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Abstract 

Alternatives assessment is applied for replacing hazardous chemicals with viable, 

safer substitutes. High quality experimental hazard data, however, are usually 

unavailable for this purpose, and obtaining in silico data is the only approach to 

fill in data gaps. In silico tools also have the advantage of providing a large 

amount of data with much lower cost and time requirements. 

The aim of this PhD project was to explore the use of in silico tools for alternatives 

assessment, and develop practical tools for alternatives assessment of organic 

plastic additives. For this purpose, flame retardants were used as case chemicals. 

The major results were: 

1. Quantitative structure-activity relationship (QSAR) models for endocrine 

disruption were developed and explored (Paper I and II). These developed 

models were able to identify chemical properties that impact the binding 

affinities of brominated organic chemicals with estrogen-related receptor γ 

(Paper I), and to predict the androgen receptor activity of several organic 

chemicals, including flame retardants (Paper II); 

2. A hazard ranking tool was developed for alternatives assessment based on 

the hazard properties of persistence (P), bioaccumulation (B), mobility in the 

aquatic environment (M) and toxicity (T). The flame retardant 

decabromodiphenyl ether (decaBDE) and 16 of its alternatives were taken as 

case chemicals to develop the tool. From a comparison of experimental and 

in silico data for these case chemicals, hazard data predicted by in silico tools 

were identified as the more suitable data source for the hazard ranking tool 

as the experimental data were confounded by large data gaps (Paper III); 

3. The inclusion of chemical transformation products for the hazard ranking 

tool were studied with the case of decaBDE and its alternatives. Several in 

silico tools were used to predict transformation products, and a strategy for 

prioritizing chemical transformations with high occurrence potential in the 

environment was developed (Paper IV); 

4. Multicriteria decision analysis (MCDA) tools were used to evaluate diverse 

P, B, M and T endpoints of parent compounds (Paper III) and their 

transformation products (Paper IV) simultaneously based on in silico data. 

Three different MCDA methods were explored, and one of them was 

developed to include the consideration of uncertainties of in silico data; 
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5. In the studied case of decaBDE alternatives, the three different MCDA 

methods generally agreed on the most and least hazardous alternatives. With 

the consideration of hazard for the studied flame retardants and their in 

silico predicted transformation products, two alternatives, melamine and 

bis(2-ethylhexyl) tetrabromophthalate, were identified as the least 

hazardous of considered alternatives for decaBDE (Paper III and IV); 

6. It is critical for the exposure aspect of alternatives assessment to identify the 

key properties that influence the emission process. For this, a fast measuring 

method for the emission of polymer additives was developed based on a 

Quartz Crystal Microbalance (QCM). Empirical linear models were applied 

to describe the emission patterns (Weibull model) to better understand the 

chemical mechanism behind the emissions of organophosphate flame 

retardants from various polymers. The results showed that the octanol-water 

partitioning coefficient and molecular size are key parameters for the 

emission process, but also showed that the emission process is complex and 

is likely driven by a combination of both polymer and additive properties, as 

well as their interactions (Paper V). 

This research shows how alternatives assessment can make more effective use of 

in silico tools. and it also highlights current challenges in the use of these in silico 

tools that require further development. The next steps to make a holistic 

alternatives assessment would include an exposure assessment procedure based 

on the work in Paper V, and combining this with the hazard ranking tools 

(developed in Paper III and IV), including information on technical feasibilities, 

economic feasibilities, and also life cycle impacts. The MCDA methods for hazard 

ranking in Paper III and IV can be further adapted for the decision component of 

such a more complete alternatives assessment for specific uses of chemicals. 
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Enkel sammanfattning på svenska 

För att ersätta farliga kemikalier mot mer hållbara och säkrare alternativ krävs 

en robust substitutionsmetodik. Experimentella farodata av hög kvalitet är dock 

vanligtvis inte tillgängliga för detta ändamål och därför erbjuder beräknade (in 

silico) data det enda sättet att fylla i dataluckorna. Beräkningsmodeller har också 

fördelen att de kan leverera en stor mängd data snabbt och till mycket lägre 

kostnader än experiment. 

Syftet med detta doktorandprojekt var att utforska användningen av 

beräkningsmodeller i substitutionsprocessen och utveckla praktiska verktyg för 

detta med fokus på substitution av organiska plasttillsatser. I projektet användes 

flamskyddsmedel som fallkemikalier. De viktigaste resultaten var: 

1. Kvantitativa modeller för struktur-aktivitetssamband (QSAR) för 

hormonstörning utvecklades och undersöktes (papper I och II). Dessa 

modeller kunde identifiera kemiska egenskaper som påverkar 

bindningsaffiniteten hos bromerade organiska kemikalier till 

östrogenrelaterad receptor γ (Papper I) och förutsäga 

androgenreceptoraktiviteten hos ett stort antal organiska kemikalier, 

inklusive flamskyddsmedel (Papper II); 

2. Ett riskrankningsverktyg utvecklades för substitutionsprocessen baserat på 

egenskaper för persistens (P), bioackumulering (B), mobilitet i vattenmiljö 

(M) och toxicitet (T). Det bromerade flamskyddsmedlet 

dekabromodifenyleter (decaBDE) och 16 av dess alternativ valdes som 

fallkemikalier för att utveckla verktyget. En jämförelse genomfördes av 

experimentella och beräknad data för fallkemikalierna avseende 

tillgänglighet på farodata och det var tydligt att modelldata är nödvändig vid 

riskranking eftersom stora luckor i data upptäcktes (papper III). 

3. Betydelsen av transformationsprodukter i riskrankning studerades med 

decaBDE och några valda substitutionskemikalier. Flera modeller användes 

för att förutsäga transformationsprodukter, och en strategi för att prioritera 

transformationsprodukter med hög förekomstpotential i miljön utvecklades 

(Papper IV); 

4. Ett antal verktyg för multikriteria-analys (MCDA) användes för att utvärdera 

P-, B-, M- och T-egenskaper för modersubstanserna (Papper III) och dess 

transformationsprodukter (Papper IV) baserat på modelldata. Tre olika 

MCDA-metoder undersöktes, och en av dem utvecklades för att inkludera 

osäkerheter i beräknad data; 

5. I det studerade fallet med substitutionskemikalier till decaBDE uppnådde de 

tre olika MCDA-metoderna liknande resultat angående de mest och minst 

farliga alternativen. Avseende risk för studerade flamskyddsmedel och dess 
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predikterade transformationsprodukter identifierades två 

substitutionsprodukter, melamin och bis (2-etylhexyl) tetrabromoftalat, som 

de minst farliga alternativen till decaBDE (papper III och IV); 

6. Risk för exponering är en viktig del i substitutionsprocessen och att 

identifiera de viktigaste kemiska egenskaperna som påverkar 

emissionsprocessen. För detta utvecklades en snabb mätmetod för 

emissionsbestämning av polymertillsatser baserat på instrumenteringen 

Quartz Crystal Microbalance (QCM). Empiriska linjära modeller användes 

för att beskriva emissionssmönster (Weibull-modellen) för att bättre förstå 

på molekylärnivå emissioner av organofosfater. Resultaten visade att 

fördelningskoefficienten oktanol-vatten och molekylstorlek är viktiga 

parametrar för processen, men visade också att emissionsprocessen är 

komplex och sannolikt drivs av en kombination av egenskaper för både 

polymeren och tillsatsämnet liksom deras interaktioner (Papper V). 

Sammantaget visar studierna hur substitutionsprocessen kan göras effektivare 

med hjälp av beräkningsverktyg men också utmaningar i användningen av dessa 

verktyg som kräver ytterligare utveckling. Nästa steg för att göra en 

helhetsbedömning vid substitution bör inkludera ett exponeringsbedömnings-

förfarande baserat på arbetet i papper V och att kombinera detta med 

riskrankningsverktygen (utvecklat i papper III och IV), inklusive information om 

tekniska och ekonomiska aspekter, och även effekter under hela kemikaliernas 

livscykel. Utvecklade MCDA-baserade metoder för riskrankning i papper III och 

IV kan ytterligare anpassas för att stödja beslut i sådana mer fullständiga 

substitutionsprocesser. 
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1 Introduction 

1.1 Chemical substitution and alternatives assessment 

With increasing concerns about the health and environmental safety of synthetic 

chemicals used in products, a number of chemicals have been restricted or 

banned by increasingly stringent chemical regulations.1-4 When hazardous 

chemicals are regulated, or are facing increasing scrutiny, industries have to find 

alternative substances with similar technical functions. 

