Regulatory (EU)
Guidance towards
Reduced Chemical
Risks: A Study on
Unintended
Outcomes in Biocide
Applications

Elina Kahkonen

A' Aalto University
|

DOCTORAL
DISSERTATIONS


https://core.ac.uk/display/301129056?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1




Aalto University publication series
DOCTORAL DISSERTATIONS 96/2011

Regulatory (EU) Guidance towards
Reduced Chemical Risks: A Study on
Unintended Outcomes in Biocide
Applications

Elina Kdhkonen

Doctoral dissertation for the degree of Doctor of Science in
Technology to be presented with due permission of the School of
Chemical Technology for public examination and debate in room
Stage at the Aalto University Design Factory (Espoo, Finland) on the
4th of November 2011 at noon (at 12 o’clock).

Aalto University

School of Chemical Technology

Department of Biotechnology and Chemical Technology
Microbiology Research Group



Supervisor
Professor Katrina Nordstrém

Instructor
Professor Ari P.J. Vepsalainen

Preliminary examiners

Docent Tuula Heinonen, Univesity of Tampere, Finland

Ph.D. Jagques Warnon,European Council of producers and importers of paints, printing inks and artists’
colours (CEPE), Belgium

Ph.D. Matti Vainio, European Chemicals Agency (ECHA), Finland

Opponents
Docent Tuula Heinonen, Univesity of Tampere, Finland
Dosent Arimatti Jutila, Finland

Aalto University publication series
DOCTORAL DISSERTATIONS 96/2011

© Elina K&hkdnen

ISBN 978-952-60-4316-6 (pdf)
ISBN 978-952-60-4315-9 (printed)
ISSN-L 1799-4934

ISSN 1799-4942 (pdf)

ISSN 1799-4934 (printed)

Aalto Print
Helsinki 2011

Finland

The dissertation can be read at http://lib.tkk.fi/Diss/



A,, Aalto University Abstract

Aalto University, P.O. Box 11000, FI-00076 Aalto www.aalto.fi

Author
Elina Kdhkonen

Name of the doctoral dissertation

Regulatory (EU) Guidance towards Reduced Chemical Risks: A Study on Unintended
Outcomes in Biocide Applications

Publisher School of Chemical Technology

Unit Department of Biotechnology and Chemical Technology

Series Aalto University publication series DOCTORAL DISSERTATIONS 96/2011
Field of research Microbiology, Chemical (EU) regulations

Manuscript submitted 17 May 2011 Manuscript revised 20 September 2011
Date of the defence 4 November 2011 Language English

[ 1 Monograph DX Article dissertation (summary + original articles)
Abstract

This study examines the interactions between the European Union (EU) regulation of
chemical substances and product development in the chemical industry. The EU regulatory
initiatives that are examined include e.g. REACH, 1998/8/EC, 2004/42/EC and selected
voluntary guidance. Specific emphasis of the present thesis is placed on biocide applications
with reference to unwanted end-results of the guidance, which aims at reduction of chemical
risks. Here, the end result of chemical risk reduction is determined by the interactions
between the physico-chemical environment of the application and the prevailing microbial
flora. In order to interpret these interactions the research was carried out by addressing the
following research questions: First, what are the drivers of the development of new biocide
active ingredients, and, which factors hinder such development? Second, which factors of the
currently implemented chemicals regulations (e.g. REACH) and directives (e.g. 2004/42/EC,
2000/60/EC), which aim at reduction of environmental and health risks, can increase the
microbiological risks associated with products, which may also result in environmental and /
or health risks? Third, which factors could drive towards a situation in which the reduction of
a specific chemical risk can result in increased use of biocides and therefore lead to increased
chemical risk? The present study shows that the currently implemented EU and directives
can lead to increases in both microbial and chemical risks. Increases in microbial risks can be
expected as the attempt to avoid persistent materials leads to favoring the biodegradable
alternatives and the reduction of VOC emissions favors the water based and even VOC-free
products and raw-materials. Furthermore, the acknowledged reduction in the available
biocide selection due to directive 98/8/EC implementation and lack of new biocide
development due to cost associated to in vivo test requirements together with increasingly
susceptible products and processes will increase the likelihood of risk of development of
resistant microbial species and, i.e. leading to increased microbial risk. The increase in
chemical risks due to increased use of biocides is also possible, if the production — scale levels
of biocides and the occupational and health risks associated with such amounts are not
carefully evaluated. It is therefore proposed that in order to avoid unwanted end-results it is
important to improve education for chemical industry product development and purchasing
personnel on the evaluation of chemical risks and control of such risks. Moreover, the
proactive anticipation of microbial risks during the introduction of new technologies should
be assessed. Finally, the development and introduction into usage of alternative means for in
vivo tests must be further enforced.

Keywords biocides, REACH, directive 98/8EC, chemical product development

ISBN (printed) 978-952-60-4315-9 ISBN (pdf) 978-952-60-4316-6
ISSN-L 1799-4934 ISSN (printed) 1799-4934 ISSN (pdf) 1799-4942
Location of publisher Espoo Location of printing Helsinki Year 2011

Pages 158 The dissertation can be read at http://lib.tkk.fi/Diss/







A' Aalto-yliopisto Tiivistelma

] Aalto-yliopisto, PL 11000, 00076 Aalto www.aalto.fi

Tekija

Elina Kdhkonen

Vaitoskirjan nimi

Lainsdadénnollinen (EU) ohjaus kemikaaliriskien vihentdmiseen: Tutkimus ei-toivotuista
lopputulemista biosidisovelluksissa

Julkaisija Kemian tekniikan korkeakoulu

Yksikkd Biotekniikan ja kemian tekniikan osasto
Sarja Aalto University publication series DOCTORAL DISSERTATIONS 96/2011
Tutkimusala mikrobiologia, kemikaalilainsdadanto

Kasikirjoituksen pvm 17.05.2011 Korjatun kasikirjoituksen pvm 20.09.2011
Vaitospaiva 04.11.2011 Kieli Englanti
[ 1 Monografia X Yhdistelméaviitéskirja (yhteenveto-osa + erillisartikkelit)

Tiivistelma
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1. INTRODUCTION

1.1. Development cycles of chemical substances: From phase-in of product to out-

phase of risk

The chemical industry” has developed and placed on the market an enormous number of
substances as product components, additives and as impurities. Chemical substances are
used and are part of a wide range of consumer products and perhaps can even be stated to
be present in almost all consumer goods, including cosmetics, fuels, surface materials,
foods, medicinal products as well as in countless application areas integral to daily life.
However, many of these chemical substances have been shown to be responsible for
Environmental and Health (EH) risks and hence, their usage has become restricted or
completely banned. Famous examples of global bans of chemical substances are Chlorine
Fluorine Carbon (CFC) compounds, for causing ozone depletion (UNEP 2009), and Tri-
Butyl Tinoxide (TBT) used as antifouling agents in marine applications, for persistent
toxicity in the aquatic environment (IMO 2002). Other examples include Alkyl Phenyl
Ethoxylate (APE) surfactants, which are banned from detergents in the European Union
(EU), as they have been shown to act as endocrine disrupters (EC 2003a). Bans on leaded
fuels in the United States (US) and in the EU represent similar cases. Furthermore,
defined substances and groups of substances of different emissions are under continuous
surveillance and there is a concerted effort for their reduction (EC 2006b). These
compounds include atmospheric emissions such as Volatile Organic Compounds (VOC),
Nitrogen Oxides (NOx), Sulfur Oxides (SOx) and the more recently recognized Green

House Gases (GHG) as well as aquatic Phosphate (P) and Nitrate (N) releases.

# The chemical industry is used according to European Chemical Industry Council (CEFIC) definition,
excluding the pharmaceutical industry (CEFIC, 2010).



With reference to the above examples, it is clear that the development cycle of a chemical
substance or product is not optimal if it leads to a ban or a phasing-out. Moreover, the
contradictory properties of such chemicals have become evident only when they have
already reached the market and the unwanted properties of the substances have become
evident at the point of usage by the consumer or other end user. From an economical and
EH point of view it would be much more desirable to be able to detect such EH risks by
laboratory testing before even launching the product or the substance. This concern was
addressed by the Dangerous Substances Directive (DSD), which was introduced in the
EU in 1967 and which aimed at avoiding the market launch of substances with
unacceptable EH risks (EEC 1967). The core of the DSD requirements has been
chemical Risk Assessment (RA), which included certain toxicity and eco-toxicity tests for
all substances above 10 kg annual production before the placement on the market. Based
on the tests the substances were assigned chemical Risk-phrases (R-phrases) and
appropriate warning symbols. For chemicalsubstances already on the market the
authorities defined R-phrases according to available data and continually up-dated
information but there was no obligation for testing these substances, which were listed in
the European INventory of Existing Commercial Substances (EINECS) before 1981
(EEC 1981). However, this situation has dramatically changed in the EU as of 1991,
when first, the Plant Protection Products Directive (PPPD) demanded the review of all the
plant protecting products on the market (EEC 1991) and second, in 1998, the Biocidal
Product Directive (BPD) enforced these requirements for other biocidal products (EC
1998). Finally, in 2006, REACH implementation widened the existing substance review
to cover all the existing substances above 1 ton annual production (EC 2006a). Of these

reviews, the PPPD is nearly completed, BPD is still ongoing and REACH has only



started. The quest for all these three initiatives is to define the possible risks related to the
use of the substances and products thereof integral to everyday life of the consumer or
other industry end-users. Such a goal is widely accepted and justified but the hurdle of
implementation is massive and the final outcome is difficult to anticipate. The BPD and
PPPD show in small scale what may be expected of REACH, at least with respect to
schedule and the substance out-phases. Both BPD and PPPD implementation have
resulted in a notable number of substance out-phases. The proportion of the out-phased
substances as a result of the BPD exceeds 60 % of those originally listed as the biocide
Active Substances (AS), which are used at the EU market (EC 2003b) and for the PPPD
75 % (EC 2009). This reduction of over 600 substances is notable. A major reduction
took place during the notification stage as the feasibility of the registration process was
pre- evaluated for each AS. Furthermore, in the case of the PPPD, 7 % of AS were not
found to be sufficiently safe by the evaluation process to be permitted in the EU market
(EC 2009). The full implementation of the PPPD took two decades and currently the BPD
process, 12 years after enforcement, is estimated to have completed the review of some

10 % of the substances (EC 2010b, EC 2003b).

Altogether, regulations have taken an increasingly dominant role in directing the
complete product development cycle from new substance and product development to the
ones already at the market. As an additional perspective, the development of new
substances and products thereof as well as further development of the products already at
the market by the chemical industry is equally essential for the implementation of
regulations. In fact, any regulatory ban or restriction of a specific substance will cause a
requirement to reduce or substitute the substance in product(s), which, evidently, call for

development of a product without (or with reduced quantity of) the specific substance.



However, the originally intended risk reduction, which stems from the regulatory source,
is not necessarily the only product change, which is achieved by the development.
Instead, the change of the total sum of the product EH risks may be drive towards
unintended outcomes. This is evident as the substituting substances and/or technologies
may also bear EH risks associated with the used chemicals or, interestingly, with
microbes, which are able to degrade the product. Consequently it is critical to identify
1) the regulatory guidance from the chemical Risk Assessment (RA) to the final guidance
tool and 2) the interpretations of the regulatory guidance in the development, which is
implemented by the chemical industry. Accordingly, the challenges for the integration of
regulatory guidance into chemical industry product development are the focus of the
present thesis. More specifically, biocide applications are examined in detail, as these
applications highlight the challenges of finding a balance between microbial and chemical

risks in chemical industry product development in general.

