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Summary 
Contaminants of drinking water causing taste and odour problems can originate from natural 
organic and inorganic substances and biological processes, from contamination by synthetic 
chemicals, from corrosion or interaction with materials used for containing the water supply, 
or as by-products of water treatment processes. A number of major taste and odour incidents 
in the UK and elsewhere involving contamination of drinking water by substances released 
into the environment due to anthropogenic activities, has highlighted the need for awareness 
of potential threats to inform the development of effective risk management practices. 
Several authorities have established guidelines or standards for a limited number of 
substances in drinking water based on their taste and odour thresholds including the World 
Health Organisation and some national authorities. These guidelines will have been set in 
response to perceived risks, but at the local level the risk will depend upon the potential for 
contamination of source water and the effectiveness of removal of any such contaminant 
during water supply treatment. Therefore a priority list of substances for England and Wales 
should have regard for these factors.  
 
Given the many thousands of substances in use in an industrialised country it has been 
necessary in this study to select only those substances considered to present a high risk based 
upon a process of prioritisation. Those initially selected for further consideration included all 
those reported as being involved in taste and odour incidents in a developed country whilst 
those excluded included those for which there was no evidence of UK production or import, 
as well as those already regulated to a limit value either lower than or close to the reported 
taste and odour threshold. Other prioritised substances were then categorised according to 
amounts used and their reported taste and odour threshold. This process gave a list of 
compounds from which substances formed during water treatment were excluded leaving 18 
priority compounds. Added to this list were the two compounds most commonly associated 
with taste and odour problems arising from natural sources (geosmin and 2-MIB).   
 
The 18 substances of anthropogenic origin associated with industrial uses were subject to 
investigation of usage and environmental fate characteristics based on literature searches and 
consultations with stakeholders. Inverse modelling was applied to these as well as geosmin 
and 2-MIB to estimate the sizes of sources of the prioritised substances required to be 
released in a water catchment to produce a taste and odour problem. Both a generic scenario 
(built around the assumptions embodied in the EU technical guidance document for the risk 
assessment of chemicals) and a specific scenario (which considers the Great Ouse to 
Bedford) were used for the modelling exercise. 
 
The ranking of the resulting source strengths required to produce a taste and odour problem 
showed that the least amounts were for 2-EDD and 2-EMD which have been associated with 
major taste and odour problems in the UK and elsewhere. Furthermore, the natural 
compounds geosmin and 2-MIB are among the compounds requiring the lowest released 
amounts and they are also well recognised as causing taste and odour events. This relative 
risk posed by each prioritised compound principally depends on the taste and odour threshold 
itself; these can vary by several orders of magnitude although the extent to which the 
compound can be removed in water treatment is also influential. However, the actual risk of a 
taste and odour event also depends on the likelihood of release of the required source amount. 
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Of the prioritised taste and odour compounds, eleven find use as fuel additives; in particular, 
these include MTBE, TAME and ETBE. The modelling showed that very large amounts of 
fuel would need to be lost from each station within the catchments in order for there to be a 
risk of exceeding the taste and odour concentration thresholds. For those substances which 
have potential origins from home and/or personal care products (such as galaxolide, diphenyl 
ether and ethylene glycol butyl ether (or 2-butoxyethanol)), and may therefore become a 
‘down the drain’ pathway through product use, it was found that much higher consumption 
figures would be required to exceed taste and odour thresholds.  
 
All of the prioritised anthropogenic taste and odour compounds considered in detail in this 
study could potentially pass into drinking water supplies as a consequence of a spillage from 
a containment facility or during transport. For the generic scenario, this would result in taste 
and odour thresholds being exceeded for all substances considered, even if advanced water 
treatment is in place. In the specific scenario, there are differences depending upon flow and 
treatment scenarios. Similar sized spills into the sewer network would trigger taste and odour 
issues for somewhat fewer substances in the specific scenario under either flow conditions, 
although thresholds would be exceeded for all substances under the generic scenario.  
 
For geosmin and 2-MIB, it is feasible that water could be sourced from a reservoir containing 
an algal bloom where there is no riverine attenuation or dilution between source and receptor. 
Only rather tentative information was available, but an estimate has been made of the scale of 
algal bloom necessary to produce sufficient amount of these compounds to produce a taste 
and odour incident.  
 
The final stage of the project considered whether exposure to any of the prioritised substances 
at their taste and odour threshold would represent a risk to the health of consumers. This 
assessment found that exposure to these concentrations was not associated with significant 
risks of toxicity.  
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1. Introduction  

Contamination of water supplies can result in taste and odour problems in drinking water. 
Whilst such contaminants may be at levels that do not pose a risk to human health, they can 
result in unpalatable water, customer complaints and loss of confidence in the drinking water 
supply because of their low taste/odour thresholds. Contaminants causing taste and odour 
problems can originate from natural organic and inorganic substances and biological 
processes, from contamination by synthetic chemicals, from corrosion or interaction with 
materials used for containing the water supply, or as by-products of water treatment 
processes.  Such substances may, therefore, enter drinking water supplies at several stages, 
including at the water source, during water treatment or in distribution systems. 

In England and Wales, by law (the 1991 Act), drinking water must be wholesome at the time 
of supply. Wholesomeness is defined by reference to drinking water quality standards and 
other requirements set out in the Water Supply (Water Quality) Regulations 2000 (as 
amended) which apply in England and the Water Supply (Water Quality) Regulations 2001 
(as amended) which apply in Wales (DWI, 2009). Many of the quality standards come from 
the 1998 Europe Drinking Water Directive which came into force fully in December 2003. 
The Directive focuses on those parameters of importance to human health, but it also includes 
others that relate to the control of water treatment processes and the aesthetic quality of 
drinking water. 
 
Under the 1991 Act a public water supply is one provided for the purposes of drinking, 
washing, cooking or food production by a statutorily appointed water company. The Act 
defines water supplies that are not provided by statutorily appointed water companies as 
private water supplies. The quality of private water supplies is the responsibility of local 
authorities through implementation of the Private Water Supplies Regulations in 2009 
(England) and 2010 (Wales). The chemical standards for drinking water required by 
regulations in England and Wales are summarised in Appendix A. As well as maximum 
concentration limits for a range of organic and inorganic substances, requirements for taste 
and odour are specified. The standards for taste and for odour are descriptive in line with the 
requirements of the Drinking Water Directive. These are mandatory national standards and a 
positive detection by panellists are to be treated by companies as a breach of the descriptive 
standard for taste and odour (DWI, 2012a).  
 
The regulation requires the method of analysis used for the odour and taste parameters to be 
capable, at the time of use, of measuring values equal to the parametric value with a precision 
of 1 dilution number at 25°C. The methods of sampling and testing for assessing compliance 
with the taste and odour requirements are described in reports published by the Environment 
Agency (EA, 2004; EA, 2014). The initial method (A1) involves a qualitative assessment of 
an undiluted sample that is smelled and tasted by a group of people. If the assessment of the 
original undiluted sample is deemed taste- and odour-free, it is assigned a taste/odour 
threshold number of one, i.e. a taste/odour dilution number of zero. A further method (A3) 
provides a quantitative determination of the taste/odour threshold number on a portion of the 
sample diluted with blank water. The taste/odour threshold number (T/O TN) of a sample is 
that dilution of the sample with blank (reference) water where no taste or odour is detected.  
 
Limitations of the threshold number approach were outlined by Rogers (2002) in a review of 
approaches to the assessment of taste and odour. Rogers argues that the main deficiency with 
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the TN method is that it gives an overall intensity rather than intensities for individual 
chemical compounds. The method provides a number that corresponds to the dilution 
required to diminish the concentration of the most readily perceived chemical to a point 
where it is barely detectable. Unfortunately, that chemical may not be the constituent that is 
responsible for an objectionable odour in the undiluted sample. It is suggested that it is 
possible that a malodour or objectionable taste could be caused by an integrated response to a 
mixture of chemicals present at different concentrations and with different tendencies to 
reach the olfactory sensors. Rogers also refers to the uncertainties associated with setting 
requirements based on concentration limits for individual substances including; i) the 
uncertainties regarding the threshold values, ii) the need for a definition of the relationship 
between threshold limits versus the acceptability to consumers of any levels that are set (i.e. 
some compounds may be detected but may not be regarded as objectionable and some 
chemicals that are barely detectable might be regarded as objectionable) and iii) the cost 
implications associated with monitoring for a significant number of potential organoleptic 
compounds.  
 