Alternatives assessment frameworks assess chemical substances with the same or 

similar uses to minimize the risk of regrettable substitution, which refers to the 

situation where a hazardous chemical is substituted with a chemical of similar or 

higher risk.5, 6 Several examples of regrettable substitution have been reported in 

the literature. One example is the substitution of bisphenol A with other 

bisphenols (e.g. bisphenol S, bisphenol AF, fluorene-9-bisphenol etc.), of which 

many have also been identified as endocrine disruptors.7, 8 Compared to a typical 

chemical risk assessment process which evaluates the hazard and exposure of a 

chemical, a thorough alternatives assessment framework should additionally 

consider multiple aspects of target alternatives including life cycle impacts from 

the production phase to the end-of-life stage, material or product performance 

and economic costs (Figure 1).6, 9, 10 Since the 1990s, several alternatives 

assessment frameworks have been developed and implemented.10 Most of the 

frameworks are focused on hazards to consumers, although some frameworks 

also consider occupational hazards (Table 1). 
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Figure 1. Six major components of a thorough alternatives assessment framework 

 

Table 1. Well-known alternatives assessment frameworks focusing on consumer hazards 

or occupational hazards 

Consumer hazards Occupational hazards 

Cleaner Technologies Substitutes 
Assessment(CTSA) by Environmental 
Protection Agency of the United States 
(USEPA)11 

European Commission’s Directorate 
General for Employment, Social Affairs 
and Inclusion (DGE)12  

UNEP Persistent Organic Pollutants 
(POPs) Review Committee’s General 
Guidance on Alternatives13 

Pollution Prevention-Occupational Safety 
and Health (P2OSH)14 

BizNGO chemicals alternatives 
assessment protocol including 
GreenScreen®15 

Work Environment Impact Assessment 
(WEIA)16 

National Academy of Science (NAS) 
Guideline17 
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1.2  Case chemicals – flame retardants 

Plastics are widely used both in industry and in our daily life, with a global 

production volume reaching 348 million metric tonnes in 2017.18 Most polymers 

are first compounded with additives to improve the performance and 

functionality of the final products, such as plasticizers, flame retardants and light 

stabilizers. These additives are usually not covalently bound to the polymer,19 and 

emission of additive compounds from plastic products occurs in all phases of the 

products’ life cycle,20-24 posing risks to the environment and human health.25 

Among the various kinds of polymer additives, flame retardants are a commonly 

used group for prohibiting or slowing down the progress of fire. Brominated 

flame retardants (BFRs) used to be the most heavily applied group of flame 

retardants, while in recent years a number of them have been banned or restricted 

for certain applications due to their hazardous effects.26, 27 One review claimed 

that for certain BFRs, the adverse environmental and human health impacts 

might even be greater than their fire safety benefits.28 A well-known example is 

decabromodiphenyl ether (decaBDE) that has been used in different products 

and materials including electronics, vehicles, furniture and textiles since 1970s, 

but was later found to be persistent in the environment29, bioaccumulative30, and 

to induce adverse effects in both humans and other species.1, 31-34 DecaBDE has 

been banned in the EU since 2008 for use in electronics and electrical 

applications35-37 and listed by the Stockholm Convention on Persistent Organic 

Pollutants (Annex A)38. In the US, both producers and importers announced in 

2010 that they would voluntarily phase out decaBDE by the end of 2013.39 

Since some hazardous BFRs were restricted, other novel BFRs have been 

commonly used as replacements. For example, decabromodiphenyl ethane 

(DBDPE) has been widely used to replace decaBDE. However, this substance was 

later found to also be persistent and bioaccumulative40-43, and potentially toxic27, 

and could be considered as an example of a regrettable substitution. The focus 

was then turned to halogen-free flame retardants including the 

organophosphorus flame retardants (OPFRs). Although some studies have 

shown that these OPFRs are generally safer than BFRs27, many studies also point 

out that some OPFRs are persistent, have the potential for long-range transport44, 

and can be neurotoxic.45, 46 As a result, it is essential to adjust the strategy of 

selecting alternatives and conduct thorough alternatives assessments for the 

selection of best alternatives. 

1.3 Hazard assessment and in silico tools 

Hazard is the most well-studied aspect of alternatives assessment for avoiding 

regrettable substitutions. Almost all existing alternatives assessment frameworks 

consider both human health and environmental effects, and divide hazard 
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endpoints into three major categories: persistency (P), bioaccumulation potential 

(B), and toxicity (T),9 as these are hazard properties applied in chemical 

regulations like for example Registration, Evaluation, Authorisation and 

Restriction of Chemicals (REACH) 1 and the Plant Protection Product legislation2 

for the European Union (EU), as well as Toxic Substance Control Act (TSCA)3 and 

the Frank R. Lautenberg Chemical Safety for the 21st Century Act4 for the United 

States. More recently in the field of chemical hazard assessment, arguments have 

been presented that mobility (M) in water is an additional important hazard 

property to be considered.47-51 Chemical risk assessment has traditionally 

focussed more on nonpolar hydrophobic compounds in particular due to their 

bioaccumulation potential, while polar organic chemicals have a lower potential 

to sorb to organic matter in soil and sediment and are thus more mobile in aquatic 

environments. Compounds that are persistent and mobile can reach aquatic biota 

in surface waters, and even reach drinking water resources, potentially leading to 

chronic human exposure. Therefore, a PMT assessment has been suggested in 

addition to the widely-used PBT assessment and will be included in REACH as 

part of the EU's Chemical Strategy for Sustainability.52 However, this concept has 

yet not been much discussed for alternatives assessments.  

When estimating chemical hazards, many alternatives assessment frameworks 

recommend the use of experimental hazard data.10 However, such data is often 

lacking as some alternatives are newly designed or just introduced to the market 

with low production volumes, and hazard evaluation for alternatives assessments 

are often incomplete with large data gaps.6 In such cases, in silico tools such as 

“read-across” approaches or quantitative structure-activity relationship (QSAR) 

models could be useful tools to fill in data gaps, and in many occasions these in 

silico data might be the only available data. Chemicals with similar structures can 

be “grouped” together assuming that they share physico-chemical or toxicological 

properties. Consequently “read-across” approaches can be applied to predict 

properties within the group or for structurally similar chemicals.53 The “read-

across” may rely on relatively sparse data which do not support complicated 

predictive modelling, while a QSAR, which can be considered a subset of “read-

across” approaches, is a regression model where chemical descriptors 

representing structural information or key properties of chemicals are correlated 

with a biological or toxicological activity, or other chemical properties. QSAR 

models can be either quantitative or qualitative depending on the type of training 

data as well as selected modelling algorithm used for the model development. In 

silico data are generally considered with higher uncertainties compared to 

experimental data, but if used properly following certain protocols1, 54, 55, such 

data can be useful especially at the screening level as the in silico tools have the 

advantage of providing large amounts of data with much higher economic and 

time efficiency. 
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1.4 Exposure and emission of plastic additives 

Failure to consider diverse exposure pathways is one underlying cause of 

regrettable substitution. An example of this was the choice of n-hexane to replace 

chlorinated solvents for automotive cleaning industry,56 as n-hexane is 

considered overall a safer solvent, which is generally true if the major exposure 

route is inhalation. However, n-hexane has been shown to be neurotoxic after 

direct dermal exposure,57 which is a typical exposure scenario for automotive 

mechanics, making this a regrettable substitution. To avoid this type of 

regrettable substitution, the differences between usage rates required by different 

alternatives to reach similar technical performance need to be considered, and 

also the differences in physico-chemical properties between different alternatives 

as these can lead to different exposure levels and routes. 

