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ABSTRACT

Consumers are commonly exposed to numerous chemical ingredients found in
various formulated products that may cause safety and health hazards. Presently, there
are limited systematic tools are presented to assess the safety and health effects of the
chemical ingredients in formulated products. Therefore, the safety and health
assessment of ingredients contained in products should be performed in the early stage
of product design. This is to avoid the need to redesign the products at the final stage.
This research purposed the integration of safety and health assessment in formulated
product design framework. Firstly, the design of formulated product ingredients with
the integration of safety and health aspects by the computer-aided molecular design
(CAMD) technique is presented. In CAMD, a set of target properties are identified in
terms of molecular physical and thermodynamic properties to ensure that the designed
molecules can achieve the product functionalities. In this thesis, the aspects of safety
and health are emphasised by considering them as design objectives in CAMD
technique along with the product functionalities. Secondly, an index-based safety and
health assessment known as product ingredient safety and health index (PISHI) was
proposed to estimate the severity of the hazards of ingredient candidates. New inherent
safety and health sub-indexes were introduced to improve the established safety and
health hazards needed in formulated product design. Basically, the inherent safety and
health sub-indexes are assigned with a score, based on the degree of the potential
hazards. A higher score refers to the higher safety and health hazards, and vice versa.
The basic toxicology information of the ingredients is required in PISHI. Thirdly,
another safety and health assessment was proposed known as product ingredient
exposure index (PIEI) to estimate the extent of risks of the ingredient candidates via
dermal and inhalation exposure routes. Four case studies on formulated products
including paint, detergent, sunscreen and eye cream are presented. The design of
formulated product ingredients for paint formulation shows that the solvent mixtures
candidates possess adequate short evaporation time with low content of volatile
organic compound to reduce the health effects. The applicability of the PISHI and the
PIEI in the formulated product design framework is presented in the new design of
detergent formulation. The high hazards ingredient candidates in detergent
formulation were eliminated based on the scores from PISHI and PIEI. Furthermore,
the applicability of the PISHI and the PIEI in identifying the high hazard and risk
chemical ingredients has was validated using the existing sunscreen formulation. The
chemical ingredient in the sunscreen formulation, vitamin A received high hazard
score and was eliminated by the PISHI. This is in agreement with the banning of
vitamin A in sunscreen products by European union. Finally, the screening of
ingredient candidates by the PISHI and the PIEI was proven by experimental testing
where ingredients in the design of eye cream formulation showed good product
performance and simultaneously possessed low safety and health risks. The safety and
health assessment was integrated into the formulated product design framework,
hence, contributing as systematic decision-making tool. This proposed assessment
ensures that all ingredient candidates are the ones that have the desirable properties
and simultaneously reduce the potential safety and health hazards to consumer.
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ABSTRAK