Several authorities have established guidelines or standards for a limited number of 
substances in drinking water based on their taste and odour thresholds including the World 
Health Organisation and some national authorities and these are described within this report. 
These guidelines will have been set in response to perceived risks, but at the local level the 
risk will depend upon the potential for contamination of source water and the effectiveness of 
removal of any such contaminant during water supply treatment. Therefore a priority list of 
substances for England and Wales should have regard for these factors. 
 
Contaminants causing taste and odour problems can originate from natural organic and 
inorganic substances and biological processes (such as geosmin and 2-methyl isoborneol 
from cyanobacteria), from contamination by synthetic substances (such as 2-ethyl-5,5-
dimethyl-1,3-dioxane (EDD) and 2-ethyl-4-methyl-1,3-dioxolane (EMD), from corrosion 
(such as from zinc, iron, or copper) or as by-products of water treatment processes (e.g. 
bromophenols).  These compounds may enter drinking water supplies at several stages; at the 
water source, during water treatment, and in distribution systems. Incidents in the UK such as 
in North-East London during 2010 (DWI, 2010) have highlighted some chemicals of concern 
(EDD and EMD).  However, a range of other substances also have the potential to cause taste 
and odour issues in drinking water. The main focus of this project is contamination of the 
water supplies prior to water treatment (but includes consideration of the impact of water 
treatment processes within the assessment), rather than substances that may arise during 
water treatment or from materials in contact with water during distribution post treatment.  

Despite the difficulties of standard setting and monitoring, in order to help minimise further 
taste and odour incidents in drinking water supplies and to sustain public confidence in 
drinking water, it is essential that those involved in providing water supplies have a clear 
understanding of what substances may cause taste and odour problems and know which of 
these represent priority causes for concern within the specific context of England and Wales. 
To provide this knowledge, the current study aimed to establish a prioritised list of low taste 
and odour threshold compounds based on a staged approach involving critical analysis of 
published literature, consultation with water companies and chemical producers and the users 
of either the substances of concern or the parent substances that, through chemical 
degradation or interactions with materials, may generate secondary substances with low taste 
or odour thresholds. It also seeks to identify major end products that may contain these 
substances of concern and considers the risk of release in-life or at end-of life. Modelling 
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techniques are then used to assess potential levels that might occur in drinking waters and the 
influence of various types of water treatment process used in England and Wales. The focus 
of the study is the possible contaminants of the source water although the literature reporting 
problems arising during and post water treatment is also summarised in an excel database.  

The list of priority substances based on taste and odour criteria developed through this in-
depth analysis aims to provide water companies with information to support prioritisation of 
their risk assessment, monitoring and management approaches and thereby assist with the 
identification of appropriate actions to minimise the risk of incidents occurring in the future.   

The project has been undertaken by addressing a series of distinct but inter-related objectives: 

Objective 1: Establish a list of substances of interest that have low taste and odour thresholds 
and could pose a similar problem to water sources as EDD and EMD; 

Objective 2: Identify the quantities of substances used and the industries that use them; with 
respect to primary anthropogenic substances, this involves identifying in detail the quantities 
of substances used and the industries that use them in Europe and, to the extent possible, 
refining these estimates to England and Wales or UK specific information. 

Objective 3: Determine the possible routes of entry into the water system; 

Objective 4: Estimate the likely concentrations of substances of interest found in raw and 
treated drinking water; 

Objective 5: Produce a prioritised short list of substances based on the likelihood of 
exceeding taste and odour thresholds in treated drinking water in England and Wales that can 
be used to inform water company risk assessment, monitoring and management; and 

Objective 6: Final report and dissemination of research findings. 
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2. Identification of substances of interest 
with potential to cause taste and odour 
problems 

2.1 Methodology 
To address objective one our approach was to carry out an investigation through four tasks as 
follows: 

Task 1A: Review literature on reported taste and odour incidents in drinking water; 

Task 1B: Liaise with water companies across England and Wales to identify any chemicals of 
concern; 

Task 1C: Evaluate chemical property databases on taste and odour thresholds; and 

Task 1D: Prioritise chemicals of interest identified to establish a list of priority candidates to 
take forward for further evaluation. 

2.1.1 Review of literature (Task 1A) 
 
2.1.1.1 Literature search strategies   
 
A comprehensive search strategy was developed by the IEH Information Scientist in 
consultation with scientific and technical experts within the project team. The search terms 
and strategy (Box 1) was designed to locate potentially relevant articles and reviews through 
searches of SCOPUS (includes Medline & Embase) and CSA Illumina (Aqualine, Biological 
Sciences, Environment Abstracts, Environment Science and Pollution Management, Medline, 
Risk Abstracts, Toxline, Water Resources Abstracts). Terms were selected to identify 
information on: 
 

• drinking water incidents due to taste and odour problems in any geographical location; 
 

• substances with low taste and odour thresholds that have been identified in water supplies 
and may therefore have the potential to cause a taste and odour incident. The primary focus 
of the search was on incidents in Europe, in particular the UK. However, incidents outside 
Europe (e.g. in the USA) were also identified and assessed for potential relevance. 
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Box 1: Search Terms and Strategy 
 
 

 

 

 

2.1.1.2 Initial search and selection of papers 
 
Titles and abstracts of journal articles identified from the initial literature search (as detailed 
in Section 2.1.1.1) were reviewed by experienced IEH scientists to inform on their potential 
relevance to the project. Papers were selected that directly or indirectly referred to a taste or 
odour incident, as well as papers that addressed analysis of water or water treatment for the 
investigation taste and odour or to develop controls for substances of concern.  For those 
titles selected, papers were obtained in full for review by IEH scientists to extract key data. 
 
2.1.1.3 Collation of data on taste and odour problems 
 
An MS Excel database was prepared to collate summarised data about each substance 
identified in a reference source relating to taste and odour of drinking water. Defined criteria 
and entry requirements were utilised to ensure a high level of consistency in data entry, 
thereby facilitating data retrieval throughout the project. The database consists of three main 
sections according to the origin of the substance: 
 

i) Natural origin, e.g. product of algal metabolism and decay of vegetative matter; 
 
ii) Man-made, e.g. manufactured substances used by industry that may enter a water 

source and substances formed by degradation of waste, 
 

iii) Water treatment and other reaction / degradation products e.g. substances formed 
by reaction of chlorine with compounds present in the water source. 
 

The information relating to the chemicals in each category was summarised under the 
headings shown below:  
 

• CAS number – the CAS number considered of most relevance to the study scenarios being 
considered (i.e. generally focussed on technical rather than analytical grade forms or the 
most commonly marketed form);  
 

• Potential taste and odour (T&O) substance name – the name by which it will be generally 
referred to in this study; 
 

• Source (if known);  
 

• T&O type – description of nature of perceived taste or odour; 
 

• Paper reference – short form of paper citation; 
 

((TITLE-ABS-KEY(freshwater OR {fresh water} OR groundwater OR {ground water}) 
OR TITLE-ABS-KEY({surface water} OR {drinking water} OR {potable water}) OR 
TITLE-ABS-KEY({water supply} OR {water supplies} OR {water distribution})) AND 
PUBYEAR > 1999) AND (TITLE-ABS-KEY(taste* OR odour* OR odor*) AND 
PUBYEAR > 1999) 
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• Additional information – any other information considered by the reviewing scientist to be 
of potential significance with regard to interpretation of extracted summary information. 