To better understand the human and environmental exposure of polymer 

additives, it is of great importance to increase the understanding of the emission 

processes of polymer additives. It has been reported that the rate and extent of 

emission of additives can be affected both by the properties of polymers and 

additives, as well as environmental factors like temperature and environmental 

pH.22, 58 In most studies of emission processes, the experiments usually take a 

long period from few weeks to hundreds of days to collect sufficient data. 22, 59-61 

Long experimental periods may increase the measurement uncertainties and 

prevent the collection of large amounts of data. Therefore, an efficient and 

accurate method to measure the emissions from polymers is desired for 

understanding the emission mechanisms and to find alternatives with lower 

emission and exposure potential. 

1.5 Hazard data and making decisions 

There are different ways to present the results of an alternatives assessment of 

chemical hazards or other outputs. In some studies62, 63, the results are presented 

for each alternative with classification labels for each of the assessed criteria, 

without making a decision regarding “the best choice”. However, stakeholders, 

decision makers or users from industry of the alternatives assessment 

frameworks often demand a conclusive decision strategy. In such cases, 

Multicriteria Decision Analysis (MCDA) methods, which are drawn from 

operations research for decision making based on conflicting criteria64, can be 

useful tools. MCDA was first developed for business sectors, but it has also been 

proven useful for several environmental management applications65-71. The two 

major kinds of MCDA methods are full aggregation methods and outranking 

methods (Table 2).72-74 In general, there is no “best” MCDA method, but the most 

suitable method should be chosen based on data availability, the decision purpose 

and the role stakeholders will play in the analysis.64 
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Table 2. Differences between the two main kinds of aggregating MCDA methods applied 

in this thesis 

 Full aggregation methods Outranking methods 

Basic method 

All criteria converted into 
comparable scales (utility 
functions) and aggregated 
with trade-off weights 

Pair-wise comparison of 
alternatives with respect 
to each criterion based on 
set significant levels 
(thresholds) 

Algorithm Relatively simple Relatively complex 

Typical example 
Multi-attribute utility 
theory (MAUT) 

Elimination Et Choix 
Traduisant la REalité 
(ELECTRE III) 

 

1.6 The role of chemical transformation products 

The importance of including transformation products has been pointed out in 

alternatives assessment frameworks62, 75, 76, as the chemical hazards can be 

underestimated when only parent compounds are considered. Examples for 

chemicals degrading into more hazardous compounds are quite common. 

Perchloroethylene, a dry cleaning solvent widely used until 1990s, can degrade 

into the more toxic compound vinyl chloride77; bronopol (2-bromo-2-nitro-1,3-

propanediol), a preservative compound, can aquatically transform into two more 

persistent and toxic products: 2-bromo-2-nitroethanol and 

bromonitromethane78; carbamazepine, an anti-epileptic pharmaceutical agent, 

turned out to photodegrade into the more toxic products: acridine and acridone79; 

and a rubber antioxidant widely used for car tires, N-(1,3-dimethylbutyl)-N'-

phenyl-p-phenylenediamine), can be transformed into 2-anilino-5-[(4-

methylpentan-2-yl)amino]cyclohexa-2,5-diene-1,4-dione with high aquatic 

toxicity80. As for the case of flame retardants, decaBDE is considered to have low 

bioaccumulation potential and low toxicity but classified under REACH as a PBT 

substance81, 82 for its potential to transform into dozens of other 

polybromodiphenyl ethers (PBDEs) that are more bioaccumulative and toxic 

than decaBDE. Therefore, it is important to include transformation products in 

any alternatives assessment process. 

However, this remains a difficult task as many of the chemicals considered in 

alternative assessments are novel compounds that have been subjected to few 

experimental investigations themselves, let along their transformation products. 

In such cases, in silico tools can be useful to predict transformation products as 
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well as their hazard profiles. One example is Martin et al.62 from 2017 which 

concerns decaBDE as well as three organophosphate-based flame retardants that 

are proposed alternatives. In that study, transformation products were predicted 

by the Chemical Transformation Simulator (CTS).83, 84 GreenScreen75 suggests 

the use of models provided by OECD QSAR Toolbox85 for predicting chemical 

transformation when there is no experimental data available. There is a range of 

other in silico tools available for the prediction of transformations products, 

including commercial tools such as Metasite86, Stardrop87, Zeneth88 and Meteor 

Nexus89, as well as open source tools such as BioTransformer90 and the EAWAG-

biocatalysis/biodegradation database pathway prediction system (EAWAG-

BBD/PPS)91. 

1.7 Study aims 

The overall goal of this PhD project was to explore different aspects of hazard 

assessment within alternatives assessment frameworks and develop practical 

tools for making decisions across diverse hazard aspects of organic plastic 

additives. A major challenge in alternatives assessments is the lack of 

experimental data. An approach to address this is using in silico tools, which is 

rare in current alternatives assessment. Here QSAR models were developed 

based on experimental data with the aim of estimating hazard data where such 

was lacking. The first focus was on developing QSAR models for the hazard 

category of endocrine disruption (Paper I and II). The project further focused 

on exploring the use of in silico methods in alternatives assessments, including 

the development of a hazard ranking tool for alternatives using a combination of 

in silico derived hazard data and MCDA methods (Paper III). This was then 

expanded to include hazards of the transformation products predicted by in silico 

tools (Paper IV). Finally, emission characteristics of plastic additives from 

polymers were explored by developing a new experimental approach, and the 

important chemical properties that influenced the emissions were discussed 

using empirical models (Paper V). 
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2 Materials and Methods 

2.1  Case chemicals 

For the development of a hazard ranking tool in Paper III, a set of target 

chemicals was identified from the literature6, 36, 37, 63 to make sure they have been 

or could be used as alternatives to decaBDE. Inorganic compounds and polymers 

were excluded due to the lack of in silico tools for such compounds. The identified 

least hazardous alternatives in Paper III (DBDPE, BEH-TEBP and melamine) 

were further studied with decaBDE and two OPFRs (TPHP and TTBNPP) to 

develop the hazard ranking framework to include chemical transformations 

(Paper IV). 

In Paper V, in order to study the emission process and underlying mechanisms, 

nine OPFRs with various physicochemical properties (Table S2 in Paper V) were 

studied using three polymers with different properties (Table S1 in Paper V). 

2.2 Data collection 

2.2.1 Experimental hazard data 

In Paper I and II, hazard data were collected to establish QSAR models. In 

Paper I, the binding affinities of polybrominated diphenyl ethers (PBDEs) and 

their hydroxylated metabolites (OH-PBDEs) with estrogen-related receptor γ 

(ERRγ) were measured and converted into dissociation constants (Kd). ERRγ is 

a nuclear receptor that regulates endocrine and metabolic genes. The measured 

Kd values for 12 PBDEs and 18 OH-PBDEs were provided by the co-authors in 

Paper I. In Paper II, experimental androgen receptor pathway data were 

provided by USEPA for QSAR model establishment. The provided training sets 

contain data for 1662 chemicals for the binding model, 1659 chemicals for the 

agonist model and 1525 chemicals for the antagonist model. 

In order to determine the most suitable data source for the development of hazard 

ranking tools, experimental hazard data were collected for Paper III using the 

OECD QSAR Toolbox85. The reason for choosing OECD QSAR Toolbox is that it 

contains several experimental databases (five databases for physicochemical 

properties, 12 databases for environmental fate and transport parameters, six 

databases for ecotoxicity and 39 databases for human toxicity data) and supports 

batch screening for a large number of chemicals. Among the databases provided 

in OECD QSAR Toolbox, the ECHA database of the REACH registration 

dossiers92 is one of the most important database as it provides large amount of 
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data for substances registered under REACH provided by registrants who 

manufacture or import these substances within EU.93 

2.2.2 In silico hazard data from open source platforms 

In order to make the hazard ranking tools developed in Paper III and IV 

available for use by different users, the in silico based hazard data in Paper III 

and IV were derived using open source software packages or platforms, 

including EPISUITE94, VEGA95, TEST96 and OECD QSAR Toolbox85. Results 

from the USEPA organized Collaborative Estrogen Receptor Activity Prediction 

Project (CERAPP)97 and Collaborative Modelling Project for Androgen Receptor 

Activity (CoMPARA, paper II) were also included. By these, in silico data were 

derived for 20 different hazard properties (Table 1 in Paper III). 

