method of glass electrode is adopted for pH
measurement of 6155 electrode. At first, the method is
explained as follows.”

A glass pH electrode is composed of a glass electrode and
a reference electrode (Figure 2). Hydration layers are
formed in the wetted part inside and outside of response
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Internal solution (KCI)
of reference electrode

|

Refill hole for
internal solution

Internal solution of
glass electrode

— Internal electrode — Liquid

junction

«— pH response L
membrane

Glass electrode Reference electrode

Figure 2 A structural image of a fundamental pH electrode.

glass membrane when a glass electrode is soaked in a
sample solution. As a result, an electric potential is gener-
ated proportional to the pH difference between internal
and sample solution. A reference electrode, internal potas-
sium chloride (KCI) solution is connected with a sample
solution via liquid junction, generates constant potential
regardless of pH. The pH is calculated by Equation 1,
depending on potential difference between the glass elec-
trode and the reference electrode, and liquid temperature.

pH(X) = (Ex — Es)/(2.3026RT/F) + pH(S) «------- )

pH(X): pH of a sample solution

pH(S) : pH of a standard solution for calibration

Ex: Potential difference measured in a sample
solution

Es: Potential difference measured in a standard solu-
tion for calibration

R: Gas constant

T: Absolute temperature

F: Faraday constant

Most of current pH electrodes are composite pH elec-
trodes composed of a glass electrode, a reference elec-
trode, and a temperature sensor (Figure 3). The 6155
electrode is also the composite pH electrode.

Refill hole for
internal solution

Internal electrode

Internal solution of
reference electrode

Liquid junction

Temperature
sensor

Internal solution
of glass electrode

pH response
glass membrane

Figure 3 A structural image of a composite pH electrode.

Features and advantages of the 6155
electrode compared with general electrodes

In this section, we explain structural features of the 6155
electrode and its advantages comparing with existing pH
electrode of our company.

Good usability
One of the features of the 6155 electrode is that polymer
gel including saturated potassium chloride (KCI) solution
is filled inside of its reference electrode instead of KCl
solution (Figure 4). Since this polymer gel has a strong
binding property and is insoluble in water, it has the fol-
lowing advantages.

(1) Chemical resistance.
(2) No containing of microbial nutrition (Mold free).
(3) No flowing out into sample solution (Long life).

Also, the KCl saturation state is maintained for long term
since KCI granules is also added in the polymer gel.
Accordingly, the 6155 electrode can be used in various
kinds of fields for long term without refill of internal
solution.

Polymer gel including
saturated KCI solution

Internal electrode

KCI granule

Liquid junction
(double structure)

glass membrane

Figure 4 A structural image of the 6155 electrode.

Gel-filled pH electrodes have advantages of usability in
regard to installation, and maintenance like calibration
and washing. Generally, a refill tank for internal solution
is installed to conventional liquid-filled electrodes since
securing of internal solution volume is necessary in order
to extend maintenance cycle (Figure 5). The holder of the
electrode with KCI tank becomes heavy, but if the holder
is not kept vertical, the internal solution spills out of the
refill tank. Therefore, it is not easy to perform the mainte-
nance by one person, and it may be dangerous at a site
where a working space is not sufficient (Figure 6 left).
On the other hand, the gel-filled 6155 electrode does not
need to be attached the refill tank. As the result, the
electrode and its holder become lightweight. Accordingly,
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Industrial Gel-Filled pH Electrode 6155

6155
electrode

Refill tank of
internal solution

Liquid-filled
electrode

Holder

Liquid-filled
electrode

Figure 5 Photographic images of an general installed liquid-filled elec-
trode of our company and a 6155 electrode.

! pH
converter

Refill tank of
KCL solution

6155

Liquid-filled electrode

electrode

Standard
solution

Figure 6 Photographic images of calibration of a general liquid-filled
electrode of our company and a 6155 electrode.

the work at the time of installation is simplified by reduc-
tion of number of parts as well as ease maintenance by
one person is possible (Figure 6 right).