 
In addition to the library search detailed above, DWI reports of significant water quality 
events in England and Wales were examined to identify any incidents of taste and odour and 
any identified causative substance and relevant information was added to the database. Web 
sites of authoritative international (e.g. World Health Organisation) and national bodies (e.g. 
US EPA) concerned with drinking water quality were also checked for any relevant 
documents not identified by the literature search. Information was also collated about 
guidelines and standards in Europe and elsewhere concerning acceptable maximum 
concentrations of compounds in drinking water for purposes of protecting against taste and 
odour problems. In particular, guidelines recommended by the World Health Organisation 
and those adopted by relevant authorities in Canada and the USA were considered. Also 
considered was a UK industry guidance report on water analysis that included taste and odour 
issues without referring to specific incidents (Environment Agency, 2010). 
 

2.1.2 Liaison with Water Companies (Task 1B) 
 
A questionnaire was developed in consultation with DWI to solicit information from Water 
Companies in a simple standardised manner. The following questions were posed: 
 

• Do you know what specific chemical compounds are known to have caused taste and odour 
problems for your company? 
 

• If so, please list these in order of priority of concern for your company? 
 

• Are there any other potential sources of taste and odour that may be a concern for your 
company now or in the future? 

 
In all, 28 Water Companies in England and Wales were contacted firstly by means of an 
introductory letter outlining the project sent by DWI, and secondly by an e-mail from 
Cranfield University requesting a response to the questions posed.  To encourage response, a 
number of follow up telephone calls and e-mails were undertaken. 
 
Appendix B presents copies of the DWI letter and the subsequent standard e-mail from 
Cranfield University sent to Water Companies. 
 

2.1.3 Evaluation of chemical property databases (Task 1C) 
 
The key properties determining whether a substance is likely to be a significant contaminant 
of water sources are its solubility in water and the taste and odour perception threshold in 
humans. Solubility data were collected using the EPI suite system 
(http://www.epa.gov/opptintr/exposure/pubs/episuitedl.htm) produced by the United States 
Environmental Protection Agency. This software is capable of both calculating estimated 
solubility values and retrieving empirically-derived solubility data.  Experimental solubility 
values were used in preference to calculated solubility estimates.   
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Taste and odour perception threshold values were primarily acquired from a comprehensive 
published list of odour threshold values (van Gemert, 2011); additional data were obtained 
from a report by the Environment Agency (EA, 2010). Supplementary targeted literature 
searches were carried out to determine taste and odour threshold values for substances not 
detailed by either of these sources.   
 
Other chemical properties are pertinent to the modelling of the environmental and water-
treatment behaviours of prioritised compounds but were not considered applicable to this 
initial stage of prioritisation. 
 

2.1.4 Prioritisation of chemicals of interest (Task 1D) 
 
In discussion, IEH, CWSI and Research and Policy Analysts Ltd (RPA) scientists developed 
a strategy to critically assess and prioritise the collated data. Preliminary discussions formed a 
backdrop to full project meetings and the proposed scheme for prioritisation was developed, 
trialled and reviewed. The schemes development and outcome is described further in Section 
2.2.4.   
 

2.2 Findings 
2.2.1 Review of literature 
 
2.2.1.1 Initial search and data extraction 
  
The initial literature search (as detailed in Section 2.1.1.1) identified 1,364 journal articles, 
the titles of which were reviewed by experienced IEH scientists to assess their potential 
relevance to the project. From this review, 304 journal articles were identified as warranting 
more detailed consideration. Each of these papers were obtained in full and reviewed by IEH 
scientists. Key information was then extracted on the identity of the substance, the sources 
and presence of the substance in relevant water bodies, the taste and odour threshold levels, 
all associated taste and/or odour descriptors and whether the study linked to a reported taste 
and odour incident. These data were collated in an MS Excel spreadsheet, an extract of which 
is presented in Appendix D for illustrative purposes.  
 
2.2.1.2 Substances identified in published papers and reports from literature 
search  
 
Table 2.1 summarises the numbers of substances by source type (as described in Section 2.1) 
and substance type that were identified by reviewing the published journal papers and reports 
identified by the literature search. 
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Table 2.1 Number of substances identified by the literature search 
 
Source Type Individual 

organics 
Organic groups Metals Other 

(inorganics) 
Natural 28 2 1 4 
      
Man made 48 2 1 2 
      
Water treatment 25 5 0 6 
      
Total (excludes 
overlap between 
source type) 

96 9 2 9 

 
As described in Section 2.1.1, the information collated in the database was broader than just 
reports of taste and odour incidents. Those substances in the database associated with specific 
reported incidents are summarised in Table 2.2. This includes seven compounds reported in 
DWI reports that were not included within the initial literature search outcome summarised in 
Table 2.1. 
 
Table 2.2 Substances associated with reported incidents 
 
Source Type 
 

Substance 
 

Natural 1,3,5-octatriene, 2,4,6-TCA (2,4,6-trichloroanisole ), 2-MIB (2-
methylisoborneol), 3-isobutyl-2-methoxypyrazine (IBMP), arsenic, 
chlorine, coal tar, copper, dimethyl trisulphide, dimethylsulphide, 
E2,E4,Z7-decatrienal, E2,E4-decadienal, geosmin, hydrocarbons, 
hydrogen sulphide 

Man made 2-butoyethanol, 2-ethyl-4-methyl-1-3-dioxalane, 2-ethyl-5-5-dimethyl-
1-3-dioaxane (2-EDD), 3,5-dimethyl-2-methoxypyrazine, 3-i-propyl-2-
methoxypyrazine , 3-isobutyl-2-methoxypyrazine (IBMP), bornyl 
acetate, creosote, diacetyl, dibromo iodobutane, dicyclopentadiene, 
diuron, isoproturon, MCPA , MCPB, metaldehyde, MTBE (methyl-
tertiary butyl ether), o-xylene, p-xylene, tetrachlorobenzene, triforine, 
carbetamide  

Water Treatment 2,3,4-trichloroanisole, 2,3,6-trichloroanisole, 2,4,6-tribromoanisole, 2-
bromophenol, chlorine, chloroaldimine, iodoform, trihalomethanes 

 
2.2.1.3 Identification of other candidate substances 
  
In addition to the reports of substances associated with taste and odour incidents, other 
sources of information identified additional substances of interest with respect to taste and 
odour. This includes guideline concentrations for avoidance of taste and odour problems 
established by some national authoritative groups.  
 
The drinking water guideline values established by the WHO (WHO, 2011) include 
chemicals considered as being of health significance. A number of these are set at 
concentrations where WHO state that lower values may affect the appearance, taste or odour 
of the water, leading to consumer complaints. This is supported by information about the 
acceptability of drinking water that includes information about odour and taste thresholds. 
The number and types of chemicals are summarised in Table 2.3. These include specific 
organic compounds or, in some instances, a number of members of groups of organic 
compounds, some metals and other (inorganic) compounds. Of the 31 substances linked to 
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water acceptability issues, 13 were not highlighted by the literature search undertaken to 
identify taste and odour incidents. These are noted in footnotes to Table 2. 3. 
 
Table 2.3 Chemical substances identified by WHO as linked to water acceptability 
(summarised from WHO, 2011). 
 
  Individual 

organics 
Organic groups Metals Other 

(inorganics) 
WHO taste and 
odour linked 
compounds 
 

22 0 3 8 

Additional to 
collated reference 
list* (Table 2.1) 

9 0 2 2 

* individual organics; 1,2,3 trichlorobenzene, 1,2,4 trichlorobenzene, 1,2-dibromo-3-chloropropane, 1,3,5 trichlorobenzene, 
2,4,6-trichlorophenol, 2,4-dichlorophenol, MTBE (methyl-tertiary butyl ether), o-xylene, styrene 
* Metals; manganese, sodium 
* Other; sulphate, (chloride) 

 
 
Table 2.4 summarises the number of substances with taste and odour guideline values from 
the US EPA or Health Canada. The table also shows the number of substances with a 
guideline value from these authorities that are not present in the WHO list. As indicated in 
the table, a further two organic compounds, four metals and chlorine dioxide and sulphide 
were identified from the US EPA/ Health Canada lists as additional to the Table 2.1 and 
WHO list and therefore warrant further consideration. 
 