1.2. Biocides development cycles

Biocides” are an exceptionally interesting group of chemical substances and products and
serve as an excellent example of the challenges of the implementation of regulatory
demands at the level of product development. Biocides may be used as exampled to
highlight the entire development cycles from placement on the market to recognition of
an EH risk and finally to bans or restrictions. The best known example of a biocide and
all chemical substances is most probably dichloro-diphenyl-trichloroethane (DDT) plant
protecting product, for which, the Nobel Prize was awarded in 1948 but which two

decades later became the best known environmental toxin ever recognized (Fisher 1964,

® The term biocide comprises substances and products thereof, which are used against unwanted microbes,
plants or animals (EC, 1998; EEC, 1991).



Lewis 1985). Similarly, development cycles, which have spanned over decades, include
those of phenolic and organo-metal biocides as well as Copper Chromium Arsenic (CCA)
wood preservatives (Paulus 2005, Williams 2005). Most recent examples include
formaldehyde releasers, which are currently used, and banned only from some eco-
labeled products and of which the majority will be out-phased in the future in accordance
with implementation of the BPD (RAL 2010a, EC 2003b). Similar to the development
cycles of other chemical substances, the controversial properties of biocides have only
been recognized when the biocide has already reached the market. Accordingly, the
demand for reduced EH risk of such substances calls for replacing chemistries, which
may perhaps be referred to as being “safer than” the one on the market. This requirement
is a very specific challenge for the biocides, as by definition they must be harmful i.e.
biologically active against the target organisms; microbes, plants and animal species,
which contaminate processes and products. On the other hand, biocides, which are
biologically active agents, should not cause harm to the other non-target organisms
(Figure 1). Clearly, such selectivity is difficult to achieve for a biocide as the targets in
living cells are the same regardless of whether the cell of organism is harmful or not. In
other words, it is challenging to simultaneously achieve the desired activity towards the
target cells, which are to be destroyed / deterred, and at the same time prevent any activity
towards cells that are not a problem and are therefore non-target cells. Moreover, if an
agent is in fact inactive towards the non-target cells, it is important that such an agent still

maintains activity against the target cells. (Figure 1).
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Figure 1 Biocide efficacy (green ) and non-toxicity (green) are desired properties of
biocides, whereas toxicity (red) and gaps in efficacy (red) are unwanted. (I)

It therefore follows that increase in biocide efficacy is likely to correlate with increased
toxicity, which is, however, unwanted. Then again, biological inactivity of a biocide
results in non-toxicity but also correlates with gaps in efficacy and an inability to protect
a product from spoilage. This illustrates the dilemma of the product developer who
should, according to regulatory demands, avoid harm to non-target cells by formulating a

biologically active but non-toxic biocide.

The dual role for biocides as stated by the BPD is outlined as follows “/[...] when
properly used for the purpose intended, they are sufficiently effective and have no
unacceptable effect [...] such as resistance development [...] no unacceptable effect on
the environment and, [...] health.”(EC 1998). Consequently, during development of a
new biocide or a product containing biocides, it is critical to define the function of the
biocide i.e. the biocide efficacy in the intended product(s) and usage(s). Equally
important is the identification of the, EH risks of the biocides, which must comply with
safety requirements (EC 1998). An alternative approach to biocide use and development
is the development of non-chemical means for preventing spoilage by biological agents,

such as heat treatment of wood (Viitaniemi et al. 1998), self -polishing or fouling release



coatings (Bruns et al. 2005), preventing biofilm formation by electrical instrumentation

(Nylund et al.1997), or UV treatment of process water (Mcllvaine 2005).

1.2.1. Biocide usage and function

The purpose of biocides is to preserve 1) a wide range of products ranging from
cosmetics and foodstuffs to paints and fuel (EEC 1976, EC 1995, Lindner 2005, Robbins
and Levy 2005), 2) materials from wood and masonry to textile and leather (EC 1998,
Hauber 2005), and 3) structures including cooling water systems and pulp mills, ships
and other marine constructions, where biocides are used as antifouling agents and for
prevention of microbial deterioration (EC 1998, Ludensky 2005). In addition, biocides are
integral to 4) plant protecting products, which are used against the causative agents of
plant diseases in order to prevent crop losses (EEC 1991). Biocides are also used as 5)
disinfectants in personal hygiene products and maintaining hygiene in public buildings
(eg. swimming pools, disinfection of air conditioning systems) (EC 1998). Moreover,
there are also biocides which are used against invertebrates and vertebrates as well as
plant protecting products used against weeds but these substances are beyond the scope of
the present thesis as the focus is on the biocides used against micro-organisms (EC 1998,

EEC 1991).

1.2.1.1. Microbial spoilage

Microbial contamination of industrial chemical and products and processes is a

significant factor in many applications and products. Bacterial species such as



Alcaligenes, Pseudomonas and Escherichia are notable causes of wet stage spoilage of
e.g. paints, cosmetics and polymer dispersions (Gillat 2005, Scholtyssek 2005, Lindner
2005). Their action may cause changes in the product properties such as in viscosity,
color, pH, odor, and it may appear as gas formation. Visible growth of microbes on wet
product surfaces and dry products such as wood, masonry coating or leather is mainly due
to fungi and/or algae. The fungal species responsible for deterioration of wood and
masonry coating include Alfenaria spp., Aspergillus spp. and Penicillium spp. (Williams
2005, Askew 2007) and the algal species include Chlorella and Scenedesmus (Lindner
2005). In addition to spoilage of products, process fluids and cooling waters also provide
a favorable environment for microbial growth. Such growth does, however, not
necessarily affect the product quality, but may reduce production process efficiency in
fluid flow or heat transfer and may degrade or corrode the process equipment. In these
application areas the main focus is on preventing the formation of biofilms by species
such as Pseudomonas. Biofilms are living multispecies matrixes of bacterial, fungal and
algal growth with also other biological agents as part of the matrix. They endure extreme
environments as well as biocide activity. Moreover, biofilms provide suitable growth
conditions for pathogens such as Legionella pneumophila, which may cause lethal
pneumonia and may be distributed eg. via contaminated air conditioning systems
(Ludensky 2005). Similarly, bacterial contamination of cosmetics by species of
Staphylococcus, Clostridium or Klebsiella leads to significant health risks. These may
cause allergic skin or eye reactions but also severe sepsis may result if a product, which is
contaminated by Clostridium spp., is applied to wounded skin (Scholtyssek 2005). In
conclusion, unwanted microbial actions lead to economic losses, increases in

environmental burden and/or causes notable health risks.



1.2.1.2. Biocide function

Biocides must be effective against a wide range of microbial species, as the potential
contaminants such as bacteria, fungi and algae are ubiquitous. The contaminating species
adapt to a range of different environmental conditions and they can use wide selection of
nutrients to proliferate. Algae, for instance, proliferate by simply using CO, as carbon
source and UV light as an energy source. Many bacteria e.g. Pseudomonas spp. can use
hundreds of different carbon sources from simple to complex compounds. Species with
modest nutrient requirements are part of a microbial succession by providing breakdown
products, which serve as nutrients for more nutritionally fastidious bacteria and fungi

(Askew 2007, Gillat 2005).

Every product or process where biocides are used constitutes a specific microbial growth
environment with different conditions such as temperature, water content, substrates, pH,
light and oxygen supply, which favor certain species. These species thus become the
target group for biocide efficacy and therefore the efficacy of the biocide should also be
tested under the specific growth conditions which favor and sustain the growth of the
target organisms. Furthermore, these environmental conditions are essential selection
criteria when choosing the most appropriate biocide as biocides also function optimally
under specific conditions with respect to e.g. pH, temperature and water/solvent content
(Paulus 2005). Hence, all the components of the preserved system interact with each
other. Namely, there are interactions between the physico-chemical conditions of the
product or the process, i.e. of the application and biocides, between biocides and the

microbes and between the microbes and physico-chemical conditions (Figure 2).
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Figure 2. Interaction in the preserved system.

Accordingly, the efficacy of biocide function must be determined as follows: 1) biocide
efficacy in the usage application, 2) biocide effect against selected species as a function
of biocide concentration and 3) biocide activity mechanisms at the level of cellular

structures of target organisms

1.2.1.3. Biocide efficacy in the applications

Selecting biocides and defining their concentrations for a specific application is a
multidimensional task. The basic approach in efficacy testing is to compare products /
materials, which differ only by their biocide composition (CTFA 2001, Askew 2007).
Testing of biocide efficacy is carried out by selecting of a representative group of critical
contaminants and challenging the biocide with these microbes. The criteria for selection
of the microbes that should be used are : 1) the species have been identified as product
contaminants i.e. they have been isolated from the contaminated product (Askew 2007,

Gillat 2005) or are known to prevail under the production or usage conditions, e.g. human
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skin flora in cosmetic product preservation tests (CTFA 2001), 2) the microbial challenge
should represent relevant microbial types, which have different tolerance against biocides
such as Gram negative bacteria, Gram positive bacteria, fungus (mold, yeast, fungi), algae
(CTFA 2001, Askew 2007). The efficacies are compared by following the microbial
growth in the products containing different biocides and in a control product without
biocides. The microbial challenge testing varies by the selection of the species but also by
varying the quantity or cell count of the inoculum, the number of repeated challenges and
the frequency of the challenge (CEN, 2006a, CEN 2006b, IBRG, 2000, Askew, 2007).
The conditions in which the biocide efficacy is tested should imitate the real life situation
as well as is practical, e.g. cosmetics which become repeatedly inoculated during their
intended normal usage, may require repeated challenge also in the test setting (CTFA
2001). Such real-life simulations are also used by varying testing parameters such as e.g.
fluid flows, aeration, stirring and temperature. For example, algicide testing mimics the
light and humid environment, in which the algicides are used (Askew 2007). Altogether,
as new products, which require biocide preservation are introduced, new modifications of
the efficacy tests need to be defined. In case the usage is markedly different from the
previously tested applications, it may be necessary to design new tests and new apparatus

for testing (Kihkonen et al. 2007).

1.2.1.4. Biocide efficacy as function of concentration

Minimum Inhibitory Concentration (MIC) is the minimum concentration of a biocide or
biocide AS, which is sufficient to prevent the growth of specific microbial species at a
specific microbial density. MIC values may be used as guidance when selecting the

biocide against defined species as MIC also indicates the gaps in the efficacy of a biocide,
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which therefore may need to be complemented by another biocide. For example, a dry
film biocide Carbendazim has MIC of 0.1-5 mg/l against the majority of the target
species such as Pencillum glaucum, Aspergillus niger and Trichoderma viride, but the
MIC against one important fungus, Altarnaria alternata, is over 1000 mg/1 (Paulus 2005).
This evidently shows a gap in the Carbendazim efficacy, which needs to be
complemented by another biocide, e.g. Diuron / OIT with sufficient efficacy against

A.alternaria (Lindner 2007).

The biocide concentration needs to be high enough, not only to inhibit microbial growth,
but also to prevent the development of microbial resistance. Simultaneously, the
concentration needs to be low enough to be safe from the chemical risk point of view (EC
1998). The growing concern of chemical risks has promoted the usage of low biocide
concentrations close to the MIC, which may lead to the development of microbial

resistance (Maillard 2002).