Pengguna biasanya terdedah kepada bahan kimia yang terdapat dalam pelbagai
produk yang boleh menyebabkan bahaya keselamatan dan kesihatan. Pada ketika ini,
kaedah sistematik untuk menilai kesan keselamatan dan kesihatan bahan kimia dalam
produk adalah terhad. Oleh itu, penilaian keselamatan dan kesihatan bahan kimia harus
dilakukan pada peringkat awal reka bentuk produk. Ini untuk mengelak keperluan
sesuatu produk direka semula pada peringkat akhir. Penyelidikan ini bertujuan untuk
menyatukan penilaian keselamatan dan kesihatan dalam kerangka reka bentuk produk
yang dirumuskan. Pertama, reka bentuk ramuan produk yang diformulasikan dengan
penyatuan aspek keselamatan dan kesihatan dengan teknik reka bentuk molekul
dengan bantuan komputer (CAMD) ditunjukkan. Dalam CAMD, satu set sifat — sifat
sasaran telah dikenal pasti dari aspek sifat fizikal dan termodinamik molekul untuk
memastikan molekul yang direka mencapai fungsi yang dikehendaki dalam sesuatu
produk. Dalam tesis ini, aspek keselamatan dan kesihatan ditekankan dengan
menjadikannya sebagai objektif dalam reka bentuk teknik CAMD. Kedua, penilaian
keselamatan dan kesihatan berdasarkan indeks dicadangkan yang dikenali sebagai
indeks keselamatan dan kesihatan bahan produk (PISHI) untuk menganggar tahap
bahaya calon ramuan. Sub-indeks keselamatan dan kesihatan inheren yang baharu
telah diperkenalkan untuk menilai bahaya keselamatan dan kesihatan yang diperlukan
dalam reka bentuk produk yang dirumuskan. Pada asasnya, setiap sub-indeks
keselamatan dan kesihatan diberi skor, berdasarkan tahap bahaya. Skor yang lebih
tinggi merujuk kepada bahaya keselamatan dan kesihatan yang lebih tinggi, dan
sebaliknya. Ketiga, satu lagi penilaian keselamatan dan kesihatan dicadangkan yang
dikenali sebagai indeks pendedahan bahan produk (PIEI) untuk menganggar risiko
pendedahan bahan kimia melalui hidung dan kulit. Empat kajian kes telah dibuat
terhadap produk yang dirumuskan termasuk cat, pencuci, pelindung matahari dan krim
mata. Reka bentuk bahan produk yang dirumuskan untuk formulasi cat telah
menunjukkan bahawa calon campuran pelarut mempunyai masa penyejatan yang
cukup singkat dengan kandungan sebatian organik mudah meruap yang rendah untuk
mengurangkan kesan kesihatan. Kebolehgunaan PISHI dan PIEI dalam kerangka reka
bentuk produk ditunjukkan dalam reka bentuk formulasi pencuci yang baharu. Calon
bahan kimia yang berisiko tinggi telah disaring untuk formulasi pencuci berdasarkan
skor dari PISHI dan PIEI. Selanjutnya, kebolehgunaan PISHI dan PIEI dalam
mengenal pasti bahan kimia yang berisiko tinggi telah disahkan menggunakan
formulasi pelindung matahari yang sedia ada. Untuk bahan kimia yang terdapat dalam
formulasi, vitamin A mendapat skor bahaya tinggi dan telah disingkirkan oleh PISHI.
Ini bersesuaian dengan larangan vitamin A dalam produk pelindung matahari oleh
kesatuan Eropah. Akhirnya, penilaian calon bahan kimia oleh PISHI dan PIEI telah
dibuktikan dengan kajian eksperimen bahawa ramuan dalam reka bentuk krim mata
menunjukkan prestasi produk yang baik dan mempunyai risiko keselamatan dan
kesihatan yang rendah. Penyatuan penilaian keselamatan dan kesihatan dalam
kerangka reka bentuk produk yang dirumuskan telah menyumbang sebagai kaedah
membuat keputusan yang sistematik. Penilaian keselamatan dan kesihatan yang
dicadangkan ini memastikan bahawa semua bahan kimia yang disaring memberikan
sifat yang diinginkan dan sekaligus mengurangkan potensi bahaya keselamatan dan
kesihatan kepada pengguna.
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CHAPTER 1

INTRODUCTION

1.1 Background of the Study

Chemical product design is gradually becoming a significant area of chemical
engineering. Due to modern society needs, various chemical-based products have been
manufactured rigorously (Zhang et al., 2017a). Chemical-based products can be
classified into formulated products, molecular products, functional products, and
devices (Gani & Ng, 2015). Formulated products are being widely used in daily life,
for example, detergents, pesticides, pharmaceuticals, and personal care products
(Zhang et al., 2017b). The ingredients present in formulated products may be of a
variety of chemicals, namely pigments, solvents, polymers, surfactants, and odours.
The mixing of these ingredients in a particular formulation will produce the desired
product. However, some of the ingredients in the product have been found to
contribute to safety and health hazards to consumers. The safety aspects of a product
are those related to their properties of flammability, explosiveness, reactivity, toxicity,
and corrosiveness. Controversial issues have arisen regarding some personal care
products containing ingredients that are hazardous to health. For instance, phthalates
contributed to endocrine-disrupting potential for pregnant women who used personal
care products. Furthermore, children exposed to the ingredients in paint (e.g., lead)
have resulted in neurobehavioral symptoms (Landrigan et al., 2018). Other health
problems, such as neurotoxicity (Roy et al., 2017), respiratory difficulties (Mikes et
al., 2019; Steinemann, 2017; Abd El Hamid Hassan et al., 2013), dermal irritation
(Jongeneel et al., 2018; Schwen and Thyssen, 2016; Rodas et al., 2015; Matsumoto et
al., 2016), and carcinogenicity (Rebelo et al., 2015; Matsumoto et al., 2016; Rodas et
al., 2015) are the consequences of using formulated products. This indicates that the
potential risk to human safety and health depends strongly on the ingredients in the
finished products (Rebelo et al., 2015).