Table 2.4 Compounds with established US EPA (2012) or Health Canada (2012) guidelines for 
taste and odour in drinking water, and comparison with WHO list and the database of 
literature on incidents. 
 
  Individual organics 

 
Organic groups Metals Other 

US EPA  0 
 
 
 

0 
 
 
 

5 
 
 
 

3 
 
 
 

Health Canada 14 
 
 
 

0 
 
 
 

4 
 
 
 

5 
 
 
 

Number of 
compounds 
additional to WHO 
list 

2 
 
 
 

0 
 
 
 

4 
 
 
 

3 
 
 
 

Compounds 
additional to WHO 
list and collated 
Table 2.1 list 

2: 
2,3,4,6-

tetrachlorophenol, 
pentachlorophenol 

0 
 
 
 

3: 
Aluminium,  Iron, 

Zinc 

2: 
Chlorine dioxide, 

Sulphide 
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In addition to the above, it is of note that the Environment Agency guide on methods for the 
examination of waters (Environment Agency, 2010) contains a list of substances associated 
with odour or, possibly, taste issues. These are summarised in Table 2.5, though it should be 
noted that the basis upon which these compounds were selected for inclusion in the 
Environment Agency guide is not stated. Also shown in the table are the number of 
substances in the Environment Agency list that are not included in the collated reference list 
and the guideline values along with the identities of these substances. 
 
Table 2.5 Substances listed as causing odour and possibly taste in drinking water 
(Environment Agency, 2010). 
 
  Individual 

organics 
Organic groups Metals Other 

(inorganics) 
 
Number of compounds 

 
29 
 
 

5 
 

0 
 

4 
 

Numbers  additional to 
those identified by the 
collated Table 2.1 
incident  list,  WHO 
list, and US EPA and 
Canada guidelines* 

20 
 
 
 
 
 

3 
 
 
 
 
 

0 
 
 
 
 
 

1 
 
 
 
 
 

 
Individual organics; 1,3-pentadiene (m), 2,6-dichlorophenol (w)l, 2-methylphenol (o-cresol) (m), 3-methylphenol (m-cresol) 
(m), 4-chlorophenol (w), 4-methylphenol (p-cresol) (m), acetophenone (m), benzaldehyde (m), biphenyl (m), butanoic acid 
(n), cadin-4-ene-1-ol (n), cis-3-hexen1-ol (n), diethylsulphide (n), diphenylether (n), linalool (m), Menthol (2,4-Decadienal) 
(n), n-heptanal (n), n-hexanal (n), pentylethanoate (m), phenol (n) 
 
Organic Groups; aliphatic aldehydes (w), mercaptan (n), phenolic antioxidants (m) 
 
Other; ozone; n = natural source, m=man made, w= water treatment 
 

2.2.2 Liaison with Water Companies  
 
From the 28 Water Companies in England and Wales sent the taste and odour questionnaire, 
responses were received from 17 companies; a compilation of the results of the survey is 
given in Appendix C. The following sections indicate those compounds identified either as 
relating to current or historic instances of taste and odour problems or because of more 
generic concerns by the companies about potential problems. 
 
2.2.2.1 Existing taste and odour concerns 
 
Five of the 17 responding Water Companies reported no issues associated with taste and 
odour.  For those companies reporting taste and odour problems (12/17), the majority were 
associated with biologically (algal) derived compounds (specifically gesomin and/or 
methylisoborneol) (7/12), or phenols (6/12) and chlorine (4/12). A number of other taste and 
odour compounds were identified less frequently: 
 

• Fluoranthene; 
 

• Hydrocarbons from MDPE pipes; 
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• Dichlorophenol and trichlorophenol; 
 

• Octatrienes and Octadienes; 
 

• Benzothiazole and phthalate plasticisers; 
 

• Halogenated hydroxybenzaldehydes and aldehydes; 
 

• Kerosene/diesel from MPDE pipes; and 
 

• Diesel, cresols and ammonia. 
 

2.2.2.2 Other potential sources of taste and odour   
 
Substances identified by water companies in relation to concerns about their potential to 
cause taste and odour problems in water were as follows: 
 

• Diesel taste and odour from domestic and commercial fuel storage; 
 

• 2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) – industrial solvents; 
 

• 2-ethyl-4-methyl-1,3-dioxolane (2-EMD) – industrial solvents; 
 

• Alkathene supply pipe – pencil lead taste; 
 

• Iodinated THMs – a disinfection by-product; 
 

• 2-isobutyl-3-methoxypyrazine – known scent compound; 
 

• Animal slurry; 
 

• Washing machine and dishwasher fittings and fixtures;  
 

• Rainwater harvesting equipment; and 
 

• Brominated phenols, anisoles, benzene, toluene, xylene, plasticisers, phenol leachates from 
gaskets and washers, antioxidants in plastic pipes such as santonox, rubber/adhesive smells 
from styrenes, benzothiazole, naphthalenes and halogenated alkyl derivatives. 
 

2.2.3 Evaluation of chemical property databases 
 
Collated data on solubility and odour /taste thresholds are shown in the database extract in 
Appendix D. It is well established that taste and odour thresholds vary widely across 
individuals and, consequently, it is common for there to be considerable differences in values 
reported in the literature.  
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2.2.4 Prioritisation of chemicals of interest  
 
2.2.4.1 Criteria for selection of priority chemicals 
 
Table 2.6 gives an overall summary of all of the substances collected from all sources.  A 
total of 173 substances were identified, of which 136 were individual organics, 15 were 
organic groups, 8 were metals and 14 did not fit into the previous three groups.  These 
miscellaneous chemicals are primarily inorganic compounds containing sulphur, halogens or 
nitrogen. 
 
Table 2.6 Summary of unique substances from all information sources. 
 
Database Individual 

organics 
Organic 
groups 

Metals Other 
(inorganic) 

Total 

Collated (literature) 
list 96 9 2 9 116 

WHO 9 0 2 2 13 
US EPA and 
Canada 
 

2 
 

0 
 

4 
 

2 
 

8 
 

Reported Incidents 6 
 

1 
 

0 
 

0 
 

7 
 

Water company 
correspondence 
 

3 2 0 0 5 

Environment 
Agency 20 3 0 1 24 

 
Total 
 

136 15 8 14 173 

 
The substances identified through the exhaustive literature search and consultation with the 
Water Companies as being potentially capable of giving rise to taste and odour issues in 
drinking water supplies were initially categorised into four main types: 
 

1) Primary:  Substances either manufactured or used by industry in the European Union. 
 

2) Secondary: 
a) Substances formed through chemical reaction of compounds present in the water 
with one another, before or after entering the water supply; 
b) Substances formed as degradation or by-products from other substances during 
industrial processes; and 
c) Substances formed as a result of either the chemical reaction of substances present 
in the water supply with the chemicals and processes used during water treatment in 
the production of drinking water, or as a result of chemical reactions between the 
chemical products formed during the water disinfection process, or by interaction with 
piping materials (e.g. in washing machines). The literature search identified a number 
of compounds associated with incidents of taste and odour involving chemicals used 
(e.g. chlorine) and chemicals formed during water treatment (2,3,4-trichloroanisole, 
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2,3,6-trichloroanisole, 2,4,6-tribromoanisole, 2-bromophenol, chloroaldimine, 
iodoform, trihalomethanes). Phenol can be present in the source water through natural 
breakdown of organic matter, but possibly also through anthropogenic discharges to 
catchments (Gray, 2008). Iodo-THMs and halogenated anisoles can be formed by 
biomethylation of halophenols initially formed by chlorination or chloramination 
during water treatment. They may also be formed when iodine is present due to 
natural sources such as sea water infusion and brines (Cacho and Ventura, 2005). 
Reference by water companies during the consultation to problems caused by chlorine 
and phenols and the concerns raised about potential problems from iodinated THMs 
are indicative of the importance of water treatment processes on the aesthetic quality 
of drinking water.  
 