2.2.3 Chemical transformation data 

To be able to predict various transformation pathways and to compare the 

prediction results of different in silico tools, several open source software 

including OECD QSAR Toolbox85, CTS83, 84, BioTransformer90 and EAWAG-

BBD/PPS91, as well as one commercial software package, Meteor Nexus89, was 

included in Paper IV. In order to validate the model prediction results, 

experimental data for the transformation of six target FRs in Paper IV were 

derived from literature.98-114 

2.3 Establishment of QSAR models 

In paper I, a partial least-squares (PLS) model was developed in SIMCA115 to 

understand the relationship between Kd values and physico-chemical properties 

of PBDEs and OH-PBDEs. The chemical descriptors were calculated using the 

software Molecular Operating Environment (MOE)116 to reach 65 descriptors117 

used in a previous study and 148 additional descriptors for 3D structures. 

In paper II, the Online Chemical Database (OCHEM) platform118, a web-based 

platform for establishing QSAR models using machine-learning methods, was 

used for the model development. All fifteen machine learning methods available 

in OCHEM were applied in combination with the nine available descriptor sets in 

search for the most statistically significant models, and the final selected models 

were based on associative neural networks (ASNN)119 with Dragon descriptors120. 

ASNN is a machine-learning algorithm that combines the neural network method 

with the k-nearest neighbour method. Dragon descriptors cover 4885 different 

chemical descriptors. The established models were used for the prediction of 

androgen receptor activity for 55450 organic chemicals. 
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In Paper III and IV, simple QSAR models were established by PLS to fill in a 

few remaining data gaps for the in silico data calculated from open source 

platforms.  

In Paper V, the distance between the Hansen solubility parameters (DHSP) of 

OPFRs and polymers were used to study the solubility of OPFRs in different 

polymers. Most of the nine studied OPFRs do not have experimental data for 

Hansen solubility parameters (HSP) and, therefore, a PLS model was established 

to predict the HSP based on measured HSP values from literature121. 

2.4 Establishment of hazard ranking tools 

2.4.1 Work flow of the studies 

In Paper III, a hazard ranking framework was established following the work 

flow in Figure 2a, and in Paper IV, the work flow was further developed for the 

inclusion of transformation products (Figure 2b).
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a) 

 
b) 

 

Figure 2. Work flow of the developed hazard ranking framework: (a) without inclusion of 

the transformation product (Paper III); (b) with inclusion of transformation products 

(Paper IV) 

2.4.2 Decision approaches with MCDA methods 

The obtained human health and environmental hazard parameters were used as 

assessment criteria within three MCDA strategies: heat mapping, MAUT and 

ELECTRE III. For the heat map, the range of each criterion was divided into four 

intervals, and each interval was colour-coded (red, orange, yellow or green – from 

hazardous to benign) to aid visual interpretation. Thresholds of the assessment 

criteria were based on regulation/literature values (Table S3 in Paper III). 
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For the MAUT approach, each criterion was scaled from 0 (worst) to 1 (best) 

based on the average result of all models for that criterion. After the scaling, 

partial scores were calculated by considering each criterion relevant to an aspect 

(P, B, M, or T) with the same weight. Final scores were calculated by treating 

either P, B and T aspects as equally important (marked as PBT scores); or by P, 

M and T (marked as PMT scores) as equally important; or by P, B, M and T 

(marked as PBMT scores) as equally important, in Papers III and IV. 

For ELECTRE III, the calculation was done in a manner consistent with other 

publications.72, 122, 123 In brief, three important thresholds have to be set for each 

criterion: indifference thresholds (q), preference thresholds (p), and veto 

thresholds (v). In paper III and IV, q and p were set based on standard deviation 

(SD) of different model results to reflect data uncertainties (Table 3 in Paper III). 

Pair-wise comparisons were then conducted on each assessment criterion, and 

final scores were also presented as PBT, PMT or PBMT scores. 

2.5 Study of OPFRs emission from polymer films 

Quartz crystal microbalance (QCM) is a technique that can record mass changes 

in real-time on the surface of quartz crystal. The mass changes (Δm, g) were 

measured by the frequency change (Δf, Hz) based on the Sauerbrey 

relationship124: 

 

where f0 (c.a. 106 Hz) is the resonant frequency of an uncoated quartz crystal, A 

(0.2826 cm‒2) is the gold-coated electrode-covered area of the quartz crystal, ρq 

(2.648 g·cm‒3) is the density of quartz and µq (2.947×1011 g·cm‒1·s‒2) is the shear 

modulus of quartz crystal. In paper V, emissions of OPFRs were studied from 

polymer films following the work flow in Figure 3. 

2
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Figure 3. Work flow for the study of the plastic additive emission process using QCM 

measurement 

The experimental set-up for the study is shown in Figure 4. Different empirical 

models were fitted with the measured emission data, and the best model was 

selected with the consideration of not only the fitting performance but also 

minimizing the risk of overparameterization. The fitted parameters of the 

selected empirical model were then studied to understand the emission 

mechanism by correlating with different physico-chemical properties of the 

studies OPFRs and polymers. 

 

Figure 4. Experimental set-up for the measurement of plastic additives emission process 

using QCM 
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3 Results and Discussion 

3.1 Hazard ranking in alternatives assessment 

3.1.1 Hazard properties for alternatives assessment 

A comparison of hazard properties included in some well-known alternatives 

assessment frameworks was completed and compared to those included in the 

hazard ranking tools developed in paper III and IV (Table 7). 

 Table 7. Hazard properties included in well-known alternatives assessment frameworks 

compared to those in paper III and IV 
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USEPA CTSA11                  

UNEP POPs Review Committee’s General 
Guidance on Alternatives13 

                 

BizNGO chemicals alternatives 
assessment protocol including 

GreenScreen®15 
                 

NAS guideline17                  

European Commission DGE12                  

Hazard ranking tools in Paper III and 
IV 
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It is evident that most of the well-known alternatives assessment frameworks 

include the hazard properties of P, B and T. The hazard ranking tools developed 

in Paper III and IV are the first to include M for alternatives assessment. 

Though the NAS guideline17 as well as some other alternatives assessment studies 

include water solubility as a hazard property10, this is not consistent with the most 

recent criteria of M49, 125. The selection of toxicity criteria varied between different 

frameworks but are generally similar, except for the UNEP POPs Review 

Committee’s General Guidance on Alternatives which includes relatively few 

toxicity properties, as it focuses on hazard properties covered in the Stockholm 

Convention. Most of the frameworks use aquatic toxicity to assess ecotoxicity, 

while the NAS guideline17 also pointed out the need of including terrestrial 

toxicity for e.g. plants and non-mammal animals. Although these alternatives 

assessment frameworks usually include abundant hazard properties for the 

assessment (Table 7), the issue of data availability has been a continuing point of 

discussion, with varying opinions on how to best collect data for these various 

hazard properties and how to fill the large data gaps when trustworthy 

experimental data are lacking.10 The tools developed in Paper III and IV 

included the hazard properties with available data for the target chemicals, which 

is further discussed here in sections 3.1.2 and section 3.2. 