Improvement of pressure resistance
As described above, inside of a reference electrode is con-
nected with sample solution via liquid junction. In liquid-
filled electrodes, sample solution backflows into the inside
of the electrode when pressure is applied from the sample
side. This provokes dilution and/or disruption of the inter-
nal solution, resulting in inaccurate pH measurement. We
deal with the problem by pressurizing the internal solu-
tion toward the sample side, however, it is difficult to
control the pressure completely. The backflow was not

General

Internal

Flow
potenti

[row >\ [ riow

Water

6155
solution \_
Ceramic mic
Reduction
of flow rate PE
Sample /

prevented when the sample pressure exceeds the pressur-
ized value set by the user. Whereas, outflow of the inter-
nal solution is accelerated when the sample pressure is
lower than the pressurized value. In this case, shortening
the maintenance cycle becomes a problem.

With regard to the 6155 electrode, the water insoluble
polymer gel, which hardly resolves to the sample side, is
filled inside of the reference electrode without any gaps.
Therefore, the backflow of the sample solution hardly
occur. Accordingly, accurate pH measurement can be
performed for a long period with few maintenance even
under high-pressure condition such as in a closed pipe
line. In fact, it has been confirmed that the 6155 electrode
is used until 0.7 MPa of pressure, which is about seven
times as much as atmospheric pressure.

Accuracy of low conductivity sample

measurements
General pH electrodes occur measurement error when
measuring fast-flowing sample solution. It is assumed that
the measure cause is flow potential generated when liquid
moves inside the capillary (Figure 7 left). Degree of the
measurement error caused by the flow potential is notable
when conductivity of the liquid in the capillary is low.
Therefore, we should consider the error, in case solution
containing little ions such as ion-exchange water, ground-
water, and tap water is measured.

We adopted inside the capillary (Figure 7 left) a double
structure liquid junction composed of a porous ceramic
part, generally used as liquid junction, and a porous poly-
ethylene (PE) part for the 6155 electrode. The flow poten-
tial could be reduced even in the low electric conductivity
sample since the flow rate is reduced inside of the PE part
(center in Figure 7). We investigated pH difference with
and without flow rate, using sample solution with 100 uS/
cm of conductivity, which is as low as tap water. It is
revealed that the pH difference of the 6155 electrode was
less than 1/10 of other three kinds of conventional elec-
trodes (Figure 7 right). Besides, the 6155 electrode can
measure flowing samples with 10 uS/cm of conductivity
within 0.1pH difference under normal pressure condition,

pH difference with and without flow rate

0.6
g Sample conductivity: 100 uS/cm
E 0.3
©
In. 0 . [

Electrode A ElectrodeB ElectrodeC 6155

Figure 7 lllustration images of liquid junction part, and pH difference with and without flow rate, in regard to general electrodes and a 6155 electrode.
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as long as keeping liquid junction to clean.

Measurement examples in some fields

Field evaluation revealed that the 6155 electrode can con-
tinue stable pH measurement in many kinds of samples.
Further, even in the field where various kinds of dirt such
as inorganic, organic, and microorganisms pose a prob-
lem, it can be used with a low maintenance frequency by
combination with our automatic cleaners, such as an
ultrasonic cleaner and a water jet cleaner. Examples of the
sites where the field evaluation were performed are shown
below.

* Intake of water purification plant with a sample
electric conductivity of about 100 uS/cm

* Reverse osmosis membrane treatment process with
a sample pressure of 0.3 MPa

* Groundwater with a sample pressure of 0.5 MPa
and an electrical conductivity of about 40 puS/cm

* Aeration tank in a wastewater treatment facility
(Figure 8)

* Anaerobic treatment process of wastewater treat-
ment facility (combined with ultrasonic cleaner)

* Factory drainage (combined with water jet cleaner)

Figure 8 shows a comparison between the reference elec-
trode standard potential of the 6155 electrode and a gel-
filled pH electrode made by other company, electrode X,
in the aeration tank of the wastewater treatment facility.
The standard potential depends on the KCI concentration
of the internal solution (or gel), and is generally around 0
mV under the regular condition. The standard potential of
the 6155 electrode (pink line) shows 0 = 10 mV for 3
years, which means that the pH shift caused by the refer-
ence electrode is within + 0.15pH. Also, there are not con-
firmed drift tendency of the potential for 3 years.
Electrode X also showed the almost same pattern as the
6155 electrode for first one year, however, there are
confirmed a potential drift to the positive direction after

that. One and a half years later, the standard potential
shifted to more than 30 mV (0.5 pH). This is attributed to
dilution of KCI concentration in the polymer gel due to
sample invasion from liquid junction.