Not much work has been done to address the issues on the growing number of
potentially toxic chemicals used as the ingredients in formulated products. Each day,
numerous new chemical substances are introduced into the market with little or
unknown facts of the potential risks. The typical approach on the formulated product
design that has been practised so far has considered the aspects of product quality,
manufacturing process (Bernardo & Saraiva, 2015; Wibowo & Ng, 2001; Fung et al.,
2016; Gani & Ng, 2015; Zhang et al., 2017b), and economy (Fung et al., 2016; Gani
& Ng, 2015). Nonetheless, some works have been done to consider the safety and
health elements in new product design, for example, the works by Conte et al., (2010),
Zhang et al., (2017b), and Ten et al., (2017). They developed a model-based system
approach for integrated chemical product-process design. Consumer preferences are
identified and arranged systematically before transforming them into the target
properties. Another work by Ten et al., (2017) incorporated the safety and health
aspects into the computer-aided molecular design (CAMD) method instead of other
desirable properties. This approach ensures that the synthesised product does not
contribute to the harmful condition and any health hazard to consumers. Most of the
abovementioned works only included flammability and toxicity properties during the
design of formulated products. Limited research has been done on estimating severe
health hazards, such as carcinogenic and reproductive toxicity potential due to the

exposure to chemical ingredients in formulated products.

It is the best approach to assess the safety and health aspects in formulated
product design by employing the principle of inherent safety and health in process
design. The basic concepts of inherent safety and health include intensification,
substitution, attenuation, and simplification (Crowl & Louvar, 2011). The principle of
intensification involves minimising the inventory of hazardous materials so that the
exposure to these materials is reduced. The concept of substitution takes place when
less harmful materials replace hazardous materials. The principle of attenuation
promotes a milder and less hazardous condition of the chemical process. Meanwhile,
simplification offers the elimination of unnecessary complexity in process design so
that it is easy to comprehend. The most efficient way to apply this concept is at the
early stages of the design phase. For a formulated product, the design stages based on
the framework presented by Zhang et al., (2017b) as shown in Figure 1.1 begins with



the identification of product attributes (Step 1), conversion of product attributes into
the appropriate physicochemical properties (Step 2), determination of product form
(Step 3), and generation of feasible ingredient candidates (Step 4). After the ingredient
candidates have been selected, the composition of each ingredient in the formulation
can be determined (Step 5). Next, the product quality is determined (Step 6) by two
factors: the properties of the ingredients or mixtures and their product microstructure.
All the target properties of the product are then verified by performing experiments
(Step 7). If all the target properties are achieved, the final composition and product
microstructure are determined and then, the process design can take place. Finally, the
design of the manufacturing process is conducted, including the selection of several

unit operations, such as mixing, heating, cooling, homogenisation, and filling.
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Figure 1.1 Formulated product design framework (Zhang et al., 2017b)



Based on the seven main steps discussed, the inherent safety and health concept
can be applied during the early design stage, which is the generation of ingredient
candidates (Step 4). The ingredient candidate can be either a novel ingredient that is
not commercially available or a typical ingredient used in a formulated product that
possesses low safety and health risks. The CAMD technique can be applied for the
design of molecules so that the ingredient candidates possess desirable functionalities
and may also consider the safety and health properties. Then, the ingredient candidates
must undergo safety and health assessment to ensure that the selected ingredients are
safe and less harmful to consumers. Hence, the idea of introducing the concept of
inherent safety and health in the early stages of formulated product design has become

the main objective of this research work.