Chlorine, ozone, chlorine dioxide and chloramine are the most widely used 
disinfectants. The formation of disinfection by products (DBPs) formed by interaction 
of aqueous free disinfectants with natural organic matter is well recognised and is a 
concern both for health as well as unpleasant taste. Cacho and Ventura (2005) 
comment that relatively few of the 500 known DBPs have been investigated with 
regard to quantitative occurrence and health effects. Trihalomethanes were identified 
as the main DBPs in the early 1970s and these are subject to maximum limits under 
the EU drinking water directive (see Appendix A). In the WHO guidance on drinking 
water quality, information is provided about taste and odour problems associated with 
water treatment and the formation of chloramines, chlorophenols, and chlorinated 
anisoles (produced by methylation of chlorophenols by miroorganisms), as well as 
problems with chlorine and chloride (WHO, 2011). Therefore formation of DBPs is a 
priority issue for water companies in England and Wales with respect to prevention of 
taste and odour problems. While the problem chemicals formed during water 
treatment are influenced by the quality of the source water, the issue is primarily one 
of water treatment and post treatment supply. Therefore it is not the focus of the 
current report although its importance for prevention of taste and odour problems is 
noted. 

 
3) Naturally-occurring substances: Substances with low taste or odour thresholds 

generated by biological systems (e.g. algal biofilms). These include a range of organic 
chemicals associated with reported taste and odour incidents (1,3,5-octatriene, 2,4,6-
trichloroanisole, 2-methylisoborneol, 3-isobutyl-2-methoxypyrazine, E2,E4,Z7-
decatrienal, E2,E4-decadienal, geosmin) as well as dimethyl trisulphide, 
dimethylsulphide and hydrogen sulphide) as summarised in Table 2.1. Taste and 
odour problems from natural sources, particularly geosmin and 2-MIB featured 
strongly in the responses from water companies. Therefore these two compounds 
were identified as priority chemicals of concern for taste and odour in England and 
Wales. Clearly the issue is well recognised by industry and regulators.  Within this 
project it was decided to explore whether an estimate could be made of the source 
strength required to produce a taste and odour problem as this could potentially better 
inform risk management activities. A literature review (Appendix E) was undertaken 
to determine the level of knowledge about rates of release of MIB and geosmin from 
algal biomass that may occur in surface waters. This information has then been used 
to inform water catchment modelling described in section 4 of this report. 
 
It should be noted that the natural substances can also be generated during water 
treatment and within supply pipes post water treatment e.g. through the growth of 
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algae and actinomycetes on the filter media of sand filters (Grey, 2008). While 
recognising this is an important operational issue for water companies, the focus of 
the current project is the contaminants of source water and not those produced during 
water treatment and in the post treatment supply. 

 
4) Metals and their compounds: Some metals and metal compounds exhibit low taste or 

odour thresholds and may result in a characteristic taste in drinking water. The 
sources of metals include both natural and anthropogenic sources and the sources tend 
to be diffuse and are not associated with point sources that can be linked to primary 
and secondary substances. None of the metals were reported by water companies as 
being of concern for taste and odour.  
 
The literature search found naturally occurring copper to be linked to a taste and 
odour incident/s (likewise arsenic which is a metalloid). A number of metals including 
copper have health based standards set by the EU Directive and national standards 
(Appendix A) and therefore are required to be regularly monitored. The WHO do not 
identify copper as being of concern for taste and odour at a concentration below the 
recommended health based guideline and this is equivalent to the EU standard 
(although possible problems of laundry and sanitary ware staining are highlighted). 
Other metals highlighted by the review of WHO drinking water guidelines and 
standards in other countries are manganese, sodium, iron and aluminium. WHO 
consider the concern about aluminium to be due to flocculation leading to consumer 
complaints, rather than taste or odour. The other three metals are subject to national 
standards in England and Wales and the requirements are equivalent to guidelines 
recommended by the WHO for avoidance of taste and odour issues. Therefore 
because of the combination of few reported concerns and the existence of regulation 
applicable to a number of metals this group of substances were not considered as a 
priority for further detailed assessment. 
 

 
2.2.4.2 Prioritisation of primary and secondary anthropogenic substances 
 
A consolidated list of primary and secondary substances of anthropogenic origin with 
potential to be of concern for taste and odour was produced by IEH and RPA, based on data 
extracted from various sources, including ECHA’s REACH Registration and Classification 
and Labelling Inventory databases. The listing obtained described over 130 individual 
substances or substance groupings and included 150-160 records (multiple entries were made 
for some substances to capture information on, for example, multiple registrations or data on 
emissions from UK-specific or other EU facilities where these were considered of possible 
relevance). Various selection approaches to prioritise substances were investigated. 
Ultimately, a multi-stage prioritisation strategy (described below) was chosen as this allowed 
the identification of a prioritised list of substances of UK-relevance that was of a size 
amenable to detailed study within the time-frame and resource constraints of this study.  
Whilst this prioritisation process was primarily focused towards the UK, issues such as the 
compound’s involvement in a taste and odour incident worldwide were also considered if 
these incidents were deemed to have occurred in a location relevant to the UK situation (e.g. 
industrially developed countries, EU countries). 
 
For the selected prioritisation scheme, a set of inclusion and exclusion criteria was produced 
in discussion with RPA; compounds identified by these criteria were then banded as being of 
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‘lesser’, ‘medium’, ‘high’ or ‘very high’ concern. This banded priority list was then subject to 
a further series of selection criteria, so as to produce a final list of substances (incorporating 
both primary and secondary substances) that are proposed for detailed analysis of their use 
and volume patterns and their physicochemical properties, so as to inform subsequent 
environmental fate modelling. 
 
Prioritisation Step 1: 
 
The purpose of this stage was to produce a sub-set of compounds identified as being 
potentially suitable candidates for further consideration. The criteria applied were: 
 

• Substances identified by DWI (or other published sources) as involved in a taste and odour 
incident in the UK or in a similar developed nation – these were automatically selected 
irrespective of other factors; 

• Substances were excluded from the prioritised list at this stage if they were subject to either 
of the following constraints: 
o No evidence of UK production or import was identified (though this does not preclude 

import within mixtures or articles); 
o Substances subject to a health-based DWI standard or a WHO guideline limit that is at a 

value lower than, or close to, the taste and odour threshold (i.e. adherence to the 
health-based limit should essentially provide adequate protection against taste and 
odour issues arising). 

 
Figure 2.1 illustrates the first part of this selection stage. Applying the criteria resulted in the 
identification of 35 substances.  
 
For each of the 35 compounds selected in this initial phase of Step 1, the “T&O risk ratio” 
was then determined. This ratio was calculated as: 

 
• Substances’ maximum likely usage (based on REACH Registration data) ÷ minimum reported 

taste and odour (T&O) threshold (as determined from literature). 
 

• Substances with higher ‘T&O risk ratio’ values were taken to pose a greater potential risk of 
eliciting taste and odour issues in drinking water supplies than those with lower ‘T&O risk 
ratios’. Compounds with T&O risk ratios in the upper 33% of all values were considered to 
constitute a high priority for detailed study while those in the lower 33% were judged to be 
of lesser priority; the remaining substances were considered medium priority. However, this 
categorisation was subject to an important further refinement to ensure that adequate 
recognition was given to UK-specific (as opposed to EU-wide) factors. Thus, compounds were 
subject to ‘promotion (i.e. moved up one category) where there was evidence that they had 
been implicated in a taste and odour incident but, similarly, substances were ‘demoted’ (i.e. 
moved down a category) if no specific evidence of their use or generation by UK industry had 
been identified.  