1.2.1.5. Biocidal mechanisms

Biocide mechanisms are an important research area, which, according to Maillard (2002)
and Russel (2002), is becoming even more important as the range of application areas is
increasing with the increases in available process technologies, whereas the number of
available biocides is becoming reduced. Regulatory efforts have resulted in many
biocides becoming banned or listed as problematic from the point of view of EH criteria,
thus narrowing the selection of biocides. Hence, the correct usage of the available
biocides is critical. Mechanisms of biocide action are a result of interaction between the

biocide AS and the target organ of the microbe. Biocides in general comprise additional
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substances e.g. solvents in addition to one or more AS. The biocide AS mechanisms can
be divided into three main groups according to the cellular target: 1) disruption of and
interference with the function of the cytoplasmic membrane, 2) interference with the state
of the cytoplasm and 3) disruption of the structure and the function of the cell wall. The
substances which exert their actions as described for the first group, e.g. alcohols,
Quaternary Ammonium Compounds (QAC) and organic acids disturb the transportation,
respiration and energy processes of the cell. Furthermore, they may break down the
membrane and destroy the cell structure. The second type of activity is typical for
substances such as glutaraldehyde, silver salts and QAC, which will attack the cell organs
and components such as nucleic acids in the cytoplasm. Finally, substances in the third
group e.g. chlorine and aldehydes are able to destroy the lipopolysaccaride cell wall of
the Gram negative bacteria. Evidently, one substance may have several cellular targets.

(Paulus 2005, Maillard 2002, Russel 2003)

Another focus area in research on biocide — microbe interactions at the cellular level are
mechanisms of microbial resistance to biocides. Interest in this area growing partly due to
the fact that limiting the selection of the available AS will inevitably lead to the continued
use of the same AS chemistries, which, in turn may lead to the development of resistant
species (Maillard 2002, Walsh et al. 2002). Another reason for the growing interest in
biocide resistance is related to emergence of antibiotic resistant microbial species such as
methicillin Resistant Staphylococcus aureus (MRSA) in hospital acquired infections.
There is significant concern for development of cross-resistance in the microbial
population, which could arise from simultaneous development of resistance to both

biocides and antibiotics (Walsh et al. 2002). Resistance to biocides is also recognized as
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a serious risk by the BPD (EC 1998). Surprisingly, however, this concern is not yet
addressed by the PPPD and its amendments (EEC 1991).

Microbial resistance mechanisms to biocides include changes in outer membrane
structure and consequent reduction of permeability (Denyer and Maillard 2002). The
chemicals may also be pumped out of the cell by efflux-pumps, (Bloomfield 2002) or
they may be treated into less harmful substances enzymatically (Gilbert et al. 2002). Also
the exo polysaccaride layer, which is a film formed around the cell(s) in biofilms is an
efficient resistance mechanism as it hinders the contact of the chemical with the target
cell (Schulte er .al. 2005, Gilbert et al. 2002). All these microbial resistance mechanisms
may develop along with mutations in the presence of selective pressure i.e. when a cell
population is exposed to a biocide, a certain microbial population with activate resistance
mechanisms will tolerate the chemical, and have a greater chance to survive and to
proliferate. Furthermore, the genetic material, which codes the resistance, may transfer
the resistance not only to the descending generations but also to other species. This is

particularly likely, if the resistance coding gene is plasmid-encoded (Bloomfield 2002).

1.3. EH risks of chemical substances including biocides

The EH risk of a biocide, or any other chemical substance or product plays a pivotal role
in the selection and use of the substance. Assessing the EH risks related to different
usages of a substance is therefore, a central part of chemical regulations such as REACH,
BPD and PPPD. These regulations also define the Risk Assessment (RA) procedure and
the methods applicable for RA. The RA methods aim at defining the risks from exposure
to the physico-chemical, human toxicological and eco-toxicological properties of the

substance. The present thesis will examine the RA with reference to human toxicity and
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eco-toxicity, while the physico -chemical properties such as solubility, color, form,

boiling/melting point or flammability are not addressed.

1.3.1. Toxicological chemical risk assessment

Toxicological tests on a chemical substance model the different ways of human exposure
to the tested substance. First, the routes of exposure comprise of oral, dermal, inhalation
and eye contact. Second, the periods and substance quantities of exposure vary from a
single to chronic exposure and from Lethal Dosage (LD) to a dosage below the No
Observed Adverse Effect Level (NOAEL) (Guidotti and Moses 2007). The end points of
evaluation of the different exposures include death, impairment of reproduction, cancer
and other cellular mutations or organ malformations, sensitation/allergies, skin and eye
defects, clinical signs, adverse effects, haematological, biochemical and urine analysis as
well as other detected illnesses (Guidotti and Moses 2007, EC 2008a). The real life
exposure modeling in the toxicological test procedure is established by the regulatory
requirements. Table 1 gives an overview of the basic toxicological RA, which is mainly
based on animal models i.e. in vivo testing. In the tests in accordance with REACH and
BPD the responses in animals; mainly rats, mice, dogs, and rabbits, which are exposed in
a defined way; dose, period and route, are studied. Many of the test results are expressed
as Lethal Dosagesy (LDsp), or Maximum Tolerated Dose (MTD), which is the dose
required to cause lethal conditions in 50 % of the tested population (EC 2008a ECHA
2009, EC 2003e). Furthermore, other symptoms and defects are visually examined
especially in the case of skin and eye exposure but also in chronic exposure studies in
which the internal organs of the tested animals are carefully studied after death to detect

any defects such as tumors or malformations (EC 2008a).
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Table 1. Toxicological tests as stipulated by EU regulations for biocides and for
substances within the scope of REACH.. The different routes (oral, dermal, inhalation,
eye) and periods of exposure (acute, repeated, chronic) as well as the main models
(animals, microbes, tissues) used and the major observations in the evaluation (LD50,
defects, illness, sensitization).

Period of exposure (d)

Route of Acute Repeated Chronic®  (365-

exposure | Main models used" (28 /90) 730)
Observations, results

Oral Rat, mouse” , dog”, cells” | LDs;, MTD, | MTD CMR-
illness evaluation

Dermal Rabbit, tissue LD5o,MTD Sensitization | CMR-evaluation
defects

Inhalation | Rat, mouseb,cellsc LDsg, MTD | MTD CMR-evaluation
illness,

Eye Rabbit, tissue Defects’

* non-rodent models are required by the BPD and PPPD but not by REACH in the
repeated and chronic toxicity (EC 1998, EEC 1991, EC 2006a). ® Mice are used in the
chronic exposure studies (EC 2008a). © In mutagenicity testing cell models are not
connected to any specific route of exposure (EC 2008a).  CMR evaluation is based on
pathological findings such as tumors or malformations in the tested and the reference
populations. Furthermore, the problems related to reproduction are screened (EC 2008a).
¢ Sensitization is studied as a skin irritation reaction caused by a reduced content used in
repeated exposure. " Defects are differentiated to lesions, cornea opacity changes, redness
and oedema, which are ranked (EC 2008a).

Alternative methods i.e. non-animal methods promotion is an important goal for REACH
(EC 2006a). These methods include in silico tests, which refer to a combination of
different methods to compile all the available information of different chemical
substances in order to predict the toxicological properties of the studied substance. These

read-across methods such as Quantitative Structure-Activity Relationship (QSAR)

integrate the knowledge of the structures of the substance and functional chemical groups
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within, with the available information of the toxic properties related to similar structures
or the same functional groups (OECD 2007). Another approach are the in vitro tests,
which utilize microbial, e.g. Saccaromyces cerevisiae or Escherichia coli, animal or
human cells e.g. fibroblasts or blood lymphocytes, or tissues such as the human skin
model (commercial products EpiDerm™ and EPISKIN™) (EC 2008a). In the case of
dermal and eye exposure, the in vitro tests are mandatory before the in vivo tests.
However, these alternative i.e. non-animal tests do not as yet have an equally established
position as do the tests in animals. Consequently, the results obtained by using the
alternative tests are evaluated by a case-by-case approach. Negative tests results obtained
by the alternative test methods, or positive ones in the case of genotoxicity testing, need

to be confirmed by animal tests (EC 2006a).

The impacts of chemical substances on humans are also studied by biomonitoring or
molecular epidemiology methods. In these approaches, a biomarker e.g. chemical
concentration in blood is used to determine the occurred exposure, which is then
compared to the effect in the population (Guidotti and Moses 2007). The other
perspective is taken in batch tests, which are used in allergy studies. In these tests
voluntary, healthy patients with diagnosed allergic disease are exposed to different kinds
of studied chemicals via skin. The skin responses (e.g. redness, itching) to the exposures
indicate the sensitization for the tested substance (Andersson et al. 2007). Hence, the
data is no longer based on the models (in vivo, in vitro, in silico) but on real life cases
with real life exposures. However, the reliability of the data obtained by such methods
does have other drawbacks. Namely, the data is not based on a preliminarily specified test
design, but rather on findings associated to unintended exposures. Hence, the test
population in such unintended exposure may be small, which reflects on the reliability of

the data. This type of epidemiological data can replace the animal test data only when the
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weight of evidence is considered to be significant (EC 2006a). On the other hand,
epidemiological data can trigger strong regulatory actions as has been the case with the

bans on asbestos (Guidotti and Moses 2007).

1.3.2. Eco-toxicity of chemical substances

Eco-toxicity studies predict the behavior of chemical substances in the aquatic and soil
environment and assess the potential risks to the eco-system, animals e.g. fish and insects,
and finally, to human health. The biodegradation / persistence and accumulation
properties and their toxicity to the environment are in a central role of the whole
assessment. Substances, which are not degradable and are found bioaccumulative in the
tests, need to undergo further evaluations concerning long term effects (ECHA 2008).
Here, the degradability is defined according to the time taken for microbial degradation to
proceed. In addition, the impacts of environmental conditions such as pH on the
substance biodegradation are measured. Bioaccumulation is tested by the partition of the
substance between water and octanol (water octanol partition factor; K,) and as the

biomagnification in fish (BioMagnification Factor; BMF).
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Table 2. The eco-toxicity properties measured (aquatic, terrestrial toxicity, degradation,
bioaccumulation) and the models used in the evaluation (fish, algae, invertebrates and
mixtures of chemicals) as well as the measurements used (LCsg, IC, EC, defects,
substance degradation, K.y, BMF) (EC 2008a).

Properties tested Major models Measurements
Toxicity
- Aquatic Fish, algae, Daphnia manga LCso?, IC®, ECS,
developmental defects
- terrestrial Bees, plants, earthworms, soil | LCsg
microbes IC, EC
Degradation
- biotic Sewage sludge or equal | Degradation of substance
- abiotic microbes
pH gradient
Bioaccumulation
- solubility octanol / water Pow
- sorbtion soil
- accumulation Fish BMF

? LCsp = Lethal Concentration, " IC = Inhibitory Concentration, © EC= Effective
Concentration

1.3.3. Established criteria compounds

There are substances and groups of substances that have been demonstrated to act as
precursors or causes of unwanted phenomenon in the environment. These are known as
criteria compounds and for some of them, the harmful properties associated with them
have been recognized more than a century ago. The reaction of SO and NOy emissions,

as proponents of acid rain, was suggested by Smith in the mid-19" century (Gorham
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1982). Also the role of N and P emissions in aquatic pollution was envisioned by the
studies of Weber and Neumann in the early 1900’ (Hutchinson 1969). Later, smog
composition was defined in the 1950s (Pitts and Stevens 1978) and the mechanism of
action of endocrine disruptors such as APE was suggested in the 1990s (Colborn et al.
1993). Currently all these criteria compounds among tens of other substances and groups
of substances are under continual surveillance, monitoring and tightening restrictions

(EEA 2009).