Various methods are used to quantify and compare the level of inherent safety
and health in process design. As the inherent safety and health assessment are well-
established, they are suitable to be adopted into formulated product design. One of the
most common safety and health assessment methods in process design is the index-
based approach. Interestingly, the index-based approach delivers a fast and consistent
outcome, which then helps in deciding the process synthesis route with better safety
and health attributes (Gnoni & Bragatto, 2013). In process design, the design phase
can be divided into several stages: the research and development (R&D) stage is for
the selection of a chemical reaction pathway, the preliminary engineering stage where
a process flow diagram is needed, and the basic engineering stage that requires a piping
and instrumentation diagram. The examples of index-based approach for inherent
safety assessment include the Prototype Index for Inherent Safety (P11S) (Edwards and
Lawrence, 1993), the Inherent Safety Index (ISI) (Heikkila, 1999), and the i-Safe
(Palaniappan et al., 2002a; Palaniappan et al., 2002b). These methods help to evaluate
the inherent safety level of a chemical process route according to several inherent

safety parameters (e.g., flammability, explosiveness, and toxicity).

On the other hand, for the inherent occupational health, among the methods
available for the assessment include the Inherent Occupational Health Index (IOHI)
(Hassim & Hurme, 2010a), the Health Quotient Index (HQI) (Hassim & Hurme,
2010b), and the Occupational Health Index (OHI) (Hassim & Hurme, 2010c). The



health parameters considered are the exposure limit, acute, and chronic effects. It
should be noted that the selection of parameters is based on the availability of
information during the design stages. The safety and health parameters can be
categorised into two classes, namely the parameters for chemical substances, such as
physical and chemical properties, and the parameters used for process conditions. At
the early stage of formulated product design, which is during the generation of
ingredient candidates (Step 4), only physical and chemical properties of the ingredient
candidates can be obtained. Meanwhile, in process design, the safety and health index
assessment for the R&D stage also require similar information, which is the basic
information of chemical substances. Hence, the prominent safety and health index
assessment in a chemical process for the R&D stage are identified and adopted in
formulated product design. However, the parameters associated to process conditions
are not applicable due to the unavailability of information. The process conditions of
the product manufacturing are determined at the final stage of formulated product

design as shown in Figure 1.1.

As mentioned previously, extensive works on formulated product design still
lack on the safety and health aspects. Therefore, in this thesis, the concept of inherent
safety and health is introduced into the formulated product design framework. The
novelty of the thesis is presented with the improvement of the current formulated
product design framework with the emphasis on safety and health aspects by three
stages as shown in Figure 1.2. Firstly, the safety and health aspects are considered
during the generation of ingredient candidates, either from the design of ingredients
using CAMD or the selection from typical ingredient candidates available in databases.
The optimisation model is applied in the CAMD technique to identify the chemical
ingredients that satisfy consumer needs and simultaneously possess favourable safety
and health attributes. Secondly, the safety and health assessment of the ingredient
candidates is performed. The prominent index-based assessment in process design that
is applicable to formulated product design is adopted. New inherent safety and health
sub-indexes are introduced to improve the current safety and health hazards that are

required in formulated product design.



The development of Product Ingredient Safety and Health Index (PISHI) is

proposed to identify the potential safety and adverse health effects of the ingredient

candidates. The level of severity of potential hazards with relevant exposure routes is

estimated. Then, the development of Product Ingredient Exposure Index (PIEI) is used

for the characterisation of risk based on the severity level of exposure. To further

illustrate the proposed assessment, four case studies of the formulated products are

presented.
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The case studies of formulated product design including paint, detergent,
sunscreen and eye cream are chosen based on the significant safety and health issues
found from the literatures. For example, the issue on majority of paint in Malaysia
contain high lead level despite its severe health impacts to the consumer (CAP, 2016).
In addition, each case study of formulated product has different product attributes,
product form and classes of chemicals, such as pigment, solvent and surfactant as
ingredients. Paint needs pigments as the active ingredient to provide colour for surface
coating. Meanwhile, surfactant acts as an active ingredient for detergent to remove dirt
from the surface being cleaned. The formulated products also differ in exposure
scenarios, such as the amount per use and the frequency of use. The different case
studies are chosen to prove that the PISHI and the PIEI are able to address the issues
of hazardous ingredients. Furthermore, the application of the PISHI and the PIEI is
flexible and suitable to be used despite the varieties of ingredients used in formulated
product. The case studies are presented to show the applicability of the PISHI and the
PIEI in the identification of the ingredients with high hazards and risks and able to
guide in the elimination of high hazards and risks ingredients. The new generation of
ingredient candidates is demonstrated to replace the hazardous ingredients. The case
study of sunscreen formulation validated the applicability of the PISHI and the PIEI
in formulated product design framework. Then, the case study of eye cream
formulation proved that the ingredient candidates showed good product performances

and simultaneously possessed low safety and health risks by experimental testing.