 
Of the 35 compounds identified at Step 1: 
 

• 12 compounds were classified as ‘lesser priority’; 
• 8 compounds were classified as ‘medium priority’;   
• 13 were classified as ‘high priority’; and  
• 2 were considered as ‘very high priority’. 
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Prioritisation Step 2: 
 
The second prioritisation step constitutes a further refinement so as to identify any of the 
substances classified by Prioritisation Step 1 as being of particularly low significance to the 
UK situation so that resources could be focussed on those of greater relevance.   
 
Consequently, all compounds categorised as being of “lesser priority” were considered not to 
warrant further detailed investigation within this study because there was evidence that they 
appeared to be used in the UK by only a very low number of companies at relatively low 
volumes and/or to be only used as intermediates (based on the REACH definition of 
‘intermediate’). 
 
The resultant prioritisation list of substances was subjected to a final “common sense” check 
to confirm the suitability of the identified compounds for further study. In particular, while 
bromine, iodoform, 2-bromophenol, 2,4,6-trichloroanisole and 2,3,6-trichloroanisole 
appeared to be of medium or high priority based on the applied criteria, these substances 
were omitted from the final list of priority compounds since there are likely to arise from 
water treatment processing. The application of these principles is illustrated further in a 
series of examples (Figures 2.1A, 2.1B, 2.1C and 2.1D below). 
 
Consequently, 18 were selected for progression to subsequent detailed analysis of their usage 
patterns within the UK (and, to the extent possible specifically within England and Wales). 
These compounds and their assigned priorities are shown in Table 2.7. It should be noted, 
however, that the substances identified (on the basis of currently available information) as 
being of lesser concern and consequently not progressed within the context of the current 
study, may warrant further consideration at some future time should additional information 
on either the risk they pose to water supplies or their usage patterns within the UK be found 
to increase.  
 
Following discussion with DWI, the  natural compounds geosmin and 2-MIB were also 
subject to detailed consideration as these are recognised ‘markers’ of taste and odour 
concerns related to chemicals of biological origin. As such this gave a total of 20 substances. 
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1 substance 
reprioritised 

Yes 

No 

No 

109 Substances 
carried forward 

1 Compound 

132 substances identified as 
primary or secondary 

compounds of potential 
concern 

Do DWI or WHO health-
based 
guidelines/standards exist? 

Is substance associated 
with a taste and odour 
incident? 

Is substance 
used by one or 
more UK 
companies? 

substances prioritised on 
basis of previous incident 

Yes 
No 

90 substances 
excluded 

No 

19 Compounds 
carried forward 

Are guidelines 
below taste and 
odour thresholds? 

23 Compounds 

35 Priority Compounds 
identified 

11 Compounds 
11 substances 
carried forward 

7 substances 

Yes 

8 Compounds  
Yes 

23 substances  

Figure 2.1.  Flowchart of Prioritisation Stage 1 
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Figure 2.1A. Prioritisation Stage 2 – Example 1 of application: 2,4,6-Tribromophenol 
 

2,4,6-
Tribromophenol 

(CAS No. 118-79-6) 
 

Minimum T&O 
Threshold 

Maximum 
REACH usage 

30 µgl-1 10000 Tons/A 

333.3 

T&O Risk Ratio 

12/35 

Lesser 

Ratio Ranking 

Initial Priority 

 Lesser 
(None) 

Used in the 
UK? 

Priority 
(Change) 

Yes 

 Lesser 
(None) 

Involved in 
T&O incident? 

Priority 
(Change) 

No 

Excluded  

Exclusion 
Criteria Met? 

Final Priority 

Yes 
(Lesser 
Priority) 
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Figure 2.1B. Prioritisation Stage 2 – Example 2:  2-Methyl-4-Chlorophenoxyacetic Acid 
 

MCPA 
(CAS No 94-74-6) 

 

Minimum T&O 
Threshold 

Maximum 
REACH usage 

460 µgl-1 1000 Tons/A 

2.2 

T&O Risk Ratio 

6/35 

Lesser 

Ratio Ranking 

Initial Priority 

Lesser 
(Down) 

Used in the 
UK? 

Priority 
(Change) 

No 

Medium 
(Up) 

Involved in 
T&O incident? 

Priority 
(Change) 

Yes 

Excluded  

Exclusion 
Criteria Met? 

Final Priority 

Yes 
(Lesser 
Priority) 
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Figure 2.1C. Prioritisation Stage 2 – Example 3:  Xylene 
 

Xylene 
(CAS No. 1330-20-7) 

 

Minimum T&O 
Threshold 

Maximum REACH 
usage 

200 µgl-1 40,000,000 Tons/A 

200,000 

T&O Risk Ratio 

22/35 

Medium 

Ratio Ranking 

Initial Priority 

Medium 
(None) 

Used in the 
UK? 

Priority 
(Change) 

Yes 

Medium 
(None) 

Involved in 
T&O incident? 

Priority 
(Change) 

No 

 Medium  

Exclusion 
Criteria Met? 

Final Priority 

No 
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Figure 2.1D. Prioritisation Stage 2 – Example 4:  Dicyclopentadiene 
 

Dicyclopentadiene 
(CAS No. 77-73-6) 
 

Minimum T&O 
Threshold 

Maximum 
REACH usage 

0.01 µgl-1 200,000 Tons/A 

20,000,000 

T&O Risk Ratio 

33/35 

High 

Ratio Ranking 

Initial Priority 

Very high 
(None) 

Used in the 
UK? 

Priority 
(Change) 

Yes 

Very high 
(Up) 

Involved in 
T&O incident? 

Priority 
(Change) 

Yes 

Very high 

Exclusion 
Criteria Met? 

Final Priority 

No 
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Table 2.7 Substances identified as of potential relevance to the UK by the prioritisation 
process 
 
CAS Name Priority Band 

4359-46-0 2-Ethyl-4-Methyl-1,3-Dioxolane (2-EMD) Medium 

768-58-1 2-Ethyl-5,5-Dimethyl-1,3,-Dioxane (2-EDD ) Medium 

76-49-3 Bornyl acetate Medium 

1222-05-5 Galaxolide (HHCB) Medium 

111-76-2 Ethylene glycol butyl ether  High 

106-42-3 p-Xylene (UK) High 

95-47-6 o-Xylene (UK) High 

1330-20-7 Xylene (UK) High 

108-95-2 Phenol High 

98-82-8 Iso-propylbenzene (UK) High 

101-84-8 Diphenyl ether High 

95-48-7 2-Methylphenol (o-cresol) High 

108-39-4 3-Methylphenol (m-cresol) High 

106-44-5 4-Methyl phenol (p-Cresol) High 

994-05-8 TAME (methyl-tert-amylether) High 

637-92-3 ETBE (ethyl-tert-butylether) High 

1634-04-4 MTBE (methyl-tertiary butyl ether) Very High 

77-73-6 Dicyclopentadiene Very High 
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3. Production and use profiles of prioritised 
“primary” and “secondary” 
anthropogenic compounds 
 

3.1 Methodology 
3.1.1 Approach  
  
In support of study Objective 2 (quantify compounds used / associated industries – for 
anthropogenic synthesised substances) and Objective 3 (determine (potential) routes of entry 
to water system – for anthropogenic synthesised substances and by-products), research about 
each substance was conducted to inform on: 
 

• the amounts produced or used, and the nature of production and use processes involved; 
and 

• the identification of potential route(s) of entry of each compound into water bodies that 
may be potentially used for abstraction purposes.  
 

In order to obtain information on these aspects, the approach followed in this study has been 
to analyse, for each of the prioritised substances, all identified data sources to inform on the 
nature of the supply chain for that substance and to identify which are the sections of the 
supply chain that may potentially constitute a source from which environmental releases of 
the substance might emerge. Hence, the supply chain has been considered in terms of 
manufacture, formulation and end-uses. It became apparent during the investigations that 
very low amounts of bornyl acetate were produced or used in the UK and therefore a detailed 
assessment was not relevant. Therefore, although the original prioritised list contained 18 
substances (Section 2), the detailed assessment was conducted on the remaining 17 
substances (Section 3.2).  
 