1.3.4. Chemical risk communication

Chemical risk communication in the EU currently strives towards the Globally
Harmonized System (GHS) and the current Classification and Labeling of Products
(CLP) regulation applies for all the substances independent of whether they are regulated
by the BPD, PPPD or REACH or any other chemical regulation (EC 2008e). Based on the
data in the chemical RA, the hazardous properties of a substance are communicated
according to regulatory instructions (EC 1999, ECHA 2009). The tools for
communication are Safety Data Sheets (SDS), which are documents attached to the
chemical product and delivered to the professional users of the substances (EC 2006a).
For the consumers the risk communication is presented in the product label as warning
symbols and Precautionary — statement (P-statements) / Safety-phrases (S-phrases)

according to regulatory demands (EC 1999, EC 2008e).

The Hazard statements (H-statements) according to CLP and the Risk — phrases (R-
phases) according to former EU regulation are a result of the interpretation of the test and

test results in the risk classification of chemical substances. For instance, the 46 H-
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statements associated with the health risks associated to a substance refer to the results
obtained by the 20 toxicological tests defined in the REACH test methods regulation or
similar tests, for which the weight of evidence is considered high enough (EC 2008e, EC
2008a). This interpretation of the data from the chemical RA to the regulated risk
communication is exemplified by the three assessments, which are included in the basic
data requirement for the substances in quantities of > 1 tonne / annum; acute oral
toxicity (in vivo), sensitization (in vivo), and ready biodegradability and bioaccumulation

as the principle elements of the eco-toxicity assessment (EC 2006a).

1.3.4.1. Risk communication example 1: Acute oral toxicity

The LDs values from the toxicity test are interpreted into acute toxicity categories: cat 1,
2, 3 or 4 with reference to the corresponding hazard statements of being fatal (H 300)/
toxic (H 301) or harmful (H 302) if swallowed (ECHA 2009). Currently both risk
communications, i.e. risk assessment according to CLP and according to previous
regulation (EEC 1967) are in use (Table 3). The warning symbol for toxic substances is
still the “Skull and bones”- sign in both the previous and new regulation, but the symbols
for harmful substances are different (Table 3). The precautionary statements (P
statements), which parallel the H-statements comprise instructions for safe handling such
as P264: Wash ... thoroughly after handling, P270: Do not eat, drink or smoke when
using this product and for the response to exposure; P301+P310: if swallowed

immediately call a poison center or doctor/physician.
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Table 3. Chemical RA data (LD50), H-statements and warning labels as Hazard
classification according to CLP in comparison to previous (EU) R-phrases and warnings
(ECHA 2009, EC 1999).

Risk phrase very toxic if Toxic if swallowed Harmful if swallowed
swallowed

WWarning symk . .

EU R-phrase R25 R 25

LDs0 g subt 5 25 &0 2000 300 2000

kg animal]

CLP Hazard
category Cat 3 Cat 4
Warning symb @

Hazard H300: Fatal if H301: Toxic if H302: Harmful if
staternent gwalloweed swallowead swallowed

1.3.4.2. Risk communication example 2: Dermal sensitization

In the dermal sensitization test the test animals (rabbits) are exposed to the substance to
be tested, within an adjuvant mixture. The exposure is done by intradermal injection or
epidermal application and the immunological responses are studied up to 14 days after
which the animals are re —exposed to the substance (EC 2008a). The extent and degree of
the response is compared to the control animals and if at least 30 % of the test group
shows positive response, the substance is classified as Sensitizer Cat 1, H317: Skin

sensitizer (ECHA 2009).
1.3.4.3. Risk communication example 3: Biodegradability and bioaccumulation
The biodegradability and bioaccumulation tests have a central role in eco-toxicity

assessment. In the tests defined as “ready biodegradability” the degradation is determined

from Dissolved Organic Carbon (DOC), CO, formation, oxygen reduction and / or



23

substance quantity reduction (EC 2008a). The proportion of the substance degraded
during 28 d will define if the substance is considered readily biodegradable. In case at
least 70 % of the substance is degraded during the period in any of the biodegradability
tests, the substance is considered biodegradable and does not need to be classified under
any of the categories indicating chronic effects to aquatic environment; Chronic Cat 1-4
and H-statement H410: Very toxic to aquatic life with long lasting effects, H411: Toxic to
aquatic life with long lasting effects, H412: Harmful to aquatic life with long lasting
effects or H413: May cause long lasting harmful effects to aquatic life. The final
classification will comprise the aquatic toxicity evaluation, which is not included in the

scope of the present examples (Figure 2) (EC 2008a, ECHA 2008).

In case the Octanol-water partition test gives a result of Kqu< 4, the substance is not
bioaccumulative and does not need to be assigned the H413 H-statement above (Figure 2)
(ECHA 2009). In the previous regulation the limit for such a requirement was 3,5 (EC
1999). Furthermore, currently a substance with K, over 4,5 in accordance with REACH
may become classified as very Persistent very Bioaccumulative (vPvB) or Persistent,
Bioaccumulative, Toxic (PBT) (ECHA 2008). Chemical substances with these
classifications need to be authorized in order to be placed on the market in the EU (EC
2006a). K, and biodegradability will therefore form the basis for deciding if the
substance should be assigned the H413 statement (former R53) and/or PBT/vPvB.

(Figure 3).
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Figure 3. The critical values of the biodegradability and bioaccumulation from an eco-
toxicity classification point of view. A degradation by 70 % of the studied substance
within 28 d is the limit used in the classifications according to former and also according
to CLP. For the bioaccumulation K,, values of 3,5; 4 and 4,5 are limits in the
environmental risk classifications (R-phrases, Hazard statements, PBT classification). In
the gray area the environmental risks are not considered relevant but in the areas in which
biodegradeation is below 70 % and the K., exceeds 3,5 the classification R 53, H413 or
PBT /vPvB are applied. (ECHA 2009, ECHA 2008). * T for toxicity is defined in
separate tests.

1.3.4.4. EH risks of products

Products may contain many substances, which bear H-statements / R-phrases. Depending
on the risk associated with substances and on the concentrations of these substances in the
product, the adequate risk classification for the whole product is defined. The risk
classification will define the warning label for the end product. The rules for the risk
classification of the products are not straightforward and only the basic criteria related to
example risk communications above are presented. The generic rule for concentrations
triggering a warning label requirement for the product in the cases of acute toxicity

categories 1-3 (H 300, H301) is 0.1 w-% and in the case of acute toxicity category 4 (H
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302) 1 %. When the substance becomes classified as Sensitizer Cat 1, H317 the trigger
concentration is 1 %. However those products, which may become in contact with
previously sensitized persons the trigger concentration becomes 0.1 %. Finally in the case
of substances, which are classified as with Chronic categories 1-4, the generic trigger

concentration for the “dead fish and three” is 25 w-%. (EC 1999, ECHA 2009).

1.3.4.5. Environmental indicators

A multitude of environmental indicators are commonly used to visualize the sustainability
of a product or service. Sustainability, in turn, refers to sustainable development, which
refers to development that meets the needs of the present without compromising the
ability of future generations to meet their own needs (UN 1987). Accordingly, this
reflects onto the requirements for raw-material consumption and for prevention of
pollution, but also to well-being and welfare of society. Hence, the total EH impacts of a
product, and the risks associated with all the chemical substances as components are an
important element in sustainability. The product Life Cycle Assessment (LCA) of
products is an increasingly important approach for communicating the total of the EH
impacts from raw-material production to product and finally to waste i.e. including all the
EH impacts associated to the different stages of the life cycle (Antikainen 2010).
Accordingly, the grand total of the criteria compound emissions is a central factor in LCA
(ISO 2006). Evidently, the LCA is not limited only to chemical risks, but includes such
factors as land usage and energy depletion, which are inherently tied to sustainability of
the products. When the assessment concerns only the criteria compounds related to the
climate change i.e. Green House Gas (GHG) the total emission of these gases is

communicated as Carbon FootPrint (CFP). The other indicators, which may be
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considered to represent alternative routes for risk communication, include Ecological
FootPrint (EFP), which focuses on raw-material consumption and land usage during
product life cycle. The Water FootPrint (WFP), instead highlights the aquatic pollution
and water consumption. The last example, the Material Intensity Per Service unit (MIPS)
summarizes all the materials, renewable and non- renewable, consumed in production of a
product or a service. All these footprints summarize selected environmental impacts of a
product or service throughout their entire life cycle; the water footprint defines the water
consumption volumes for the defined product and the ecological footprint gives the
indication as surface area of aquatic environment and land, which is required for the raw-
material and product production and for the waste treatment with reference to the product
unit studied. Another way of expressing the material consumption is used in MIPS, which
shows the amount of non-renewable and renewable resources consumed during the
product life-cycle (Antikainen and Mattila 2010). Concluding, the above indicators
emphasize specific areas of and, hence, inevitably also exclude part of the EH impacts

(Figure 4).

Ecological footprint
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Energy
depletion
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Figure 4. Life cycle impacts on resources (water, renewable, non-renewable, energy),
environmental changes (climate change, acidification, euthrophication, ozone layer, eco-
toxicity) and health impacts as included in different environmental indicators (CFP, WFP,
EFP, MIPS) and LCA (Mattila 2009).



27

1.5. Chemical risk reduction in product development

1.5.1. The regulatory framework

Regulatory restrictions may be interpreted as the authorities’ reaction to the information
obtained on the chemical RA as shown by the examples (Chapters 1.3.4.1 and 1.3.4.2)
where the global bans for CFC and TBT are presented. In addition to regulatory demands
which actively may ban a substance already on the market, the BPD and PPPD may ban a
substance simply by not approving it suitable for the EU market. In the case of PPPD ca.
7 % of the substances have not passed the review process (EC 2009a). On the other hand,
the product specific regulations of, e.g. cosmetic and food commonly have lists of
substances permitted in the defined usages and the removal from the list is a definitive
ban (EEC 1976, EC 1995). The restrictions may also concern a whole group of substances
in specific products e.g. ban on CMR substances exclude them from any consumer
preparations (EC 2005). Furthermore, the criteria compounds are a common target for
restrictions as is the case in the VOC restrictions in paint products and restrictions on
VOC emissions from a manufacturing unit (EC 2004, EC 1999). Hence, the regulatory
restrictions cover the entire supply chain of chemicals (Figure 5). In addition to the
restrictions, the authorities may use financial tools, such as taxes and fees, but these are
beyond the scope of the current study. Furthermore, the local procedures for the
environmental permissions for production and international agreements concerning the

logistics are not examined.
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Figure 5. Examples of the regulatory framework along the supply chain from raw-
materials and the placing on the market of the substances to product specific restrictions
on the composition and to residuals, emissions and other by- products.

However, the official restrictions are not the sole guidance given for and taken by the
chemical industry. Firstly, the companies do not necessarily wait until a regulatory
restriction is enforced but they may implement the future regulation in advance i.e. to take
“early adapter” actions in the development. Secondly, reducing chemical risks has an
important role in the product marketing e.g. the marketing phrase “free of a substance “ is
widely used as are also more multidimensional and specific eco-labels. Thirdly,
reducing chemical risk is an important part of company policy which also influences

company image and profile amongst stakeholders.