As discussed in the introduction, chemical transformation can play an important 

role in alternatives assessment. As presented in table 7, there are a few 

alternatives assessment frameworks that stress the importance of considering 

chemical transformations (USEPA CTSA, BizNGO and NAS). However, there is 

no clear guideline regarding how this should be done in these frameworks. In 

Paper IV, a novel approach was developed to include transformation products 

as part of the hazard ranking, which is further discussed in section 3.3. Another 

important issue widely discussed in alternatives assessment frameworks is data 

reliability and uncertainties. The reliability of collected experimental data and in 

silico data for studied flame retardants in Paper III and IV is further discussed 

in section 3.1.2 and 3.2.3 respectively; and the approaches developed to include 

the consideration of uncertainties in MCDA is discussed in section 3.4 and 3.5, 

3.1.2 Availability of experimental data 

In Paper III, experimental data were collected for the 17 flame retardants to 

better understand the problem of data availability. A total of 2866 experimental 

data points were collected from the OECD QSAR Toolbox for the 17 flame 

retardants. However, most of these data points were only available for well-

studied chemicals such as decaBDE, TPP and melamine. Five of the flame 

retardants studied in this thesis have no relevant experimental data. Also, data 

for some hazard properties like neurotoxicity or reproductive toxicity are 

extremely scarce. To manually enlarge the collection of experimental data by 



 

16 

using other databases than the QSAR Toolbox can to some extent yield more data, 

but such efforts are very time consuming and were shown to be insufficient to 

close data gaps. Further in Paper IV when transformation products are included, 

the data gap problem becomes more severe as experimental hazard data are even 

more rare for most of the transformation products compared to the parent 

compounds. Besides data gaps, previous reports have also criticized the reliability 

problems of these experimental data for both flame retardants126 and other 

chemicals127, 128, making their use for hazard comparison questionable. 

3.2 QSAR models for alternatives assessment 

3.2.1 Availability of open source QSAR models for alternatives 

assessment 

Regarding the issue of incomplete experimental hazard data for alternatives 

assessment, some frameworks suggest the use of QSAR modelling data, including 

USEPA Design for Environment framework (DfE)129 and GreenScreen®15. In a 

recent study that screened 189 alternatives assessment reports under REACH, 

only 24 of these reports were found that used QSAR data.130 A potential reason 

for the use of QSAR models to be still relatively limited is that proper regulatory 

guidelines for using QSAR tools in alternatives assessment is lacking, particularly 

regarding issues of data uncertainty and chemical applicability domains. 

In Paper III, QSAR models were found for 20 hazard criteria from open source 

platforms, which covered most of the hazard criteria concerned by REACH1 as 

well as the most well-known alternatives assessment frameworks (Table 7). The 

largest number of QSAR models was found for aquatic toxicity (including fish and 

daphnia magna acute toxicity), while persistence criteria (half-lives in different 

environmental media and biota) as well as some hazard criteria (skin 

sensitization, skin and eye irritation) had only one model for each criterion. No 

models were found for neurotoxicity, respiratory sensitivity and terrestrial 

ecotoxicity, that are included in some alternatives assessment frameworks (Table 

7). The lack of models could be due to lack of sufficient experimental data to 

establish high quality QSAR models. Considering the data availability and 

consistency, the collected in silico data appeared more suitable than experimental 

data for the hazard ranking of studied case chemicals, and was thus used for 

hazard ranking in Paper III and IV. 

3.2.2 Development of QSAR models 

Besides existing QSAR models in open source platforms, it is also possible to 

establish new QSAR models for alternatives assessment. In Paper II, three 



 

17 

QSAR models were established for androgen receptor activity by the ASNN 

method using the OCHEM platform. As shown in Table 8, the performances of 

developed models are generally good, and with similar levels to the models 

developed by other researchers on the same training sets (Figure 2 of Paper II). 

The level of specificity is higher than sensitivity for all three models, which is due 

to the highly imbalanced training sets (the ratio of inactives versus actives equals 

to 7.4, 38 and 8.6 for binding, agonist and antagonist training sets respectively, 

Table 1 of Paper II). The developed binding model was further used in 

developing the hazard ranking tools in Paper III and IV. In Paper III, there 

were a few data gaps for the data from open source QSAR platforms, and these 

were filled by a combination of experimental data and “read-across” and grouping 

or simple regression based QSAR models. 

Table 8. Statistical results of the three androgen receptor activity models 

Model Accuracy Balanced Accuracy Sensitivity Specificity 

Binding 84.6% 81.7% 77.7% 85.6% 

Agonist 92.2% 85.9% 79.2% 92.6% 

Antagonist 84.3% 80.3% 75.3% 85.4% 

*Accuracy is the rate of correct predictions, sensitivity is the rate of correct positive 

predictions (true positive), specificity is the rate of correct negative predictions (true 

negative), and balanced accuracy is the average of sensitivity and specificity. 

 
QSAR models can also be used to predict hazard properties that have not yet been 

included in existing alternatives assessment frameworks and these could be 

included in future developments. For example, the latest version of the VEGA 

platform95 has included QSAR models for several new hazard properties 

including hepatotoxicity, micronucleus activity and skin permeation. Another 

example is that in paper I, a QSAR model was developed to study the ERRγ 

binding potency of PBDEs and OH-PBDEs. A PLS model was established with 

three significant components (eigenvalues above 1.5), and the model provided a 

good fit between the predicted log Kd and the observed values (Figure 2 in Paper 

I). The model was able to identify the most significant chemical properties that 

influence the ERRγ binding potency of PBDEs and OH-PBDEs, and can be used 

to predict other PBDEs/OH-PBDEs. ERRγ binding potency has not yet been 

included in any alternatives assessment framework, but could be included in the 

future. The QSAR model developed in Paper I could be further developed for 

alternatives assessment with a larger training set that include compounds other 

than PBDEs/OH-PBDEs. 
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3.2.3 Reliability of QSAR data 

One of the important issues for using QSAR models to predict effects of other 

chemicals is the applicability domain. In Paper I, mild outliers searched using 

Hotellings T2 test (95%) indicated that all studied chemicals were within the 

model domain. However, the domain was not evaluated for chemicals other than 

PBDEs/OH-PHBEs as there were no other chemicals in the training set. In Paper 

II for the 55450 chemicals in the prediction set, 35065 (63%), 13738 (25%) and 

28415 (51%) chemicals were predicted as out of domain for androgen binding, 

agonistic, and antagonistic interactions, respectively, based on their distance to 

the model provided by the OCHEM platform. For the open source tools used in 

Paper III and IV, information regarding the applicability domains are 

sometimes unclear or even lacking, which was also pointed out in a previous 

study131. 

Besides the issue of the chemical applicability domain, the quality of these in 

silico data, at large, varies depending on e.g. experimental data used in training 

the models, the choice of the used parameters and their representation of the 

underlying mechanisms, and complexity of models.126, 131 The studies in Paper 

III and IV generally agree with a recent review study130, that although the 

uncertainty in QSAR model data is generally higher than the experimental data 

used to train the models, for certain case chemicals with few and unreliable 

experimental data, the use of prediction results from QSAR models might yield 

lower uncertainties. For chemicals falling well within the applicability domain of 

a well, calibrated QSAR, the QSAR can even be used to verify an experimental 

result. However, a general limitation of QSARs is they work generally best for 

compounds that they were calibrated for, which comprises the types of chemicals 

that are most frequent in their chemical applicability domain. If QSARs give 

reliable predictions for chemicals outside their applicability domain is always 

uncertain, until tested. In such cases, a decision would be more reliable if it were 

based on several QSAR models compared to using single model results only. In 

Paper II, a consensus model was developed based on single models provided by 

different model developers. The use of consensus models to reduce uncertainties 

have been discussed for other hazard properties based on various QSAR 

models.132 In Paper III and IV, average results were taken for any hazard 

property with more than one model, and the model uncertainties were further 

considered in the decision making step which is discussed in section 3.4. 
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3.3 Developed approach for transformation products 

3.3.1 Transformation products predicted by in silico tools 

The in silico tools used in Paper IV were able to predict a number of different 

transformation mechanisms, among which oxidation, hydroxylation and 

debromination, which are the most frequently observed reactions for mammalian 

metabolisms and abiotic degradations, while more complex reactions such as the 

degradation of cyanuric acid into biuret and allophanate were more observed in 

microbial metabolisms. For the six studied flame retardants, the selected tools 

gave similar results for some and gave disparate results for the others (Figure 2 

and Table S4 in Paper IV). If all predicted transformation products were taken 

into consideration for further hazard assessment, the number of considered 

compounds would be large. The recent literature indicates that some in silico 

tools tend to over-predict the possibilities of degradation reactions133. Thus, it is 

important to prioritize transformation products with high occurrence potential 

(Step 3 in Figure 2b). 