1.2 Problem Statement

Safety and health effects due to the exposure to a formulated product is an
important issue to be tackled. The safety and health potential of a product largely
depends on the selection of ingredients and the manufacturing process involved
(Rebelo et al., 2015). Some efforts have been made (e.g., replacing the harmful
ingredient in a product); however, there is also a challenge to achieve the desired

functionality and behaviour of the product simultaneously.



Besides, in some works, the ingredient used as the substitute is unsafe. Hence, the
CAMD technique can be employed to synthesise molecules as the ingredient
candidates that achieve the specified target functionality properties and also display

favourable safety and health performances.

Current CAMD works in formulated products have considered
physicochemical properties as the main design criteria to fulfil the targeted product
functionalities. However, these molecules that meet the functional properties may
cause safety risks and adverse health effects. Limited CAMD works have considered
the safety and health aspects during the design stage, where it is subjected to the
availability of the property prediction model. More environmental-related property
prediction models have been established by Hukkerikar et al., (2012a) in comparison
to safety and health properties. Thus, the generated molecules by CAMD are mostly
not optimised in terms of safety and health aspects. The available property prediction
models with the aspects of safety and health include the flash point to determine
flammability potential, the lethal dosage (LDso), and the permissible exposure limit
(PEL) to represent the health effect.

A conventional formulated product design framework only emphasises the
product functionality performances to meet consumer needs. The aspect of safety is
considered by following the safety regulations for the product to be in the market. For
instance, cosmetic products in Malaysia must follow the Guidelines for Control of
Cosmetic Products. The safety assessment for human health of the finished product,
its ingredients, chemical structure, and level of exposure is included in Annex 1, part
12 in the guideline of the product information file. Thus, current safety assessment
focuses more on assessing the safety and health hazards of a finished product rather

than estimating them during the early stages of product design.

The safety and health risks of consumer exposure to ingredients in a product
can be evaluated in two ways. The margin of exposure (MOE) is one of the approaches
that can be applied to estimate the extent of the risks from the ingredients in the
formulation. The value of MOE may also indicate the level of concern of the chemical

ingredients and may contribute to the decision for risk management action (Benford et



al., 2010). On the other hand, the Registration, Evaluation, Authorization, and
Restriction of Chemical (REACH) regulation used the risk characterisation ratio
(RCR) value to predict the potential human health risks. The ratio is calculated by
comparing the value of derived no-effect levels (DNELS) to the estimated exposure
levels. If the value of RCR is less than 1, the risk is considered safe (McKee et al.,
2018). However, most of the works presented have applied two safety and health risk
indicators on the finished product. The safety and health risk of the ingredients in a
product should be estimated during the design stage. Hence, it is proposed that the
safety and health assessment should be integrated into the formulated product design
framework. The gaps identified in the current formulated product design are as

follows.

In most of the previous works to design molecules used as the ingredients in a
product, only certain safety and health properties are considered, such as flammability
and environmental toxicity, apart from the product functional properties (Conte et al.,
2010; Karunanithi et al., 2006; Mattei et al., 2014; Patel et al., 2010; Ten et al., 2017,
Zhang et al., 2017b). The generated molecules by CAMD can either be novel
ingredients or typical ingredients available in the market. If the generated molecules
are novel ingredients, the properties of the molecules are based on the available related
safety and health property prediction models. Meanwhile, for typical ingredients, other
important safety and health properties, such as explosiveness, reactivity, chronic
effects, and carcinogenicity can be obtained from physicochemical properties and
toxicology databases. There is a major research gap to introduce the concept of
inherent safety and health during the early design stages of formulated products. The
generated molecules have not been optimised previously with the aspects of safety and
health. The safety and health aspects should be considered as the design constraint in
the CAMD technique to screen out hazardous molecules. Furthermore, another
research gap is the safety and health properties of ingredient candidates have not been
addressed previously, including explosiveness, reactivity, chronic effects, and
carcinogenicity. Early consideration of a safer and less harmful chemical ingredient at
the early design stages may reduce the risk of process safety hazards, such as fire,
explosion, and toxicity during the product manufacturing stage. Numerous accidents