1.5.2. Early adapter approach

The chemical industry follows the preparation and revisions of the regulations concerning
their own products, raw-material base or the production process requirements. The actual
enforcement and implementation of a regulatory instrument may take decades, but the
early adapter or first mover will implement the requirements in their own products and
processes proactively. The definition of early adapters is well ingrained into the
marketing and strategy literature and refers to actors who introduce new innovations to

the market (Kerin et al. 1992). Currently, the early adoption approach has also become
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part of the context of implementation of environmental regulations. The early adapter
approach in this context can be argued to stem from economic and ecologic
considerations and to be in line with the Porter hypothesis, which proposes that the early
adapter may get competitive advantages by the introduction of the new technology
(Frohwein and Hansjiirgens 2010). Indications of approaching regulations or changes are
e.g. authorities’ working documents or studies such as recent review on paint directive
2004/42/EC of Tebert et al. (2009) or the revisions of the substance lists e.g. candidate
list for Substance of Very High Concern (SVHC) in REACH or list of priority substances

under review in the Water framework directive (ECHA 2010, EC 2008f).

1.5.3. Eco-label criteria

The eco-label organizations set specific criteria for the sustainable composition and EH
impacts of a product. By fulfilling the defined criteria, the company may buy a right to
use an acknowledged label in their product marketing (RAL 2010, NE 2010, EU 2010).
In the criteria defined substances, groups of substances or substances bearing a defined
hazardous property may be restricted. This is exemplified by different eco-label criteria
and the regulations on interior paint products (Table 4). Eco-labels may well be

considered as an incentive to go for early adoption development.
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The development requirement for an eco-labeled product may be triggered by the change
in the Eco-label criteria e.g. a change in the VOC restriction, an up-date in the biocide

positive list or by a change in the substance’s risk classification (H-statement / R-phrase).

1.5.4. Company policies

The company policies may refer to global ISO 14000, EU’s Environmental Management
and Auditing Scheme (EMAS), Responsible Care (RC) or Occupational Health and
Safety Assessment Series (OHSAS). The first two are in line with one another as EMAS
refers to ISO 14000 and their emphasis is clearly in the environmental impacts of the
company or production unit (ISO 2004, EC 2003). On the other hand, OHSAS focuses on
the occupational safety in a production unit (OHSAS 2011). This perspective is also a
central part of the Fair Trade criteria (FTS 2009). Both the environmental and
occupational views are included in RC, which is an international chemical industry
initiative (ICCA 2008). It is implemented and followed in cooperation between the
national industry associations and companies (RC 2010, ICCA 2008). All these initiatives
strive to a definition of company specific tangible indicators for environmental and/or
occupational health and safety performance, and a system for auditing and
communicating the development of the environmental performance (ISO 2004, EC 2003,
ICCA 2008). The impact of these tools on the product development may be seen in the
attempt to improve the performance indicator value by reducing the usage of hazardous

or harmful substances i.e. substances with defined risk classification or the emissions of
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criteria compounds (EC 2003). On the other hand, the performance indicator may refer to
sustainable technologies such as eco-labeled product prevalence in the product portfolio

or share in sales volumes (EC 2003).

1.5.4. Profitability of chemical risk reduction

The reduction of risks of chemical substances and their product development is either
obligatory or economically favorable to the industry. To be economically profitable, the
revenues from the developed safer substance or product must exceed investments in their
development within an acceptable timeframe (III). However, it is evident that the costs
associated with placing on the market of a new substance may even become an obstacle
for product development of substances such as biocides or products thereof (I). On the
other hand, the revenues of the developed safer substance or product are not only due to
the sales of the specific new substance or product, but the revenues may include the early

adapter benefits and improvement or the environmental performance of the company.

It is evident that chemical substances and products thereof are currently in a dynamic
situation with reference to risk assessment, risk communication and risk reduction. First,
the present implementation of REACH and BPD will generate a significant amount of
new data on chemical risks (EC 2006a, EC 1998). Second, the new and existing data will
be communicated according to new CLP regulation (EC 2008e). Furthermore, there are
clear development needs and also initiatives to further develop the LCA and

environmental indicators to improve the communication of the sustainability and EH
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impacts of products (Antikainen 2010). Third, the chemical risks reduction is not a
monopoly of authorities, but also consumers demand information on the chemicals,
which are used in everyday life, which reflects also to buying decisions. Parallel to this,
the companies and industries aim at improvements in their environmental performance
(EC 2003, RC 2010). Thus, a learning process is ongoing, where the outcomes depend on

how each party eventually interprets the data on chemical risks.
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2. AIM OF THE STUDY

This thesis strives to identify the potential unintended outcomes of chemical risk reducing
regulations and other policy instruments with reference to biocides and biocide
applications. Evidently, the need to reduce the risks of chemicals to the environment, the
user and the consumer is clearly called for in these applications as well as in other
products of the chemical industry. However, due to interactions in biocide applications,
the outcome is not easily predictable (Figure 2). An attempt to reduce a chemical risk in
these applications leads inevitably to changes in the physico-chemical composition of the
application. The changes in the physico-chemical composition, in turn, will influence the
ease at which a particular raw material, process of product becomes susceptible to
microbial attack i.e. the application may become increasingly biodegradable. This is
particularly evident when the chemical composition of the biocide is changed.
Consequently the change in the chemical composition of the biocide application may
render the final application more susceptible to microbial deterioration, i.e. increase the
microbial risk. A change in the susceptibility of the raw material, process of product to
microbial deterioration therefore leads to a need to change the biocide. This, again, will
change the chemistries present in the application, which means that also the chemical
risks are changed. Moreover, even in a static situation with constant chemical (incl.
biocides) composition, contaminating microbes may develop increased resistance to the
biocide, which is also a manifestation of microbial risk. Concluding, when the regulatory

instrument is implemented to reduce the chemical risks of a biocide and the application in
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which it is used, the interactions between the chemical composition and microbial species

will impact the final outcome.

Accordingly, three potential scenarios concerning attempts to reduce chemical risks in
biocides and biocide applications are presented, namely regulatory initiatives which lead
to 1) a static situation with fixed biocide composition, 2) increased microbial risks, and 3)
increasedchemical risk. The final aim is to 4) propose tools to avoid the unintended
outcomes. To address these issues this thesis will set the following Research Questions

(RQ), namely:

RQ 1; A static situation. Which are the market drivers and regulatory bottlenecks
associated with a possibly stagnated development of biocide Active Substances (AS)
currently and in the future? A static situation is clearly not an intended outcome for
regulatory instruments, which aim at enhancing the development of chemical substances
and products thereof. Furthermore, in the case of biocide applications, the risk of

development of resistant species may increase with the usage of a constant AS selection.

RQ2: Increased microbial risk. Which of the currently implemented regulatory drivers of
substances other than biocides, guide towards increasingly susceptible raw-materials,
products thereof or to increasing risk of the development of resistant microbial species?
The number of biocide applications is vast and consequently these applications are
influenced by also other regulations on chemical substances and not only by regulations

targeting biocides specifically. Evidently, these regulations will also impact on the
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chemical composition of the biocide application and hence, may change the product or

process susceptibility to microbial degradation.

RQ 3: Increased chemical risk. Which factors may lead to increased chemical risk
associated with an elevated need for use of biocides as a consequence of chemical risk
reduction and consequent increases in microbial risks? The comparison of different

chemical risks associated with alternative product technologies is also addressed.

RQ 4: Guidance toward reduced chemical risks. Which are the tools for avoiding the
unintended outcomes? The whole chain from the chemical RA requirements to chemical
risk communication and to risk reduction tools, which triggers new development, is
examined to highlight the sources for a possibly unintended regulatory driven outcome.

Consequent corrective actions are then proposed.
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3. METHODS AND APPROACH

The focus area of the current thesis is on the guidance tools, which aim at reduced
chemical risks associated with biocides and biocide applications and the chemical
substances and products thereof in these applications. Moreover, the unintended results of
the guidance, such as stagnation of the new substance or product development, increase
of microbial risk or chemical risk, and the reasons behind such unwanted end-results are
analyzed (Figure 6). The themes are approached in 5 publications (I, II, III, IV and V) in
which the research methods are case studies (IV and V), interview (II and III) and
profitability analysis (IIT). All publications stem from setting a regulatory platform (I)

with original data on the current regulatory EU framework.

Chain of interpretations from
chemical RA to official and
voluntary regulatory guidance
towards reduced chemical risks
and finally to chemical product
development. (I, IV, V)

Stagnation of new substance
and / or product
development (I, IL, TIT) RQ 1

Increasing microbial risks in
the substances and/ or in
products thereof and /or in
production processes. (I, IV,
V)RQ2

Increasing chemical risk associated with
the substances and/ or products thereof and
/or production processes. (V) RQ 3

Figure 6. The focus areas of the thesis. The aims of the thesis with reference to each focus
area is indicated as the chain of interpretations of chemical risks which are ingrained into
each of the three aims and research questions (RQ)
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3.1. Case studies approach

First, the drivers of biocide development throughout the supply chain (Figure 5) were
explored (I). Second, the regulatory guidance towards biodegradability was evaluated
(IV) by approaching a supply chain with reference to regulatory guidance, which is
interpreted as leading to increased microbial risk. The publication I formed a platform
document for the further studies. In both the platform document and the case study,
official and voluntary criteria were divided into criteria, which focus on the substances
along the supply chain a) as raw-materials to be placed on the market, b) as product
components and c¢) as by-products (Figure 7). The attempt was to elucidate the future
challenges related to the control of the microbial risks in chemical products; namely on
product properties which drive towards increased susceptibility and, on the other hand,
the status of the biocide selection available to meet the future needs. The results for I and

IV lead to formulation of the questions in further studies (publication II, IIT and V).
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Figure 7. A supply chain perspective on the regulations was used as the basis of
interpretations of the platform document (I) and the case studies (IV) (Figure 5, chapter
1.5.) to examine the regulatory influence on biocides development and on the end results
of the efforts towards development of increased biodegradability of substances and
products.

The third case study (V) combined the results from the previous studies of the biocide
development (I, II, IIT) and on increasing biodegradability (IV). Study (V) focused on
comparing the chemical risks associated with product technologies and on avoidance of
the development of microbial resistance to biocides. More specifically the focus of the
chemical risk comparison was on paint product technologies, which represent an industry,
where the implementation of REACH is ongoing, with experiences also from previous
regulatory activities such as BPD, and where experience has therefore already been
gained. Moreover, the paint industry is a global industry, with very different
environmental and demographic challenges depending on the location. Finally, the
logistics and supply chains of paint products technologies extend from industrial to
developing countries, where the drive towards biodegradability and sustainability is not
necessarily under the jurisdiction of EU regulations. The relevance to industry operations
with reference to e.g. annual production volume and relevant biocide preservation was

verified by a paint industry representative as such data is not publicly available in

scientific literature or other sources (V). The instructions for avoidance of the
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development of microbial resistance to biocides were composed by benchmarking the
WHO guidelines for control of development of antibiotic resistance in clinical use (WHO

2001).