3.3.2 Identify and validate transformation products with high 

occurrence potential 

There are some previous studies that discuss the procedure of selecting 

transformation products with the most exposure and hazard potential.134-138 With 

the inspiration of these studies, in Paper IV transformation products were 

considered having a high occurrence potential if they meet both conditions: (i) 

they are predicted to have a high occurrence frequency across various models; 

and (ii) they are stable compounds in the environment with a high predicted 

persistency. Five to nine transformation products with high occurrence potential 

were identified for each of the case chemicals. It is worth pointing out that none 

of the transformation products with high occurrence frequency were ruled out by 

persistence, in other words persistent compounds are likely to degrade into other 

persistent compounds.  

In order to validate if the prioritization of transformation products is reasonable, 

the prioritized transformation products were compared with those identified in 

the literature98-110. Most of the transformation products reported in the literature 

for the case chemicals were successfully predicted and identified as with high 

occurrence potential with a few exceptions (Paper IV), partly because of the lack 

of predictive tools for some pathways like photodegradation. 
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3.4 Developed approach for MCDAs 

The strengths and weaknesses of three different MCDA methods were discussed 

in Paper III. In brief, heat mapping was conducted by marking each hazard 

criterion with four color codes based on regulation/literature based thresholds 

(Figure 4, from Figure 2 in Paper III). This is similar to the hazard ranking 

methods in many alternatives assessment frameworks, which rank or categorize 

the hazard of different alternatives by labelling each hazard criterion based on – 

for instance – the Globally Harmonized System of Classification and Labelling of 

Chemicals (GHS) or similar approaches.10 Some alternatives assessment 

frameworks just present the labelled results like a heat map62, 63, while others (e.g. 

GreenScreen®15) make further ranking based on the labelled results. 

 

 

Figure 4. Heat map of the 17 flame retardants (Figure 2 in Paper III) 
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The heat mapping is the most apparent method to show the advantages and 

disadvantages for choosing each alternative. However, simply counting the colour 

codes on a heat map is not the most sophisticated way for picking out the best 

alternative. Another issue discovered in the heat mapping of Paper III is that 

setting thresholds based on regulation or literature values can sometimes make 

the differences between chemicals less clear. For example, all 17 chemicals were 

marked red for their half-lives in sediment without showing the variation of 

almost a factor of five, which is a common limitation for alternatives assessment 

frameworks with fixed thresholds for all chemicals, such as the USEPA DfE76 and 

GreenScreen®15. 

Considering this, a different strategy was developed with MAUT, which considers 

both regulation/literature values and relative hazard level differences between 

target chemicals for each criterion. Weighing factors were assigned to all criteria 

to make P, B, T and M equally important. One problem for MAUT is that this 

method requires aggregation independence,139 which is problematic for some 

criteria that are correlated to similar physicochemical properties. Another 

problem is that the MAUT score is based on average values taken from different 

models, neglecting the model uncertainties. In order to take these model 

uncertainties into consideration, thresholds for ELECTRE III were set based on 

the variation of different model results (Paper III and IV). 

Current alternatives assessment frameworks use various final decision making 

approaches, from general narrative guides to quantitative approaches like MCDA 

(Table 9).10 The MCDA methods used in Paper III and IV were applied for the 

ranking of hazards, but it can readily be expanded to include other aspects of 

alternatives assessment (e.g. exposure, technical performance and economic 

costs). A recent study140 shows that the use of MCDA methods has become 

increasingly popular in the field of alternatives assessment, and reported also that 

many other alternatives assessments used more than one MCDA method for a 

more trustworthy conclusion. It should also be pointed out that besides 

identification of the best alternatives, MCDA methods have other benefits for 

alternatives assessment, such as for identifying the most critical criteria. MCDA 

methods need not be difficult to implement, such as MAUT and ELECTRE III in 

Paper III and IV, which was conducted using simple spreadsheet. Stakeholders 

and researchers can easily adapt the method either for hazard ranking or for final 

decision making of alternatives by setting new thresholds and weighting factors. 

A previous case study has shown an example of using two MCDA methods to 

make decision based on different hazard impacts as well as technical and 

economic performance, and was able to present a transparent result of the 

rankings of different alternatives, as well as the impact of each different aspect.68 
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Table 9. Decision approaches used in selected alternatives assessment frameworks 

Alternatives assessment framework Decision approaches 

USEPA CTSA11 Narrative guide for decision maker 

UNEP POPs Review Committee’s 
General Guidance on Alternatives13 

Not specified 

BizNGO chemicals alternatives 
assessment protocol including 
GreenScreen®15 

Structured ranking system 

NAS guideline17 Analytical decision tools including MCDA 

European Commission DGE12 
Analytical decision tools based on cost-benefit 
analysis 

Paper III and IV (for hazard 
ranking) 

In silico hazard data coupled with MCDA 

 

3.5 Overall hazard ranking results of alternatives for 

decaBDE 

From the heat map in Paper III (Figure 4), it can be concluded that none of the 

studied flame retardants is “hazard free”, which agrees with a previous screening 

of flame retardants.27 The ranking from the two MCDA methods generally 

correlated with each other (R2=0.6) (Figure 5). As the thresholds for ELECTRE 

III were set based on the uncertainties in in silico models, the disagreement of 

the two methods for some case chemicals indicates that data uncertainties have 

an impact on the decision results; while the overall agreement indicates that for 

the studied case chemicals these uncertainties are generally smaller than the 

hazard level differences between the studied flame retardants. Based on MAUT 

and ELECTRE III results, studied OPFRs are less hazardous than decaBDE but 

do not appear among the best alternatives. The two MCDA methods yield similar 

results on potential regrettable substitutes (e.g. EBPEBPI, TBBPA-BDBPE, 

BTBPE and DP) as well as the less hazardous alternatives DBDPE, BEH-TEBP 

and melamine. 

Several alternatives assessment frameworks also address the issue of data 

uncertainties in hazard assessment (Table 7), but usually in a broad and 

qualitative way. For example, CTSA lists probable sources of uncertainties but 

discuss them in a qualitative way.11 DGE generally concludes that there is “no 

clear answer” for how to handle data uncertainties as it depends on several 

different factors, and only suggests that all uncertainties need to be recorded and 

an “educated guess” might be needed to assess the overall reliability based on the 

recorded uncertainties.12 GreenScreen ranks the confidence level of hazard data 
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based on data source and data quality and marks the confidence level in the heat 

map141, while for the case of open source QSAR tools used in Paper III and IV, 

the data quality are usually not clearly reported. In such cases, GreenScreen 

suggests expert judgement to assess data quality.141 The NAS guideline suggests 

multiple ways to deal with data uncertainties, including propagate uncertainties 

to the aggregated results using trade-off functions in MCDA methods.17 Paper 

III and IV demonstrate a more sophisticated way to take uncertainty into 

account by pairwise comparisons in MCDA (ELECTRE III) using in silico data to 

assess hazard. Using these methods provided conclusive results for the studied 

flame retardants as a case study. 

 
Figure 5. Ranking results from the two MCDA methods (PBMT scoring) 

The heat map presented in paper IV (Figure 3 in Paper IV) showed that most 

of the selected transformation products have similar environmental persistency 

but higher mobility compared to their parent compounds, in agreement with 

previous studies50, 142. BFRs also appear to more likely transform into more 

bioaccumulative forms. As for toxicity, burden shifting was widely observed that 

the transformation products are worse than their parent compound for some 

toxicity criteria, and better for others, in agreement with a previous study.62 

After including transformation products in Paper IV, MAUT and ELECTRE III 

results both showed that decaBDE is clearly more hazardous compared to the 

alternative flame retardants, while the differences among the other alternatives 

become less significant. Based on both parent and transformation compounds, 

BEH-TEBP and melamine still remained the least-hazardous alternatives for 

decaBDE, while DBDPE as an alternative became less preferable if 

transformation products were considered (Figure 4 in Paper IV). Again, the 
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general agreement between MAUT and ELECTRE III indicated that the data 

uncertainty in QSAR models had low impact on the absolute ranking of the 

studied alternatives. In Paper III and IV, each model for the same hazard 

property was assigned with the same weight, regardless of varying uncertainties 

for the individual models. A proper next step to further reduce the impact of 

uncertainties would be to better evaluate the applicability domains and 

prediction accuracies of the applied QSAR models, and assign weighting factors 

based on that. 