have occurred in manufacturing industries and resulted in fatality, disability, or



property damage, which can be avoided if no or less hazardous materials are handled.
Conventionally, safety and health assessment are conducted at the final stage of
product design, which is on the finished product. Generally, the assessment of the
finished product is conducted to determine if the exposure of ingredients in a product
exceeds the threshold. There is a research gap where the ingredient candidates should
be assessed in the safety and health aspects at the early design stages to identify the
potential hazards. Furthermore, to date, there is a lack of systematic methodology in
the formulated product design framework that may serve as a decision-making tool for
the selection of chemical ingredients. As the inherent safety and health index-based
assessment have been established in process design, there is another research gap,
which is to identify the applicability of the method in the formulated product design
framework. It is proposed that the index-based assessment in process design can be

applied in the formulated product design framework to fill this research gap.

1.3  Research Objectives

The main objective of this study is to introduce the concept of inherent safety
and health into the formulated product design framework. The safety and health
aspects are emphasised during the early design stages of a formulated product. Based
on the research background and problem statement, the objectives of this study are:

@ To design formulated product ingredients with the integration of safety and
health aspects by the CAMD technique.

(b) To develop a safety and health hazard assessment on the formulated product
ingredients.

(c) To develop a risk characterisation on the product ingredient exposure.

10



1.4  Scope of Study

In order to fulfil the objectives of the study, the scope of the study has been

drawn as follows.

1.4.1 Design of Formulated Product Ingredients with the Integration of Safety
and Health Aspects by CAMD Technique

The formulated product ingredients are designed using the CAMD technique

by considering:

i. The safety and health aspects are considered in Step 1 in the formulated
product design framework, which is the identification of product attributes.
Ii.The product functionality, safety, and health properties are chosen as the design
objectives.
iii. The target properties are commonly estimated through group contribution-
based property prediction models.
iv.The optimised molecules are assessed using PISHI and PIEI to identify the

potential hazards and the severity of risk exposure.

1.4.2 Development of Safety and Health Hazard Assessment on Formulated

Product Ingredients

An index-based assessment is proposed to assess the safety and health hazards

of the formulated product ingredients including:

i. The development of safety and health hazard assessment is known as PISHI
that can be performed after the generation of ingredient candidates in the
formulated product design framework.

ii. The pioneer in index-based assessment employed in chemical process design

is adopted.

11
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1.4.3

New inherent safety and health sub-indexes are developed based on the safety
and health effects from the exposure of the formulated products.

The inherent safety sub-indexes presented include explosiveness,
flammability, and chemical reactivity.

The inherent health sub-indexes are arranged based on the exposure routes of
eye, inhalation, dermal, and ingestion.

The new sub-indexes of severe health hazards due to the toxicology endpoints
of mutagenicity, reproductive toxicity, carcinogenicity, and endocrine-
disrupting potential are developed.

The safety and health levels of ingredient candidates are determined based on

the allocation of score indicating the low, medium, and high hazard.

Development of Risk Characterisation on Product Ingredient Exposure

The risk characterisation is used to estimate the human health risk of exposure

to formulated product ingredients. This assessment includes:

The development of risk characterisation is known as the PIEI that can be
conducted after the determination of product quality model in the formulated

product design framework.

. The determination whether the exposure of ingredients in a product exceeds

the threshold.

The allocation of scores is performed to classify the magnitude of risk of either
low, medium, or high.