3.1.1. Case study methodology

A case may be described as a bounded system, which may either present intrinsic cases;
special and notable as such, or instrumental cases, which are used to exemplify selected
issues (Stake 1995, Miller and Salkind 2002). Case studies are commonly used in
political and legal studies and in examination of contemporary phenomena (Miller and
Salkind 2002, Tellis 1997, Yin 1981). In the present thesis the platform document on the
EU regulatory framework and biocide development (I) and the resulting implication of
increased biodegradability (IV) may be described as instrumental cases as their attempt is
to present the current trends concerning the chemical industry at large by using focused
case-examples. The platform document (I) may also be defined as an exploratory case
study, which refers to data collection prior to further research (Tellis 1997). Study (V)
focused on comparing the chemical risks associated with paint product technologies
represents an intrinsic case study approach as a case itself can be argued to bear the main

message.
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3.1.2. Case study limitations

The basic question related to the case studies is: How relevant is the result given by the
single case in any larger context ? (Yin 1981, Tellis 1997). Accordingly, the case studies
focus on the presented RQs by supply chain approach, which is structured to resemble
any chemical industry segment (Figure 5). Furthermore, the case study approach is
considered justified in the present research of contemporary phenomena (ongoing
regulatory implementations) in real life context (chemical industry), in a situation, where
the context and phenomena cannot be clearly separated nor can they be experimented on

(Yin 1981).

3.2. Interviews

3.2.1. Interview methodology

Interview methods are commonly divided into structured (questionnaire), half structured
(theme interviews) and unstructured (Hirsjdrvi et al. 2000). Altogether 25 interviews
with 31 persons were conducted (II, IIT). The majority, 16 total were oral theme
interviews and the rest, 8 total, responded in writing to the questionnaire, with one

exemption (Anon 2008).

The main emphasis was on the oral theme interviews, which were conducted personally.

In such a setup, the interviewee has clearly the central role (Hirsjdrvi and Hurme 2000)
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and the situation enables flexible conversation. This openness, in turn, may even be seen
rather as data generation than data collection (Manson 1996). However, despite the
openness and flexibility of the theme interview, the interviewer leads the conversation
according to his/her agenda. One essential factor for creating the described situation is
trust (Chirban 1996) and, hence the confidentiality was emphasized in conducting the
interviews and analyzing the data. Accordingly, the data was handled anonymously and
before the data was published, the interviewees had the possibility to comment on the

text.

All the oral interviews were recorded and transcribed, after which the replies were
combined under each question. The majority of the orally presented questions were the
same as in the questionnaires, for which written replies were given. The replies for the
same question were treated equally with no bias to the oral or written formats. In the case
of the oral interviews, some were open theme questions, in which the replies required
dealing with a large amount of text. After the transcribing and combining, the replies
were double filtered to identify the main points. The topics of the questions are presented

in table 5



Table 5. Interview themes and use of data
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Themes Information gathered | Role of information in the interpretation of
data of interview data
Company Size, regional
information activity, role of Evaluation of the relevancy of replies in terms
biocides in business of experience of the interviewee and the
Interviewee Working experience | company activity with reference to biocides.
information with biocides
BPD Opinions on Achieving up-to date perspective of the
Implementation | possibilities of BPD | implementation of the BPD
for achieving set
targets Evaluation of significance of the out-phasing
Evaluation of the of AS due to BPD and needs for a new biocide.
impacts of the BPD To obtain industry views on other regulations
on biocide offering in order to suggest concrete models for
Comparison of BPD | improvements.
to the other
regulations.

Need for new
AS

Opinions on
applications, for
which new biocides
are needed
Specifications for
new AS development

Up-to date views from biocide suppliers and
users to complement literature available on
new biocide AS needs in applications.

Properties considered important for a new
biocide

Feasibility of Technical Obtaining current views from the biocide
new AS perspectives industry on the technical possibilities for
development developing a new biocide AS
Achieving an evaluation of the development
Cost estimations cost structure and regulatory requirement
thereof
Enhancement Views on functioning | Achieving industry perspective of the possible
of new AS of regulatory tools, ways to activate development

development

need for research
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3.2.2. Research population

The interviewees were carefully selected, as the main emphasis was in the quality of the
responses and on the expertise of the interviewees instead of the number of respondents.
The expertise of the interviewees was considered to be very high, as the majority of
interviewees represented members of International Biodeterioration Research Group
(IBRG), which is an OECD-based organization dedicated to research on industrial
biocide applications (IBRG 2009). The members represent large companies producing
biocides, and companies using biocides, as well as members form academia, Non-
Governmental Organizations (NGO) and service providing companies specializing in
microbial control. The rest of the interviews were conducted amongst the Finnish

chemical industry using biocides and in two NGO’s based in Finland (II, III).

3.2.3. Limitations of the interview study

The limitations of the interview study are related to concept validity, selection of the
interviewees, content validity and accuracy in transferring of the information (Hirsjérvi
an Hurme 1993). Here, the concept comprises the problem setting and framework for the
interview, while the content refers to interview formulation including the questions and
themes. Further, the errors in transferring the recorded responses to the written form
affect the accuracy. Finally, the selection of the interviewees plays essential role; the

number and the background of the persons need to be carefully considered. These factors
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and the associated limitations thereof are recognized and discussed in detail in

publications II and III.

3.3. Profitability analysis

The Net Present Value (NPV) was used for the profitability analysis of a new AS
development (Equation 1). Here the attempt was to test the conditions in which the new
AS development would become profitable during the economic life time of the AS (T in
Equation 1). The conditions tested were 1) net cash flow from the new AS sales (c in the
Equation 1), which was varied between 5, 10 and 20 % and 2) market shares, which are
achieved with the developed AS (s in Equation 1), for which values 0.3 and 0.4 % were
tested. The sought outcome was the payback time when the summarized yearly NPV
equal to the investments in developing the new AS. The value for investment on the new
AS development (I in Equation I) was based on the literature but it was reassessed and
further analyzed in publication II. The other limitations on the present method were

recognized and further discussed in the publication III.
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Equation 1: NPV (III)

Ip = R&D investment
T = economic life of the Al to be developed
D, = demand of biocides in Europe in year T

Le-s D, s = market share of the Al to be developed
NPV:IO+Z(1+F)I P
1=1

Q) ¢ =net cash flow as a percentage of annual sales

r = discount rate
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4. RESULTS AND DISCUSSION

4.1. RQ 1: Stagnation of biocide AS development (I, II, IIT)

The industry claim of regulatory bottlenecks hindering the development of a new biocide
AS was evaluated by analysis of the current regulatory framework on biocides (I),
evaluation of the profitability of the development of a new biocide (III) and by interviews
of biocide producing and using industry representatives (II). Concurrently, also the needs

for the properties of a possible new biocide AS were assessed (I, II, III).

New safer biocide chemistries are called for especially for use in exterior coatings, in
wood preservation, in antifouling applications and as replacement of FR in in-can
preservatives (I, III). However, despite these clear demands, new biocide AS
development does not seem to attract industry interests as stated by producers and users
of biocides (III). The economic bottleneck is clearly the estimated 2.2-3.5 M€ costs,
which are largely result from the regulatory demands of the BPD for compliant RA of
new chemical product development. More specifically, the evaluated 2.4 M€ investment
in the in vivo toxicity tests presents an undeniable obstacle as they comprise in excess of
75 % of the total costs of a new biocide AS development and may be a deterrent to
development of new AS. On the other hand, it is evident that new biocide AS are called
for and the payback time within 10 years can be shown to offer an achievable market
share of 0.4 % when the cash flow is 5 % (II, III). Hence, it may be argued, that the

development of safer biocides may become profitable even within the current regulatory
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framework. Yet, the economic risks are evidently larger for the development of
completely new biocide AS than for development of a biocide based on the current AS
selection, for which the requirements in BPD call for investments of 250 000 €, which
remains below 10 % of the requirements on the AS (IIT). The current revision of the BPD
does not address this issue, which, however, is a major bottleneck. Rather the revision
focuses on facilitating the implementation process by giving the European Chemicals
Agency (ECHA) a central role in coordination of the process (EC 2009b). However, the
improved fluency of implementation and specifically the communication between the
authorities and the industry emerged as important issues from the industry point of view
(II). Evidently, the actual impacts of this initiative in improving the fluency of AS

registration remain to be seen.

4.2. RQ 2: Increased microbial risks (I, IIL, IV, V)

Increase in microbial risk is a potential consequence of the chemical risk reduction due to
1) changes in the raw material base and product composition and 2) changes in the

microbial species i.e. increased microbial resistance.

Changes in the raw material base, other than biocides, will result from REACH
implementation and the data requirements related. Here the eco-toxicity tests for all the
substances in the REACH scope include biodegradability testing (Table 2), which. may

become selective criteria for decision if the substance is further evaluated in accordance
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with chemical RA, as higher investments are needed for testing of non-biodegradable
substances than for the biodegradable ones (IV). Furthermore, a substance, which is
shown to be readily biodegradable i.e. of which the microbes degrade at least 70 % of the
substance during the selected biodegradability test, may not become classified as chronic
eco-toxic nor PBT or vPvB (Figure 3). This keeps such substances in the raw-material
base in compliance with eco-labels and (Table 4), they are not required to bear the
unattractive “dead fish and three”- label. (IV) Concluding, the raw-material base is
guided towards increasing biodegradability, on one hand, by chemical RA on eco-toxic
properties, which are defined in REACH and, on the other hand, by risk communication,
which is ingrained into the eco-labels and market driven demand for avoiding the

warning labels (IV).

The restrictions on the VOC emissions of paints were studied with reference to the
currently implemented chemical regulations and are also analyzed in more detail (IV, V).
Here, the guidance towards reduced VOC-emissions from paints has driven the
technologies development firstly to water-borne and secondly to low VOC or VOC-free
products. Both technology shifts increase susceptibility of paints to microbial
contamination. The change from solvent-borne to water-borne technologies creates
completely new challenges in terms of controlling microbial contamination and growth in
water is the most important environmental factor influencing microbial proliferation.
Further reduction of VOC will further increase the susceptibility as VOC include
substances which have antimicrobial properties and reducing these will evidently lead to

further increase in the risk of microbial contamination and subsequent effects of
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microbial growth and deterioration of product quality (IV). The current regulation on
VOC emissions of paints (EC 2004) will be reviewed in the future and the proposals
presented by Tebert er al (2009) may become implemented even though the current
proposal has been concluded to be unfeasible. This would mean an extension to cover
products, such as hairsprays and detergents. Thus, a similar increase in susceptibility to
microbial contamination, which has been seen in the case of paint technologies, may

become an issue for serious consideration also in these products (IV, V).

Changes in the prevailing microbial species in the processes of the chemical industry, or
more specifically, increases in resistance to antimicrobial agents, leads to increased
susceptibility of raw materials, processes and products to microbial risk. The increased
microbial risk and deterioration of product quality, is directly associated with the
continual usage of a constant set of biocides, for which alternatives are increasingly
difficult to find, as the selection of biocides is becoming reduced (I, II, III). Today, based
on the industry interview (III), microbial resistance development is not as yet considered
as important a reason for the new AS development as is the need for reducing chemical
risk. This is also understandable, as there is little evidence to directly link microbial
resistance development due continuous exposure to biocides to the development of strains
with resistance also to antibiotics and similar microbial agents. On the other hand, there is
significant concern expressed in the literature that such resistance may indeed be
evolving in the environments in which microbes are exposed to constant pressure of
biocides. Moreover, the industry may indeed also have to take a different view on this

issue as the current restrictions in the AS selection will become even more pronounced as
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also other regulatory demands are evolving in addition to the restrictions imposed by the
BPD and PPPD. For instance the Water framework aims at protection of the aquatic
environment from emissions from all sources, which may be of agricultural, domestic or
industrial origin. Moreover, the priority substance lists published under this directive will
function as a guidance for avoiding the listed substances and, thus, to out phase the
enlisted substances from the usage. Currently, for example, the available plant protecting
products, which were accepted by the PPPD, will become out phased due to being listed
as priority hazardous substances (I, IV). Similar impacts may be one result of the revision
of BPD as it proposes the possibility to phase out already registered substances in case
they are found to be too hazardous (EC 2009b). The potential for the development of
microbial resistance to biocides is present and, evidently not wanted. On the other
handmany of the tools for controlling antibiotic resistance development in clinical use
may well be applied also to biocide applications more or less directly (V). With reference
to clinical use of antibiotics, the instructions given to patients, dispensers and prescripts
on appropriate use of antibiotics together with the improved clinical and diagnostic
methods for targeted medication may also be very useful for the biocide using industry.
However, this necessitates the development of new, cost-effective and accurate methods
for defining a minimum inhibitory dosing level for biocides to be used in specific
applications. Biocides are commonly added at the maximum permitted dose as testing for
and determining the minimum adequate level of biocides is currently expensive for
product development purposes (Pesonen 2011). On the other hand, sharing the
development costs and industry collaboration may be a powerful tool for opening up new

avenues for the biocide producing and biocide using industry as has been suggested also
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by the WHO for the antibiotics industry. (V). In the case of biocide AS development the
cost reduction and the incentives should strive to promote the development of cost
efficient test methods for chemical risk assessment as a whole, which is currently a major

barrier for new biocide AS development (III, V).