Since the polymer gel of the 6155 electrode is a water-
insoluble gel having excellent chemical resistance, change
in composition and reduction of the included KCI concen-
tration by sample invasion hardly occur. Further, the KCI-
saturated state in the polymer gel is maintained even if
the sample is mixed, since KCI granule is contained there.
The granules gradually dissolve by contact with the
sample solution, but the amount are designed to withstand
the continuous immersion for more than two years at
normal temperature and pressure. By this field test, it is
confirmed that the 6155 electrode actually had a lifetime
of more than 2 years although it may depends on environ-
ment and kinds of sample.

In addition, a combination of the 6155 electrode and our
automatic ultrasonic cleaner was evaluated in an anaero-
bic treatment process of wastewater treatment facility.
According to the customer, existing pH electrode made by
other company had to be manually cleaned every day for
accurate measurement since dirt is remarkably adhered to
the response membrane and liquid junction. The continu-
ous measurement values of the 6155 electrode and the
existing electrode were compared at the same site. The
measurement value of the 6155 electrode reacted dynami-
cally at timings when no shift was observed in the exist-
ing electrode. According to the customer, this indicates
that the 6155 electrode was accurately following pH shift
of the sample. Further, it was found that the 6155 electrode
can continue accurate measurement for more than two
weeks at this site without cleaning. In the result, the cycle
of manual cleaning by the customer could be significantly
reduced. Now, the 6155 electrode have been implemented
for more than six months at that site. The customer
has commented as “Excellent measurement have been
continued.”
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Figure 8 Comparison of continuous measurement of reference electrode standard potentials in activated sludge layer of wastewater treatment facility

between the 6155 electrode and pH electrode made by other company.
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Conclusion

pH electrodes have been used for various purposes for
long time since they were firstly produced by Beckmann
in 1935 in the world, by Masao Horiba in 1950 in Japan.
However, there are a lot of rooms for improvement in
order to meet diverse requirement in various fields. We
have developed “Industrial Gel-filled pH Electrode 6155”
which has advantages of usability, pressure-resistance,
and low-conductivity sample measurement. We proud of
providing pH measurement satisfied for further more cus-
tomers, although we have ever been lining up various
kinds of pH electrodes. We will make further efforts to
contribute water quality by providing many sensors that
matches customer’s requirement.

* This content is based on our investigation at the year of
issue unless otherwise stated.
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I General Article

Evaluation of Infrared Thermometer for Reduction
of Influence of Gas Absorption by Optimization of
Spectral Response

FUJINO Sho

Recently high-accuracy temperature measurement becomes more important in
semiconductor and flat panel display (FPD) manufacturing processes. Especially
the demand for non-contact thermometer is increasing. However, semiconductor
manufacturing equipment uses high concentration reactive gases. These gases
make it difficult to measure the temperature with high accuracy and repeatability,
because the reactive gases absorb the infrared rays. We have developed the
infrared thermometer using an infrared filter through which infrared rays of the
wavelength with low reactive gas absorption pass. The influence of the NH; gas
absorption of the infrared thermometer can be significantly reduced. Furthermore,
the temperature of the measuring object in the reactive gas can be measured

more accurately.

Introduction

Recently high-accuracy temperature measurement
becomes more important in semiconductor and flat panel
display (FPD) manufacturing processes. Especially the
demand for non-contact thermometer is increasing.

An infrared thermometer, which is one of non-contact
thermometers, detects infrared rays radiated from the
surface of the object, and it converts them into tempera-
ture value. The air between measuring object and infrared
thermometer, absorbs infrared rays, therefore, it is neces-
sary to minimize the influence of such absorbance. The
spectral characteristics of response of wavelength 8-14
pum light is called “atmospheric window”, where the light
shows low absorption with some gases such as water
vapor (H,0), ozone (O;), and carbon dioxide (CO,). This
spectral response is generally adopted to minimize mea-
surement errors caused by changes in humidity and mea-
surement distance. However, because some semiconductor
manufacturing equipment uses high concentration reac-
tive gases that absorb infrared rays, it difficult to measure
the temperature with high accuracy and repeatability. In
order to solve this problem, we have developed the infra-
red thermometer using an infrared filter that selectively
passes the infrared light in wavelength range with low
absorption by such reactive gases.