In order to inform on the likely amounts of the substances that may be produced or imported 
into the UK, where practicable, a ‘mass-balance’-type of approach has been taken; that is, we 
have assessed input and output data for each of the prioritised substances at each stage of the 
mapped chain, to the extent possible based on available data sources. Consequently,  
information gathering activities have focussed on: production and/or import/export balance; 
identified usages; usage (volume) patterns and nature of industrial use (i.e., nature of 
industrial process and relevance of industry); qualitative understanding of likely numbers of 
users in relation to England and Wales and the appropriateness of applied risk reduction 
measures (e.g. are these solely based on regulatory compliance demands or are additional 
voluntary measures adopted) which together with the consideration of physicochemical 
properties of substances informs on the extent and characteristics of risk posed.   
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The overall aim of these activities was to assess what might be the potential likelihood of 
release occurring and, where possible, define what the maximum likely release of the 
substance might be, the intention being to compare this to the backward-modelling of the 
volumes that would have to be released at various levels of the supply chain (based on 
modelled catchments) that might equate to a risk of a taste and odour incident occurring. 

3.1.2 Search of publicly available information sources for data 
 
The information used for this assessment was gathered initially from published data sources 
through searches using reputable online search engines. Further (and targeted) searches were 
also undertaken and, in particular, information was sought that was of relevance to England 
and Wales where possible (for several information sources UK data was used as a surrogate).  
Aspects considered comprised: 
 

• Uses of the prioritised substances at each identified level of the supply chain; 
• The overall  volume manufactured and/or imported and exported, and that used in each 

application considered (including research of recent information on the continuing presence 
of the manufacturing facilities); 

• The nature of the processes undertaken, particularly if the process involved closed or open 
systems; 

• Storage conditions and transfer arrangements; and 
• Areas for potential environmental releases (i.e. assessment of the extent to which the 

substance could be potentially released to the environment and characterisation of what 
controls were in place to prevent/ minimise release, together with the definition of any 
environmental release limit (regulatory-imposed or voluntary) established).  

 
Where possible, data were obtained from authoritative sources. For example, the potential 
production and import/export of substances were also investigated for the UK using, 
respectively, the Eurostat manufactured Goods (Prodcom, DS_066342)1 and EU-27 trade 
since 1988 (DS_016890)2 databases3. Information was sought on details of the REACH 
registrants of these substances using the ECHA dissemination portal4, and information on 
environmental releases specific to England and Wales has been sought, where available, from 
the United Kingdom Pollutant Release and Transfer Register 5.     
 
The output from this exercise has confirmed that the overall supply chains for these 
substances are complex and involves their manufacture and use in a manner which typically 
comprises several different links (moving from raw material suppliers to professional or 
consumer end-uses). 
 

3.1.3 Consultation with industrial stakeholders 
 
Where possible (and practical within the resource constraints of this study), alongside the 
data search process described above, a consultation exercise was initiated with relevant 
industrial stakeholder bodies. Emphasis was given to focussing efforts on those aspects 

1  See http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/database. 
2  See http://epp.eurostat.ec.europa.eu/portal/page/portal/international_trade/data/database. 
3  Information from the databases is not provided at the level of England and Wales. 
4  See http://echa.europa.eu/information-on-chemicals/registered-substances. 
5  See http://prtr.defra.gov.uk/index. 
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considered to be of most concern/relevance within the supply chain for those substances for 
which, for example, it appeared that there might be particular concerns regarding the 
potential for, or consequences of, release into the environment within the context of the UK.  
For, example, this might be based on evidence suggesting that a particularly large volume of 
a prioritised substance is consumed within the UK.  Another focus was to address potentially 
significant data-gaps remaining after the literature search.   
 
During the consultation, several industry associations at both the UK and EU level were 
solicited for data, information or comment. These include: 
 

• The International Association for Soaps, Detergents and Maintenance Products (AISE); 
• The Association of Petrochemicals Producers in Europe (APPE); 
• The British Association for Chemical Specialities (BACS); 
• Cosmetics Europe; 
• The Cosmetic, Toiletry & Perfumery Association (CTPA); 
• The European Fuel Oxygenates Association (EFOA); 
• The European Phenolic Resins Association (EPRA); 
• The European Resin Manufacturers Association (ERMA); 
• The European Federation of Cleaning Industries (FENI); 
• The International Fragrance Association UK (IFRA UK);  
• The Petrol Retailers Association (PRA); and 
• The UK Petroleum Industry Association (UKPIA). 

 
Requests to these bodies were mainly focussed on the substances believed to be of particular 
concern to the particular industry sector the body represents. In some instances, the full list of 
prioritised substances were provided to the consultee, for example, where there was an 
indication that substances not yet confirmed as being associated with a particular application 
might be utilised by the sector. In several instances, direct feedback was obtained from the 
representative bodies (i.e. industry associations). However, in other cases the industry 
association chose to pass on the request for information to their individual members 
companies and invited them to respond directly to RPA.  
 
Where received, responses from consultees have been generally positive and helpful (albeit 
subject to a degree of caution with respect to the intended purpose of the study and the 
rationale used to select the substance as of ‘concern’). Where possible, discussions (by 
telephone) have been held with association representatives (e.g. EFOA, UKPIA, CTPA, 
ERMA, PRA, EPRA and IFRA UK) to clarify the basis and intention of the exercise, to 
facilitate coordination of information requests to association members (or identify additional 
potential consultee bodies) and to directly capture the individual consultees expert 
knowledge. In some instances, the feedback was such as to allow detailed insights to be 
drawn as to the measures taken by the sector (e.g. risk reduction measures) and to inform on 
the extent of any risk posed within a UK context. In such instances the output of discussions 
were documented and agreed in detail with the consultee’s representative prior to use. 
 
Where information on a UK-basis was not provided, the industry association’s were 
encouraged to broaden the scope of their internal communication/discussions so as to seek to 
elicit information at the EU level. While awaiting completion of the exercise, ‘fill gap’ 
additional literature searches were also undertaken. Below, the combined output generated 
from the review of publicly-available information and consultations with relevant industry-
sector stakeholders is presented for each prioritised substances. Substances closely related in 
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terms of the overall ‘mass balance’ approach have been grouped together where practical, e.g. 
where uses throughout the supply chain are very similar, such as for the three fuel additives – 
MTBE, ETBE and TAME.  
 
The resultant outputs of these reports have been used as the basis for comparison with the 
information and insights that emerged from the ‘inverse modelling exercise’ (see Section 4). 
 
 

3.2 Analysis of industrial usage of prioritised 
substances  
3.2.1 2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) and 2-ethyl-4-
methyl-1,3-dioxolane (2-EMD) 
 
3.2.1.1 Introduction 
 
2-Ethyl-5,5-dimethyl-1,3-dioxane (2-EDD; CAS No. 768-58-1) and 2-ethyl-4-methyl-1,3-
dioxolane (2-EMD; CAS No. 4359-46-0) have been involved in several incidents of 
contamination of drinking water resulting in major taste and odour issues. Both 2-EDD and 
2-EMD are extremely odourous, with thresholds of 0.01 µg l-1 (with the possibility that 
sensitive individuals may be able to detect at a level as low as 0.005 µg l-1). The odour of 2-
EDD has been variously described as ‘walnutty’, ‘latex paint’, ‘varnish’, ‘chlorinous’, 
‘earthy’, ‘musty’, ‘creeky/decaying vegetation’, ‘nutty’, ‘sewage’, ‘fishy/algael’, 
‘marshy/sulphurous’, ‘rotten’, ‘methanol/piney’, ‘sweet’ and ‘chemical’.  At its threshold 
concentration, 2-EMD’s odour has been described as ‘sweet’ while at higher concentrations 
terms such as ‘solvent sweet’, ‘sickly sweet’, ‘toluene’ and ‘medicinal’ are used (DWI, 
2010). 
 