For BEH-TEBP, one concern is that it’s usually used in technical mixtures 

together with other flame retardants like EH-TBB, which is a more hazardous 

chemical according to the analysis presented in Paper III. For melamine, both 

itself and its transformation products generally appears to be less toxic, while 

Paper III and IV suggested that the high persistency and high mobility in the 

aquatic environment is of concern for both melamine and its transformation 

products. In addition, melamine has been heavily used in many products both as 

a flame retardant and as additive for other purposes, thus the general exposure 

level may be higher compared to other flame retardants. Taken together this 

suggests that although these two compounds have been identified as less 

hazardous by the hazard ranking tools developed, whether they are truly safer in 

any certain product needs to be evaluated by a higher tier alternatives assessment 

approach, which considers both hazard and exposure. 

3.6 Measurement of OPFRs emission and modelling 

approaches 

3.6.1 QCM method development and OPFRs emission measurement 

Although there are alternatives assessment frameworks that focus on hazard 

ranking with less consideration of exposure, most frameworks take both hazard 

and exposure into account, either in parallel or include an exposure assessment 

after the hazard assessment.10 When assessing exposure, most of the existing 

alternatives assessment frameworks do not use exposure data or models due to 

their complexity; they rather use indirect parameters like physicochemical 

properties, use characteristics, emission and environmental fate data.10 In 

comparing alternatives, it is important to be able to describe the emission process, 

or understand the emission mechanism (driven by physicochemical properties) 

to assess variation in risk of exposure to alternatives. 

In Paper V, an emission measurement method was developed using QCM to 

assess exposure of OPFR from water. TCEP and TPP emissions from PS films 

were measured with different initial concentrations (20−50 wt.-%, considering 
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the typical OPFR loads in polymer products are 3−70 wt.-%19, 44). Both the release 

pattern (Figure 1 of Paper V) and scanning electron microscope results (Figure 

2 of Paper V) suggest that a high loading (40 and 50 wt.-% of OPFRs) created 

syneresis, meaning that a significant fraction of the OPFRs was concentrated on 

the film surface. In order to reach homogeneous polymer films that can better 

represent the situation in real life, experiments were conducted using 30 wt.-% of 

OPFRs in the polymers. The repeatability of the developed QCM method was 

examined by TPP emission yielding a low standard error (± 2.4% with 95% 

confidence interval); the accuracy of the developed QCM was validated by GC-MS, 

and proved to have high accuracy and low variation. 

The developed method was then applied to nine OPFRs and their emissions were 

studied from PS films (Figure 3 of Paper V), and a selected subset of OPFRs 

(TBP, TDCPP, and TPP) from two other polymers (PVC and PMMA, Figure 4 of 

Paper V). TBP, TDCPP, and TPP were selected because of their similar 

hydrophobicity (as quantified by octanol-water partition coefficient (KOW) values) 

despite different molecular structures. 

3.6.2 Modelling approaches to describe the emission pattern and 

understand the emission mechanism 

Empirical models have been used to describe the emission processes of small 

molecules from polymers into different media (air, water or biota tissues)143-147, 

and several of these models fit well with the emission data measured in Paper V 

(Table S5 in Paper V). However, a previous study pointed out that many of the 

empirical models have the risk of overparameterization that may lead to faulty 

conclusions.145 To avoid this, a sensitivity analysis was conducted and results 

indicated that all models with three or more parameters have the risk of 

overfitting, while the one-compartment Weibull distribution model145, 148 can also 

fit well (R2=0.90-0.99, Figure 6) and with lowest risk of overfitting. Previous 

studies usually considered the emission process as a combination of two phases. 

The first phase is a fast releasing phase, which is dominated by the partitioning 

of additives between the polymer surface and water.149 This is followed by a 

diffusion dominated phase with a lower emission rate.143, 150-152 The Weibull 

model has a scale parameter α and a shape parameter β. The sensitivity analysis 

showed that the parameter α has more impact on the initial fast releasing phase, 

whereas β is more related to the latter slower phase (Figure 6).  
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Figure 6. Illustrative example of Weibull model describing the two-phase emission, 

where m0 is the initial mass of OPFR in the measured film and mt is the mass of OPFR 

remaining in the film at time point t; α and β are Weibull model parameters obtained from 

fitting the experimental data 

In order to understand the emission mechanisms, a correlation between Weibull 

model parameters and physico-chemical properties of OPFRs was conducted for 

the emission of OPFRs from PS films. The results showed that log α was linearly 

correlated to the water solubility of OPFRs and their hydrophobicity (KOW) 

(Figure S13 in Paper V), which agrees with previous studies regarding 

partitioning152-156. The diffusion phase on the other hand, is typically believed to 

be driven by molecular size of additives or strength of interactions between 

polymer and additive.151, 157-159 For the nine studied OPFRs, the β parameter 

showed some correlation with molecular volume and with the solubility of OPFRs 

in PS reflected by DHSP (Figure S13 in Paper V). One possible reason for the lower 

correlation for β is that there might be other factors influencing the diffusion, 

such as the other structure differences among the OPFRs. Another reason might 

be that the QSAR predicted DHSP values for the nine OPFRs showed a low 

variation that can increase the uncertainty in correlation. 

Correlation between Weibull model parameters and properties of both polymers 

and additives were also studied for the emission of TBP, TDCPP, and TPP from 

three different polymers, while no clear relationship could be discovered. Besides 

potential measurement uncertainties, the most likely reason is that both the 

partition and diffusion phases are not driven by any single property of either 

polymers or additives, but more likely driven by a combination of different 
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properties. This can be further studied by multivariate models, which require a 

larger amount of data from polymers and additives with a wider range of 

physicochemical properties. Also, the study noticed a lack of parameters to 

describe the interactions between polymers and additives, for example the 

crystallinity of polymers can change with different concentration of plasticizing 

additives160. 

Overall, in paper V, an efficient QCM method was developed to measure the 

emission process of polymer additives. The measured OPFRs emitted from the 

studied polymers and the Weibull model indicated that hydrophobicity and 

molecular size are important drivers of emission and thus can be used as 

indicators for exposure via water in alternatives assessment.  The study also 

demonstrated the complexity of the emission process of additives from for 

materials, which justifies the need for further studies. 
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4 Conclusions 

Alternatives assessment requires consideration of multiple aspects (Figure 1), 

and data gaps are the biggest challenge. This thesis explored the use of in silico 

tools for the prediction of hazard properties and the formation of chemical 

transformation products within the frame of alternatives assessment. Different 

MCDA methods were compared for hazard ranking and a new measurement 

method was developed to assess emissions of organic additives from polymers to 

water that was also studied using various modelling approaches. 

Paper I and II showed how QSAR models can be established to fill data gaps in 

hazard profiles with the example of endocrine disruption related endpoints. In 

paper I QSARs were developed to increase the understanding of the underlying 

structural drivers for modelled features, and Paper II showed how QSAR models 

can be established and validated to predict hazard properties for a large number 

of chemicals. In paper III such QSARs were used to develop a hazard ranking 

tool for alternatives assessment. This study demonstrated that there are currently 

sufficient open access QSAR models available for many hazard properties 

prioritized in most of the existing alternatives assessment frameworks (Table 7). 

These results are promising for other cases in which in silico models are the only 

available hazard property data source for novel alternatives, particularly when 

the alternatives fall within the chemical applicability domain of the QSARs. In 

paper IV a tool was developed to include transformation products, and showed 

how in silico tools can be used for the prediction of such products. An approach 

was also developed to prioritize the transformation products with the highest 

occurrence potential from the prediction results of multiple in silico tools, and 

the prioritized transformation products were further included in the comparison 

of chemical hazards within the overarching alternatives assessment. The use of 

MCDA tools for decision making in alternatives assessment was explored in 

paper III and IV, and advantages and disadvantages of different MCDA 

methods were discussed. These studies showed that not only levels set as 

regulatory criteria, but also relative hazard levels between the studied alternatives, 

should be considered when conducting MCDA in hazard ranking, Further, data 

uncertainties should also be included in MCDA, specifically in the context of using 

QSARs and read-across or grouping approaches. None of the studied flame 

retardants is hazard-free; however, melamine and BEH-TEBP appear to be the 

two least hazardous alternatives for decaBDE using the estimated, in silico data 

and applied MCDA methods.  