The consideration of the two primary exposure routes of formulated products,

namely dermal contact and inhalation.
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1.5  Significance of the Study

This research introduces the concept of inherent safety and health at the early
design stages of the formulated product design framework. The early consideration of
the inherent safety and health concepts may significantly reduce the risk of redesigning
the products at the final stage. The current formulated product design framework has
been improved with the emphasis on safety and health aspects at the following design
stages (shown in Figure 1.2): i) At the first stage, the design of the formulated product
ingredient candidates has considered the safety and health aspects as the design
objectives, ii) At the fourth stage, the novel index-based assessment of PISHI is
presented to assess the safety and health hazards of ingredient candidates and iii) At
the sixth stage, the novel index-based assessment of PIEI is used to assess the safety
and health risks of ingredient candidates. The allocation of scores in PISHI and PIEI
can reveal the severity level of hazard and risk. With the scores, hazardous ingredients
can be identified and avoided in product formulation. A novel systematic safety and
health assessment provides a swift and straightforward approach to search for
alternative ingredients to eliminate or reduce the potential safety and health hazards of
the synthesised product. Indeed, the decision-making concerning safety and health
aspects in formulated product design will be easier and faster with this method.

1.6 Thesis Outline

The outline of this thesis is organised as follows. Chapter 2 presents the
literature review of the formulated product design framework, CAMD and its
application, the concept of safety and health, and existing safety and health approaches
in formulated product design. Meanwhile, the discussion on the principles of inherent
safety and health in chemical process and the adoption of the principles into formulated

product design are presented.

13



Chapter 3 covers the methodology of the three proposed research objectives.
The methodology begins with integration of safety and health assessment in
formulated product design framework. Then, the design of formulated product
ingredients with the aspects of safety and health by CAMD technique is presented. The
application of the safety and health assessment, the PISHI and the PIEI are also
presented. Four case studies of paint, detergent, sunscreen and eye cream formulation

are then demonstrated in Chapters 4 to 7 respectively.

The first case study considers the design of new solvent-based paint as
presented in Chapter 4. The inherent safety concept is introduced in the design of the
solvent mixtures with the consideration of evaporation time and the presence of VOC.
The application of PISHI to identify the high hazard ingredients is presented with two
scenarios: the high hazard ingredients are eliminated at the early stage of product

design and the high hazard ingredients are considered in the design.

The second case study covers the design of new detergent formulation, as
presented in Chapter 5. The safety and health effects due to the exposure to
preservatives and non-ionic surfactants are the main concern and need to be considered
during the design of the ingredient candidates. The elimination of high risk ingredients
based on the application of the PISHI and the PIEI is shown. The new generation of

ingredient candidates for substitution is demonstrated.

The third case study presented in Chapter 6 is on the design of sunscreen
formulation. The sunscreen formulation from the literature is presented to validate the
application of the PISHI and the PIEI to screen the highly hazardous ingredient in the

formulation.

The fourth case study presents the design of new eye cream formulation. The
application of the PISHI and the PIEI has used to select the safer and less harmful
ingredient candidates in the eye cream formulation. Then, the eye cream formulation
has been prepared and tested in the laboratory to verify the product functionality

performances, safety and health effects.
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1.7 Summary

Formulated product design is a comprehensive approach in product
development. Some of the ingredients used in formulated products are reported to
contribute to safety and health hazards to consumers. Exposure to some of the
formulated products may cause respiratory difficulties and skin irritation, and some
have even been identified as carcinogenic to human. The safety and health aspects
have not been thoroughly included in most of the formulated product design
frameworks. Therefore, in this thesis, the current formulated product design
framework developed by Zhang et al., (2017b) has been improved with the emphasis
on safety and health aspects. The first objective of this thesis is to design the
formulated product ingredients by considering the safety and health aspects. The
chemical ingredient candidates generated by the CAMD technique are optimised in
terms of product functionality performances, and safety and health aspects. The next
objective is to develop a novel systematic safety and health assessment on the chemical
ingredients. It comprises hazard identification as the second objective (i.e., the
development of PISHI) and risk characterisation as the third objective (i.e., the
development of PIEI) to be integrated into the formulated product design framework.
Based on the result of the PISHI and the PIEI, the hazardous ingredients are screened
out; thus, safer and less harmful ingredients are identified. The novel systematic safety
and health assessment may ease the ingredient selection process. In addition, the
current formulated product design framework has been improved with the emphasis
on safety and health aspects. Finally, the potential safety risk and adverse health effects

from the product usage can be reduced or eliminated.
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