In this article, we explain the principle of the infrared
thermometer and the method of selecting the spectral
response condition from the infrared absorption spectrum

of the reactive gas. Then we introduce the evaluation
results on the influence of infrared light absorption by the
NH; gas with the newly developed infrared thermometer
based on HORIBA’s infrared thermometer 1T-470F-H for
semiconductor manufacturing equipment.

Principle

An infrared thermometer can measure temperature of the
object without contact detecting infrared rays emitted
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Figure 1 Planck’s law
(the relationship between the temperature of an object and the
radiation energy emitted by the object)

2hc? 1

i 5 ehc//lkT -1

IQ,T)=

I’(A, T): spectral radiation (J/(s - m2 - sr-m))

T : absolute temperature (K)
t(°C)= 273+t (K)

h : Planck constant J-s)

c : speed of light (m/s)

A : wavelength (m)

k : Boltzmann constant  (J/K) - m
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from the object, and converting an amount of the infrared
rays into temperature based on Planck’s law. Planck’s law
shows relationship between the temperature of an object
and the radiant energy emitted by the object (Figure 1).
For example, a heated 800°C iron plate emits red light,
and as the temperature rises, it emits white blight light.
On the other hand, objects at room temperature do not
emit visible light but emit invisible infrared rays. When
your hand is brought close to a hot object, you feel
warmth before touching it. In the same way, the infrared
thermometer measures the temperature of objects by
detecting the amount of infrared energy.

Spectral response

An important factor of an infrared thermometer is spec-
tral response. The spectral response is defined over the
wavelength region where the infrared thermometer oper-
ates. Generally, the spectral response of the infrared ther-
mometer is configured by incorporating an infrared filter.

Infrared rays are absorbed by carbon dioxide (CO,), water
vapor (H,0), etc. which are contained in the atmosphere.
Infrared absorption wavelength differs depending on gas
species and modes of molecular vibration of the gas.
Absorption of light transmitting through gases can be
expressed using Lambert-Beer’s law as follows:
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where A: Absorption, E: transmitted intensity, E,: incident
intensity, K 1: molar attenuation coefficient (cm*/molecule),
[: optical path length (cm), P: pressure (Pa), k: Boltzmann
constant (m**kg/(s’*K)), and T: temperature of gas (K).

The gas absorption changes depending on the optical path
length, temperature, and pressure. In the case of an infra-
red thermometer, the optical path length is defined as the
distance between the infrared thermometer and the object.
This distance varies depending on the application. If the
selection of spectral response is incorrect, the temperature
of the object can’t be measured correctly due to the gas
absorption. Specifically, when absolute humidity changes
depending on the season, the measured temperature
changes. Therefore, the infrared thermometer of spectral
response of 8-14 um is often used because of its relatively
small error caused by infrared absorption through gases.

Temperature measurement of the objects in
the reactive gas atmosphere

Semiconductor manufacturing process uses several high
concentration reactive gases, so it has been difficult to
measure temperature with high accuracy due to absorp-
tion of infrared rays by these reactive gases in the process
equipment. The transmission spectrums of representative
reactive gas are shown in Figure 2. The calculation con-
ditions are 1 atm ambient pressure, 25°C gas temperature,
10 mm optical path length, and 100% gas concentration.
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Figure 2 Transmission spectrums of representative reactive gas (1atm, gas temperature 25°C, Optical path length 10mm)
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From these transmission spectra, it is necessary to select a
wavelength region with relatively few absorption peaks.
In the case of ammonia (NH;) gas, candidates of no large
absorption wavelength regions are 3.5-5 um and 7-8 pm.
In these wavelength regions emitted infrared rays can be
hardly affected by gas absorption. In the case of water
vapor (H,0), candidates of wavelength region are 3.5-4.5
p and 8-14 pm. In the case of carbon tetrafluoride (CFy), a
candidate of wavelength region is 9-14 pm.