Since these two least hazardous alternatives are not hazard-free, the choice of 

flame retardant for certain product needs to be further evaluated with 

consideration of other aspects like exposure and life cycle impacts. In Paper V, 
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an efficient QCM based method was developed to measure the emission of OPFRs 

into water, and the Weibull model was chosen to describe the emission process 

to avoid the risk of over-fitting. Many alternatives assessment frameworks use 

physico-chemical properties that influence the emission process to assess the 

exposure aspect. In Paper V, hydrophobicity and molecular size of plastic 

additives were identified as the most important physico-chemical properties for 

the emission process, but also pointed out that there might be other properties 

and interactions between polymers and additives that remain to be studied. Since 

the OPFRs with smaller molecule size and lower hydrophobicity are generally less 

hazardous (Paper III) but with higher emission potential into aquatic 

environments (Paper V), selection of the most sustainable OPFR requires a 

higher-tier quantitative risk assessment for specific uses. 

In summary, this thesis shows that in silico tools can be useful for different 

aspects of alternatives assessment, especially for narrowing down the range of 

potential safer alternatives early in the design or chemical alternative selection 

process. Such an approach could be integrated into the concept of Safe and 

Sustainable-by-Design, as recently promoted by the EU Chemicals Strategy for 

Sustainability.161 
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5 Future perspectives 

The research presented in this thesis focused on the hazard and exposure 

components of alternatives assessment. The research can be further expanded 

into alternatives assessment frameworks that include other components that 

need further development, such as technical performance, economic costs and 

life cycle impacts for specific chemical uses.  

5.1 Improving in silico tools for hazard assessment 

In Paper III and IV, various open source QSAR tools were used for hazard 

ranking. One identified problem of these tools is that chemical applicability 

domain and prediction quality are not clearly defined and transparent in these 

QSAR models, and comparisons conducted in Paper III between outputs of 

different models for the same hazard criteria as well as modelling outputs with 

experimental data suggest there can be substantial prediction uncertainties. Also, 

for some hazard criteria, the number of available QSAR tools is limited, and high 

quality QSAR models are desired. For example, the environmental half-lives 

predicted by EPISuite are the most widely-used quantitative model for 

environmental persistency prediction, while the predicted half-lives for water, 

soil and sediment are proportional to each other as they are all derived from the 

same model (BIOWIN) within EPISuite. All these problems point out a need to 

develop new QSAR models with clear and transparent information. In turn, these 

will need new, high-quality experimental data for establishing these models. 

Another problem identified in Paper III and IV for hazard assessment is the 

potential underestimation of bioaccumulation. In REACH, the B parameter is 

based on the estimated bioconcentration factor (BCF) in fish with a limit value of 

2000,1 and most of the available QSAR models are developed for BCF predictions. 

However, BCF only considers the partitioning between the organism and the 

surrounding environment (water), and does not account for biomagnification via 

food intake, which can be a more critical pathway especially for very hydrophobic 

compounds. In such cases, the B parameter assessed by BCF are likely to be 

underestimated. For example, the measured bioaccumulation factor (log BAF) for 

DBDPE can be up to 7.1 considering food and diet,162 while the average predicted 

log BCF value (Paper III) is 0.82, and this is quite common for many other 

similar compounds.163 In Paper IV, the use of BAF predicted by EPISuite is 

discussed to assess B, and the paper pointed out the problem that using this single 

model has higher uncertainty compared to the use of BCF based on several 

models. This points out the need for both experimental measurements and model 

establishment for other B related measures like BAF, which are currently 

lacking.163 



 

31 

Paper IV highlighted that some of the QSAR tools used in Paper III and IV 

are only suitable for neutral compounds while some alternatives or their 

transformation products might be ionized under environmental conditions, thus 

research is needed to advance the in silico tools to enable hazard assessment of 

ionizable compounds. Another research gap is models that cover inorganics and 

polymers. These alternatives were excluded from Paper III and IV as the QSAR 

methodologies are not able to calculate their hazard properties. There are 

alternative in silico approaches that can be applied and further developed, for 

example the rule-based estimations for both inorganic chemicals164 and 

polymers165, 166, and recently provided QSAR tools for the prediction of polymer 

toxicities167. 

5.2 Measurement of emission process and model description 

In Paper V, QCM measurements were conducted for nine OPFRs emitted from 

three different polymers. For future studies of emission mechanisms of plastic 

additives using QCM, measurements are needed for a larger range of plastic 

additives with different physico-chemical properties, such as crystallinity, as well 

as different  environmental conditions (e.g. temperature, pH etc.). Further 

method developments are needed to increase the sensitivity and reduce 

uncertainties, so studies can be applied to polymer films with lower additive 

loadings. Model approaches would also require improvement to increase the 

accuracy of the description of the emission process under different use scenarios. 

The experimental method could also be developed to capture emissions from 

polymers to air. 

To better model and describe emission processes of organic chemicals from 

polymers, more informative parameters describing polymer properties are 

required. For organic additives (small organic molecules), there are now 

thousands of available chemical descriptors to describe property differences, 

while both calculated and experimental parameters are lacking to describe 

polymer properties such as crystallinity and molecular diffusion in polymers. 

5.3 Improving prediction for chemical transformation 

An important limitation of in silico tools used in Paper IV for the prediction of 

transformation products is that there is no clear information regarding the 

applicability domain of the models, and it is hard to evaluate the quality of 

predictions. Also, transformation rates and the fractions of formation of different 

transformation products under certain environmental conditions are not 

predicted by any of the tools. To address these weaknesses, a strategy was used in 

Paper IV to prioritize predicted transformation products that have the highest 

occurrence potential. This strategy can be improved by further validation and 
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improvement of the in silico tools, which requires more high-quality target and 

non-target screening data to unravel chemical and biological transformation 

reactions. 

5.4 Life cycle aspects in alternatives assessment 

In order to avoid regrettable substitutions, it is important to consider the impacts 

of products including the whole life cycle, from the extraction and manufacturing 

of the crude materials to the final disposal of the waste product (cradle to grave). 

An example of regrettable substitution is N-vinyl formamide that was chosen to 

replace the neurotoxic acrylamide in manufacturing polymers for water 

treatment.6 Although N-vinyl formamide itself is a safer compound, the synthesis 

of N-vinyl formamide requires toxic hydrogen cyanide during synthesis. Many 

existing alternatives assessment frameworks include different levels of 

consideration of life cycle impacts.10 For example, the National Research Council 

gives guidance on a qualitative assessment of shifts in toxicity impacts caused by 

different production procedures of alternatives.6 Another option is that after a 

preferrable alternative has been identified based on a single aspect (for example 

the hazard ranking using the tools developed in Paper III and IV), a thorough 

life cycle assessment can be conducted to evaluate potential impacts in all life 

cycle stages for all impact categories for the final selection of a sustainable 

alternative.10 

Data availability is the most apparent issue for the inclusion of life cycle impacts 

in alternatives assessment. For example, production data of novel flame 

retardants like BEH-TEBP is lacking in LCA databases like GaBi168, and even for 

flame retardants like decaBDE and melamine that have production data, the 

emission of these compounds during the production processes are lacking in 

these databases. In such cases, assumptions can be made based on in silico 

methods as discussed in this thesis. For example, the lack of emission factors can 

be estimated by QSAR models built on chemicals with similar structure, there are 

QSAR based tools like USETox169 for toxicity characterization,170 and studies that 

combine USETox with other in silico tools have also been presented.171 The MCDA 

tools developed in Paper III and IV can be further developed for the decision 

making stage of LCA, as there are different life cycle impacts that need to be 

balanced by proper trade-off methods to select a more safe and sustainable 

alternative. 
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