An interesting approach in minimization of both microbial and chemical risks is provided
by non-chemical tools used in control of microbial risks. Their development has an
advantage over the biocide AS development as they are not subject to chemical RA
requirements (I). However, none of the currently available technologies appear to fully
replace the currently used biocides (III). For the time being, neither new AS nor the non-
chemical tools provide perfect solutions and, evidently, the industry is placing most

emphasis on the optimization of the usage of the current biocide selection.

4.3. RQ 3: Increased chemical risks

The attempt to reduce chemical risk in product development by avoiding certain defined
substances with recognized negative EH impacts may lead to an effort to replace such a
substance either partly or completely by another substance in a product formulation.
However, even if the replacing substance is water, this may lead to an increase in
chemical risk as the water-borne raw-materials and products comprise increased
microbial risk, which in turn, must be controlled by a biocide. It may thus be argued that
the substitution of a component with less chemical risk, will create an end-result in which

the chemical risk is increased, possibly reaching the same levels as before changing the
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composition of the product, or resulting in an even higher level of chemical risk. In order
to highlight such increases in chemical risks a comparison of paint technologies has been
examined in the present thesis, where the critical issue is VOC reduction, which is a
major driver for paint technology development today. The EU regulatory restrictions for
VOC are supplemented by voluntary VOC-restrictions set by eco-label criteria and retail
chain purchasing specifications. These VOC-restrictions are not limited to paints but they
also apply to paint raw-material suppliers, for whom even zero — VOC specifications are
not uncommon (Kéhkonen et al. 2007). The regulatory VOC restrictions vary from 30 to
200 g/1, while the voluntary restrictions fall between 700 ppm and 15 g/1 (EC 2004, RAL
2006, BQ 2006, EC 2008, NE 2008). The environmental reason behind the regulatory
restrictions is the role of VOC in atmospheric pollution and smog formation. Notably,
VOC form ground-level ozone in a photo- catalytic reaction with NOx (EC 2004). Ozone,
in turn, is known to cause respiratory disease and symptoms, as well as crop reduction
(Holland and Pye 2006). Surprisingly perhaps, the VOC definition, which is used in the
EU refers solely to the boiling point of 250°C or below instead of the ozone forming
capability, which is the US approach for definition of VOC (EC 2004, Carter 2009). Both
of these VOC definitions apply to a wide range of substances with different kinds of
chemical risks e.g. Methyl iso Propyl Ketone (MIBK), which has harmful properties but
also to Propylene Glycol (PG), which, however, has also been classified as Generally
Acknowledged as Safe (GRAS) and is used even in baby skin care products (OECD,
2010).

In the studied technology comparison case, PG was assumed to be absent from a paint

formulation and therefore biocides are needed to preserve the water-based paint. For the
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present theoretical comparison it was assumed that the biocide system could be the
commonly used combination of 2-methyl-4-isotiazol-3-one (MIT), Chloro — 2 Methyl- 4-
isotiazol-3-one (CIT) and 2-Bromo-2-NitroPropane-1,3-Diol (BNPD) which fulfills eco-
label criteria. The first concern that arises from the comparison is that the risk associated
with the biocide combination may remain unnoticed due to the very low concentrations of
biocides, i.e. 15-100 ppm, in the final product. However, in the annual production
volumes these minor quantities will add up to tonnage level of a biocide AS, which poses
a notable occupational chemical risk (Passmann, 1995). Such levels present a serious
hazard particularly in regions such as in many developing economies, where occupational
safety during production has not received due attention as yet. In addition to
occupational safety, the regional conditions impacting on the production unit and product
usage should also be taken into account when comparing chemical risks of paint

technologies.

The possible risks associated with either a PG containing paint or an eco — label
compliant but biocide containing paint were compared (Table 6). More specifically, the
possible outcomes of such different paint product technologies were examined with
reference to generally accepted views from the literature (e.g.Fernandez-Redondo et al.
2004, Maier et al. 2009, o’Driscoll and Beck 1988, OECD 2010, Carter 2009, Holland
and Pye 2006) , namely: 1) the risk to ozone formation increases along with increased
NOx emissions, which depend on regional traffic density and combustion sources in the
region where the PG emissions are generated, 2) The health impacts of the resulting

ozone depend on the density of population in the region and the environmental impacts
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depend on the proximity to agricultural production areas. Hence, it is justified to propose
that the risks related to PG become elevated in regions with high density of traffic and
population. On the other hand, it may be proposed that such an outcome equals the
occupational risks related to use of biocides, which depend on the occupational safety
standards applied in the production. Evidently, it can be deduced that the developing
economies face specific challenges with reference to the final chemical risks associated
with either increased VOC emissions or increased concentrations of biocides (V).

Table 6. The comparison between the EH impacts of PG and biocides. The impacts are
divided in to mechanisms, EH impacts and the factors influencing the EH impact.

Compound | Hazard Impact EH impact | Factors influencing
indications | mechanism
PG VOC Atmospheric Respiratory | Proximity from the NOx
pollution, ozone diseases, sources (traffic, city
formation in the crop centres)
photocatalytic reduction® Speed of degradation
reaction with before the reaction
NOx
Biocides R23/24/25- | Occupational Allergy, Occupational safety
(CIT/MIT | 34-43-50/53 | exposure to disability to | practices (e.g.
and R21/22, human toxins continue application of OHSAS®,
BNBD) R37/38-41, work® National regulatory
R50° requirements)

a (Holland and Pye 2006), b (RH 2004), ¢ (Fernandez-Redondo et al. 2004, Maier et al.
2009, o’Driscoll and Beck,), d (OHSAS 2011).




56

Understanding the actual risk mechanisms and the factors influencing the risk associated
to critical compounds, such as VOC and biocides, is crucial when chemical industry
product development aims at a total reduction of chemical risks. This becomes evident as
the production conditions as well as the usage conditions influence the total risks
associated with a product. As a conclusion of the present comparison, it is evident that it
is not possible to define a specific paint composition, which would pose minimum total

risks under all local production and usage conditions.

4.4. RQ 4: Regulatory guidance tools in chemical product development (I, III, IV, V)

Chemical product development, which aims at reduction of chemical risk may be
presented as an outcome of one part of the chain from chemical RA to risk
communication and further to risk reducing guidance, and finally to risk reducing
activities in chemical product development (Figure 8). More specifically 1) chemical RA
is comprised of defined toxicological and eco-toxicological tests (Table 1, Table 2), and
risk classification, which is 2) communicated with the H-statements (R-phrases) (Table 3,
Figure 3). Furthermore, criteria compounds are those substances, which have been
presented as responsible for an environmental impact. These classifications and criteria
compounds are reflected in the 3) risk reducing tools, such as eco-label criteria (Table 4),
environmental policies of companies, and official restrictive action. As an outcome of
this chain, product development will aim at reducing or totally replacing a substance.
Moreover, also the unintended outcomes, which have been presented, stem from this

chain.



57

Risk reduction guidance tools . ) ) )
. I Risk reducing actions in
Risk communication

Regulatory product development
Risk assessment i R-phrases/ - Autorization, restriction (e.g.
A H- \ CMR, PBT, vPvB, VOC) Gy
- invivo L. i Y u stazce
P statements - reduction
- invitro i .
- insilico - Warning ¢ ey - - - complete
label ~ eco label (incompliant risk 4 bstituti
- epidemological classes) substitution
concentr.

- environmental

avoidance of warning label
avoidance of a substance
company policy (EHS
performance indicator)

Criteria

Figure 8. The chain from chemical RA (e.g. in vivo, in vitro) to risk communication (e.g.
H-statements, P-statements) and to risk reduction means (regulatory and voluntary)
(ECHA 2008, EC, 2005 EC 2006a, EC, 2010a, EC 2003, I, IV, V).

The required in vivo tests in chemical RA have created an economic burden, which has
effectively become a bottleneck for the development of biocides with reduced chemical
risks and/or with improved efficacy against resistant microbes. Thus, development of new
biocidal AS can be enhanced by reducing costs of toxicological methods needed for
chemical RA (Table 1). Such efforts may also lead to reduction of in vivo tests on
vertebrates, which is clearly a desirable outcome (I, II, III). The same outcome is one of
the targets of REACH and even more so for the cosmetics directive, which bans
vertebrate testing for cosmetic products and raw-materials. Hence, the call for alternative

testing in vitro and in silico tests is evident.

The EU definition for VOC, which refers to a boiling point below 250°C of a substance,
is a concrete example of risk communication, which may mislead product development.
A replacement of PG by propanoic acid, 2-methyl-, monoester with 2,2,4-trimethyl-1,3-

pentanediol would enable to call the product as VOC-free according to the EU definition
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despite the fact that both substances have similar properties and risks associated (V). It is
evident that such an ambiguous definition may drive the development of substances and
products thereof towards compliance with the boiling point requirement rather than
towards reduced ozone formation, which should be the aim in the VOC reducing
activities. Such “loophole technologies” can only be avoided when those responsible for
the development work acknowledge the actual risks associated with the substances
including the factors which impact on their total risk. Evidently, however, the regulatory
definition of a criteria compound must fulfill many requirements such as being
reproducible and practical in addition to correlating with the actual impact of the

substance as specifically as is possible.

The regulatory and voluntary guidance towards reduced chemical risks, such as REACH
eco-toxicity test requirements together with negative value creation for the non-
biodegradable substances (PBT, vPvB authorization, eco-label incompliance, warning
label requirement) and VOC reductions on paints, may lead to preferences towards
biodegradable and water-borne raw-materials and products (Figure 9). These directions
are inherently tied to increasing microbial risks in raw-materials and products thereof as
well as in production processes. The microbial risk may be a new factor concerning a
product when it comes to changes such as solvent-borne paint to water-borne one.
However, also less evident changes, such as further decrease of VOC in water based paint
and/or change of a raw-material to more biodegradable one, may lead to unexpected
microbial spoilage of the raw-materials, products and processes. The consequent waste

creation, cleaning requirements and exposure to contaminated materials in the production
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and in the end usage, may create increased EH impacts. Evidently, thiscontradicts the aim
for chemical risk reduction, which specifically aims at reducing EH. . Hence, it may be
argued that the magnitude and the likelihood of microbial risks should be included as one
factor when evaluating the outcomes of a regulation or voluntary instrument, which
promotes a shift towards water-borne and/or biodegradable raw-materials and products

thereof.