Selection of spectral response based on
Planck’s law

In the case of NHj gas, it is difficult to use the infrared
thermometer with “atmospheric window”, because NH;
gas has many absorption peaks in 8-14 um. There are two
wavelength regions with relatively few absorption peaks
of NH; gas: 3.5-5 um and 7-8 pm. It is necessary to con-
sider not only the gas absorption but also the measure-
ment temperature range and the measurement accuracy in
order to select the proper spectral response. Figure 3
shows the relationship between the measurement tempera-
ture and the amount of infrared energy at each wave-
length. We made a comparison between the results in 3.5-5
pm and 7-8 pm. The results in 8-14 pm is also shown as
reference data. Taking the measurement accuracy into
consideration, it is necessary to secure a sufficient amount
of infrared energy in the measurement temperature range.
In the case of the measurement temperature with 0 to
200°C, the spectral response in 7-8 pm is advantageous
showing larger energy than that in 3.5-5 pum. And then, in
the case of the measurement temperature with 200 to
1000°C. The spectral response in 3.5 to 5 pm is advanta-
geous showing larger energy than the results in 7-8 pm.
However, the amount of energy of 3.5-5 um, sharply
decreases for less than 200°C, and the amount of infrared
energy can’t be secured sufficiently. In the case of mea-
suring the temperature of the object in the NH; gas, the
spectral response in 7-8 um is comprehensively consid-
ered to be advantageous in order to secure the amount of
energy in the range from 0°C to 1000°C.

S

S 10000

& 1000 11
g 100 - = L. T ed e ==
© B

8 10 ,—“_;;//

5 0

k= 1 prikd

— Vv

kS) Vd

= 0.1

= .

>

g oot

< 0 100 200 300 400 500 600 700 800 900 1000

Measurement temperature (°C)

- =3.5-5um

Figure 3 The relationship between the measurement temperature and
the amount of infrared energy of each wavelength
(Emissivity: 1.000)
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Infrared thermometer reduced NH; gas
absorption

We developed the infrared thermometer based on the
infrared thermometer 1T-470F-H™ (Figure 4) on sale in
order to reduce the absorption of NH; gas. We decided the
spectral response 7-8 um as described above.

The experimental setup is shown in Figure 5. We evalu-
ated the trend of measuring value change of the infrared
thermometer depending on NH; gas concentration. We
measured the value of the infrared thermometer through
the gas cells filled with NH; gas. The NH; gas concentra-
tions are 0, 15, 50 and 100% at latm. The dilute gas is
nitrogen (N,). The thickness filled with NH; gas is 10
mm, which corresponds to the optical path length. The
infrared window used for the gas cell is made of calcium
fluoride with a thickness of 3 mm. The temperature of the
gas cell and infrared thermometer is stable at room tem-
perature. The temperature of the heat source was adjusted
so that the measuring value of infrared thermometer is
165°C at a gas concentration of 0% (N, gas 100%). Two
infrared thermometers were prepared using a general 8-14

pum infrared filter and a 7-8 pm infrared filter.

Figure 4 Infrared thermometer for semiconductor production equipment
IT-470F-H

Calcium fluoride window
(thickness: 3 mm)
Heat source
Infrared thermometer
IT-470F-H

10 mm

gas cell of NH, gas
(gas concentration 0,15,50,100%,
Dilute gas: nitrogen (N,))

Figure 5 Experimental setup
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Results of Infrared thermometer reduced
NH; gas absorption

Figure 6 shows experimental results and calculation
results of measuring temperature from gas spectrum
based on the experimental condition. In the case of 8-14
pm spectral response, the measuring temperature
decreased as the NH; gas concentration increased and
decreased by about 20°C at gas concentration of 100%. In
the case of 7-8 pum spectral response, the fluctuation
between 0% and 100% is within 1°C. These experimental
results were in good agreement with this calculation
results. It looks that measuring temperature for 7-8 pm
spectral response at optical path length 10 mm doesn’t
decrease against the gas concentration. On the other hand,
when the optical path length is 200 mm, calculation
results shows that the measuring temperature of 7-8 pm
spectral response is only at about 5°C and the measuring
temperature of 8-14 um spectral response at NH; gas con-
centration 100% dropped as much as about 65°C. This is
because small absorption peaks appears in 7-8 um wave-
length region due to the optical path length increasing.