Microbial risks A
® occupational
® consumer health

® environmental impact

Minimum of the chemical and
microbial risks in total

/

Chemical risks

v

® occupational
® consumer health

® environmental impact

Figure 9. Microbial and chemical risks with reference to biocides usage. The reduction of
the chemical occupational, consumer health or environmental risks may lead to increase
of microbial risks in products and processes where biocides are used (I).

A straightforward guidance to reduce risk associated to one specific substance may lead
to a situation in which another risk associated with the replacing substance increases. The

comparisons of the environment and health risk associated with different substances and

products thereof are not straightforward to make and many factors affect the certainty of
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the result. These factors, which were pointed out in the paint comparisons (V) may be
summarized to be related 1) to the definition of the exactness in inventory of the inputs in
the production and in raw-material production processes and the outputs of the
production and usage and 2) to the basic data on the environmental and health impacts
related to product composition and substance inputs and outputs (Figure 11). The
composition of the product, which is to be evaluated for chemical risks, can certainly be
defined as accurately as is necessary. However, the minor components, such as the
biocides, may be unintentionally excluded due to their low concentrations at this stage.
Moreover, as the production and usage stage is reached, the major inputs and outputs can
be defined, whist the minor components may again, become excluded. Furthermore, at
these stages some of the inputs and outputs, such as energy, water, criteria compound
emissions etc. are used and created by also other activities of a manufacturing facility,
which is typically operating several product lines. Hence approximations are commonly
used in inventory of the inputs and outputs. Even more approximations may be necessary
when the inputs and outputs from the raw-material (and their raw-material) production
are included. Moreover, the EH impacts of the outputs, such as emissions, vary
according to the regional population and other emissions (V). In addition, the EH
impacts of the substances, also comprise uncertainties (Figure 10). Much of the EH data
is still not available and the available RA data is mainly based on different models, which
approximate the impacts on humans and in the environment. Accordingly, it is evident
that the complete life cycles of the substances and products thereof must be assessed in
order to achieve the intended improvements in product technology and to avoid the

unintended increase in chemical risks (V). Accordingly, the choice for the best
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sustainable product composition should take into account the conditions in the production

and usage of the product and its raw-materials.

Outputs

Outputs -
usage

Outputs-
production

Composition EH

impacts*®
Inputs-

production

Inputs-raw
material
production

Intputs Verified eco-toxicity Toxicity / eco-toxicity Missing data on
models, data on human  based on models (In vivo / toxicity /
exposure in vitro / in silico) Eco-toxicity

Figure 10. Certainty (orange color) and uncertainty (gray color) in the product
comparison with respect to environmental and health impacts. The uncertainty increases
in inventory of inputs and outputs when receding from the product composition and when
using data from models instead of findings based on actual exposure. *EH =
Environment and Health (V).
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5. CONCLUSIONS

Chemical risk reduction is an essential demand when moving towards more sustainable
products and production processes in many industries from electric and electronics (EC
2002a), to agriculture (EC 2000, EEC 1991). Evidently, in the chemical industry the
chemical risk reduction is a dominating factor in any development towards improved
sustainability. Many of the actual changes towards sustainable products take place in the
product development, where the criteria from the different guidance such as regulatory
restrictions, eco-label or company environmental performance indicators, is transferred
into the specifications for the developed product. However, as elucidated by the present
study, there is no universal product composition, which would result in minimum total
risks under all the production and usage conditions. Consequently, the product developer
is a key person who should be able to compare the EH risks associated to alternative
product compositions for the intended production and usage conditions. On the other
hand, when the raw material sources (suppliers, production units) are to be selected, the
key persons are evidently the purchasers. In general, the current guidance towards
improved sustainability in different industries focuses more attention on environmental
impacts, while occupational risks tend to have a minor role in public discussion (Hassim
2010) even through the occupational safety perspectives are considered in REACH and
socially responsible public procurement has recent guidance (EC 2006a, EC 2010 ). The
choice between the occupational risks and the environmental risks was examined in the
present thesis by comparing the environmental risk associated to PG and occupational

risks of biocides. Evidently, the biocides are not the only causes of occupational risks, but
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due their minor content in many applications, they may be easily excluded from critical
evaluations and analyses. Interestingly, this comparison is similar to the current
discussion on the technology shift from incandescent light bulbs to fluorescent lamps in
accordance to compliance with the EU eco-product design directive. The specific
challenge with reference to these products is the evaluation of the occupational risks of
handling mercury by workers in China in the production of the new lighting technologies
vs. the push towards resulting energy savings in the EU (Hashash 2009). Consequently,
when aiming at improved sustainability, the developers, those responsible for the scale up
to production and those responsible for purchasing of the raw-materials should be fully
aware of the basic risks related to chemicals and the factors, which may influence these
risks. The product safety data needs to be scaled up to production safety data and the raw-
material production conditions must be included in raw-material safety data in order to
achieve total improvement in sustainability. Recently, it has also been documented that
the education of chemists is inadequate with reference to issues related to sustainability
(Hall and Howe 2010). Hence, the first conclusion of the current thesis is that the
education of those responsible for chemical product development and production scale up
as well as for purchasing should comprise the basics of chemical risk assessment, risk
communication and risk reducing tools. Ideally, education on the regulatory aspects of
chemical risks should be included in the chemistry programs of higher education

institutions within the EU.

Microbial risks will be an increasingly important concern in the chemical industry due to

regulations, which aim at reducing chemical risks. On one hand, the shift toward water
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based technologies and biodegradable raw-materials will increase the susceptibility of the
product to microbial contamination. On the other hand, continuous selection pressure by
antimicrobial agents, such as biocides, may result in the development of microbial
resistance. In the first case the shift towards increasingly susceptible raw-materials due
to biodegradable raw-material base must be accepted as the substance degradation is
essential in avoidance of the EH risks associated to persistent chemicals accumulation in
the nutrition chain. This guidance concerns all chemical products and not only the biocide
applications, which are the focus of the present thesis. In fact, this trend will introduce
new products and processes as biocide applications due to increasing use of
biodegradable raw-materials. However, biodegradation before the end of the product life
cycle is spoilage, which also causes EH risks. Consequently, the second conclusion of
the present thesis is that the control of biodegradation should not aim at the prevention of
the biodegradation. Rather, the focus should be on the correct timing of the
biodegradation; in other words biodegradation should happen as soon as possible after the
service life — but not before this. This approach may be seen as a change in the current
mindset and it places an emphasis on the chemical producers’ responsibility for the
control of the end of the life cycle of the product. Similar extension of the producers’
responsibility to cover the end of the product life cycle is widely seen in industry e.g. in
the requirements specifically for electronic and electric equipment waste treatment and in
general for minimization of waste creation (EC 2002b, EC 2008d). In the future, these
requirements on the producers’ responsibility for the end of the life cycle will also extend
to new areas in the chemical industry, e.g. polymers were exempted from REACH, but

only until the applicable scientific criteria are established (EC 2006a). In practice, the
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integration of the control of biodegradability extends to the product development and
scale up to production from 1) raw-material choices and storage conditions to 2) biocide
preservation design and efficacy testing in the product, and 3) to production hygiene
control procedures. These practices are currently used in the chemical industry but,
according to the current thesis, the importance of such actions will increase and they will

need to be carefully addressed with reference to new product lines and processes (IV).

Increased microbial risk may also arise via the development of resistant microbes due to
reduced selection of the biocide AS. This situation represents clearly an unintended
outcome of the chemical risk reduction. The biocide industry and the regulatory bodies
should strive to prevent similar trends in possible biocide resistant organisms as has been
seen with the emergence of increased and multiple antibiotic resistance. In response to
such trends, The WHO (2001) has proposed the decreased usage of antibiotics, which is
also of relevance to the use of biocides in applications where overkill doses are used.
Such excessive dosing is common practice due to lack of effective methods for
determining an adequate level of biocide efficacy in final products (Pesonen 2011).
Evidently, this calls for development of such efficacy test methods. Furthermore, rotation
of antibiotics in clinical use has been used to reduce the emergence of microbial
resistance (Monroe and Polk 2000) and could also be applicable for biocides usage.
Currently however, the narrowing offering of AS poses a limit to rotation of the active
agents and further highlights the need for new AS development too. It is evident that the
interest in new AS development depends on the cost of development, where a key issue is

the possible reduction of the costs of vivo tests, which are required for the placing on the
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market of the biocide AS in the EU. Furthermore, the cost is only one of the motivations
in the development of the alternative in vitro and in silico test methods, as ethical issues
have already banned in vivo testing in the cosmetics industry (EC 2003d). Moreover,
Hartung and Rowida (2009) extend the list of handicaps of the current in vivo tests to
their evident lack of reliability. In addition to replacement of in vivo tests, the reduction
of the number of required tests needs should also be considered. Harmonization of the
test requirements of the biocide AS with the strictest REACH requirements (>1000 tn/a)
would save costs equivalent to some 0,5 M€ only by omitting the testing in dogs (Anon
2008). The reduced testing regime, which approves rodent as models, is still considered
sufficient for the highest tonnages in accordance with REACH. The adequacy of the
rodent models together with the acknowledged and studied cellular toxicity of the
biocides should be re-evaluated. Consequently, these questions must be brought to the
attention of the authorities, who are in charge of approving the alternative test methods as
standards and evaluating the weight of evidence of the data, which is achieved by the
non-standard methods such as epidemiological methods (EC 2006a). Furthermore, while
the usage of the alternative test methods is cheap, their development is expensive and
thus, the development of such testing would greatly benefit from public funding of
research by non-profit institutions such as universities and other independent
establishments. (Hartung and Rowida 2010). Summarizing, the third conclusion is that
the reduction of both microbial risks and chemical risks associated to biocide applications
calls for substantial investment on the development of the cost efficient, alternative

methods for vertebrate tests.
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Ultimately, however, the principal issue of chemical risk reduction is the profitability of
new product development. This also includes the choices made by consumers, as
consumer and end-user choice ultimately determines the value of chemical risk reduction.
Furthermore, consumer preferences will guide the risk communication as eco-label
products and the perceptions of “free-of —a-substance”- products specifically target the
prevailing environmental awareness and personal preferences of the greater public. In
products marketed as “free-of-a substance” is evident that possible risks related to the
products may not be evident to the consumers. It may be questioned, if the development
and introduction of these products is ethical in the first place, as the end result may be as
ambiguous as the dilemma of choices presented in this thesis (V). Individuals responsible
for development and marketing should be introduced to this issue in order to arrive at
responsible ethical choices between the EH impacts of the product offering. Furthermore,
the authorities in charge of marketing regulations could and should voice a stronger
opinion on the misleading nature of the “free-of-a-substance’-statements in product
marketing. Finally, responsible communication by the chemical industry is called for in
order to improve informed risk communication on which consumer choice is made. This
would help the consumer to distinguish attitudes and fears from facts and knowledge

(Nystén 2008).

In conclusion, development of sustainable chemical products with reduced chemical risk
can be achieved via improved definition of the relevant EH impacts of chemicals.
Moreover, such understanding must be scientifically sound and communicated by

developers and authorities alike to the consumers and end users in order to support
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sustainable choices. Such choices will ultimately decide the interests of the industry to
choose the most appropriate technologies and to invest into development of new
alternative chemicals and methods for implementation of biodegradable, high quality and

safe products and production technologies.
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