The influence of the NH; gas absorption on the infrared
thermometer could be significantly reduced by selecting
the spectral response avoiding the absorption peak of the
NH; gas. In addition, it was possible to estimate the mea-
suring temperature by calculation when the optical path
length is longer.
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Figure 6 Influence of NH; gas absorption about difference of spectrum
response
(plot: Experimental result, Dotted line: calculation result)

Conclusion

We have developed the infrared thermometer using an
spectral infrared filter through which infrared rays pass
with low reactive gas absorption. The influence of the
NH; gas absorption on the infrared thermometer can be
significantly reduced. Furthermore, the temperature of the
measuring object in the reactive gas can be measured
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more accurately. The needs for temperature measurement
in a wide variety of gases will increase in the future at not
only semiconductor market but also other markets. As we
are developing and producing infrared filters and thermo-
pile sensors in-house, we believe that we can propose
more valuable solutions that can meet new market needs.

* This content is based on our investigation at the year of
issue unless otherwise stated.
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Phone : (62)21-3044-8525  Fax : (62)21-3044-8521

HORIBA KOREA Ltd.
25, 94-Gil, lljik-Ro, Manan-Gu, Anyang-Si, Gyeonggi-
Do, 13901, Korea
Phone : (82)31-296-7911
Ulsan Office
613, Doosan We've the Zenith, 1877, Sinjeong-
Dong, Nam-Gu, Ulsan-Si, 44679, Korea
Phone : (82)52-275-0122  Fax : (82)52-276-0136
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
HORIBA MIRA, Ltd.
Korea Branch Office
25, 94-Gil, lljik-Ro, Manan-Gu, Anyang-Si,
Gyeonggi-Do, 13901, Korea
Phone : (82)70-4689-0680 Fax : (82)31-296-7913

HORIBA INSTRUMENTS (SINGAPORE) PTE LTD.,
MANILA Office
27/F Tower 2, Enterprise Center 6766, Ayala
Avenue cor Paseo de Roxas, 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
West Office
83 Science Park Drive #02-02A, The Curie, Singapore
118258
Phone : (65)6-908-9660

Fax: (82)31-296-7913

Fax : (65)6-745-8155

HORIBA Taiwan, Inc.
8F.-8, No.38, Taiyuan St. Zhubei City, Hsinchu
County 30265, Taiwan (R.O.C.)
Phone : (886)3-5600606
Tainan Office
1F., No.117, Chenggong Rd, Shanhua, Township,
Tainan Country 741, Taiwan (R.O.C.)
Phone : (886)6-583-4592  Fax : (886)6-583-2409

HORIBA Holding (Thailand) Limited
393 395 397 399 401 403 Latya Road,
SomdetChaophraya, Klongsan, Bangkok 10600,
Thailand
Phone : (66)2-861-5995 Fax : (66)2-861-5200
HORIBA (Thailand) Limited
393 395 397 399 401 403 Lad Ya Road,
Somdetchaophraya, Klongsan District, Bangkok
10600, Thailand
Phone : (66)2-861-5995 ext.123
East Office
850/7 Soi Lat Krabang 30/5, Lat Krabang Road,
Lat Krabang, Bangkok 10520, Thailand
Phone : (66)0-2-734-4434  Fax : (66)0-2-734-4438

HORIBA Vietnam Company Ltd.
Lot 3 and 4, 16 Floor, Detech Tower Il, 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
Ho Chi Minh Branch Office
Room 8.6-8th Floor, Le Meridien Building, 3c Ton
Duc Thang Street, Ben Nghe ward, District 1, Ho
Chi Minh City, Vietnam
Phone : (84)28-7305-4492 Fax : (84)28-6287-6269

Fax : (886)3-5600550

Fax : (66)2-861-5200

* This content is based on our investigation at the year of issue unless otherwise stated.
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