In addition to their very low taste and odour thresholds, both substances pass readily through 
many sewage treatment processes and are not removed by the drinking water treatments of 
coagulation, flocculation or clarification. The use of Granular Activated Carbon (GAC) and 
Powdered Activated Carbon (PAC) are, however, effective in reducing the concentration of 
2-EDD and 2-EMD (DWI, 2010). 
 
The first documentation of incidents of contamination with 2-EDD and 2-EMD was reported 
in the journal Analytical Chemistry in August 1993 (see DWI, 2010) in relation to 
Neshaminy WTW owned by the Philadelphia Suburban Water Company in Middletown 
Township. In January 1992, a commercial waste facility accepted wastewater from a resin 
coatings manufacturer which resulted in an objectionable taste and odour being experienced 
by consumers over a two week period. 
 
Another incident occurred in the UK at Worcester/Wem in April 1994. This was caused when 
organic chemicals (discharged into a sewer by a company specialising in the recovery of 
solvents used in production of resins) passed through the Wem sewage works and into two 
small tributaries feeding the River Severn. Three days following the incident, consumers 
began to complain of a taste and odour in drinking water.  
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Also, from October 1993, the Tordera aquifer in Barcelona, Spain was contaminated by a 
factory producing saturated and unsaturated polyester resins that was sited in the upper 
course of the river. Contamination of a number of boreholes used for drinking water supply 
purposes occurred and resulted in subsequent drinking water taste and odour problems. A 
study conducted to investigate this occurrence looked at 48 groundwater supplies between 
1994 and 1995 with complaints being received from consumers of Barcelona’s tap water 
reported in November 1994 and January–February 1995. The investigation led to the 
identification of contamination of the Llobregat River 15km from Barcelona’s WTW (water 
treatment works) arising from a factory specialising in the elimination of industrial residues. 
An incident involving the Ohio River, USA (reported by Noblet et al. 1999) related to a taste 
and odour incident as early as 1989 that involved release of rinse waters from a resin 
manufacturer containing chemicals which reacted to form 2-EMD and 2-EDD6.  
 
In September 2003, a major treatment works supplying several million consumers in South 
America had to be shut down due to many consumer complaints. This related to several 
contaminating chemicals which made identification of the cause of the characteristic ‘olive’ 
odour reported by complainants difficult. After six weeks of investigation, 2-EMD and 2-
EDD were isolated allowing tracking of the source of contamination to a polyester resin 
manufacturing plant. 
 
More recently (January-March, 2010), in an incident that affected water supplies managed by 
two UK water companies, objectionable taste and odour of water supplies was reported in 
North-East London. This was found to be caused by 2-EMD and 2-EDD contamination 
originating from the waste of a resin manufacturer that had been disposed of as commercial 
effluent via a sewage treatment works; this in turn had contaminated raw waters of the River 
Lee.   
 
3.2.1.2 Origins of 2-EMD and 2-EDD contamination 
 
DWI (2001) clarifies that the origins of these contaminates in relation to the reported taste 
and odour incidents relate to the mixing of wastes containing aldehyde and glycol from 
industrial sources. In particular, each incident involving 2-EMD or 2-EDD has been found to 
relate to the activities of either the manufacture of resins or of facilities handling the wastes.  
As such, the issues relating to the entry of these substances into water sources relate to the 
occurrence of reactions between chemicals in the industrial wastes rather than to either the 
production or downstream use of primary industrial chemicals per se (as is the case for many 
of the substances considered by this study).  
 
Chemically, dioxanes are cyclic acetals. Cyclic acetals and ketals have been used as chemical 
protecting groups in organic synthesis and are prepared from ketones/aldehydes and diols.  
More specifically, 2-EDD is formed from the reaction of neopentyl glycol and propanal (see 
Figure 3.1) while 2-EMD is similarly formed from the reaction of propylene glycol and 
propanal.  
 

6  By the time 2-EDD reached private residences it was below the limit of detection.  Subsequently, although 
this substance was present, it was 2-EMD that was responsible for the incident. 
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Figure 3.1:  Formation of 2-EDD (where water is released as the other primary reaction 
product). Source:  Schweitzer et al. (1999) 
 
Hence, in order to identify potential sources of occurrence of 2-EMD and 2-EDD, 
consideration needs to be given to the use profiles of each of the three potential ‘parent’ 
compounds from which one or both contaminants may be formed (see below).    
 
Relevant information on parent compounds (propylene glycol, neopentyl glycol and 
propanal) 
 
Propylene glycol (CAS No. 57-55-6), neopentyl glycol (CAS No. 126-30-7) and propanal 
(CAS No. 123-38-6) are all used during the manufacture of resin; propylene glycol and 
neopentyl glycol are polyalcohols. The major outlet for propylene glycol (a straight-chain 
aliphatic glycol) is in the production of unsaturated polyester resins where, as noted by Stoye 
and Freitag (1996), the substance fits in the group of common esterification alcohols. 
Neopentyl glycol (a branched glycol) can be used as a complete or partial replacement for 
straight-chain aliphatic glycols in the production of unsaturated polyester resins to yield 
unsaturated polyester resins which, when in a cured state, have much higher thermal stability 
and resistance to aqueous saponifying chemicals. 
 
Propanal (also known as propionaldehyde) is the aldehyde of the three carbon propyl group. 
It has the chemical formula CH3CH2CHO and is a structural isomer of propanone. At room 
temperature, it is a colourless liquid with a slightly irritating, fruity odour, and is principally 
used as a precursor to trimethylolethane (CH3C(CH2OH)3) through a condensation reaction 
with formaldehyde; this triol is an important intermediate in the production of alkyd resins.  
Other applications include reduction to propanol and oxidation to propionic acid (ECMDB, 
undated). Stoye and Freitag (1996) note that propanal is also amongst a group of carbonyl 
compounds that are starting materials for the preparation of amino resins. 
 
A summary of the key uses of propylene glycol, neopentyl glycol and propanal is presented 
in Table 3.1. 
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Table 3.1 Key uses of propylene glycol, neopentyl glycol and propanal 
 
Propylene glycol 
 

Neopentyl glycol Propanal 

Polyester resins formation for: 
Coatings 
Unsaturated polyesters 
Lubricants 
Plasticisers 
Hydraulic fluids 
 

Polyester resins formation for: 
Polyurethane coatings 
Adhesives 
Sealants 
Elastomers 
Surface-active agents 
Lubricants 
Cosmetics 
Thickeners 
Functional fluids – heat transfer 
fluids, hydraulic fluids 
Personal care products 
Foods and flavourings 
Solvent 
 

Intermediate in the production of 
alkyd resins 
Intermediate in the production of 
propanol 
Intermediate in the production of 
propanoic acid 
 

Sources: BASF (2010); DOW Chemical Company (2008); ECMDB (undated);  Propylene Oxide/ Propylene Glycol sector 
group (2008) 
 
Available literature indicates that the use in relevant combinations of each of the three parent 
substances is most prevalent in the polyester resin manufacturing sector. Information on their 
use profiles in other resins is sparser. However, Monument Chemical (undated), for example, 
notes that propylene glycol can be used as a plasticiser in phenolic resins.   

Given the limited information identified in the technical literature or through consultation, as 
to the extent of use of these substances in the resins sector, for conservatism, the resin 
industry in England and Wales as a whole has been considered. This approach is consistent 
with recommendations from the DWI (2010) study which states “All water and wastewater 
companies must ensure that any waste which maybe a source of 2-EDD and 2-EMD is 
closely monitored and any resin manufacturer should be classified as high risk. Waste where 
the risk is high or unacceptable and cannot be mitigated should not be accepted where it 
could subsequently enter a raw water source however remote”. 
 
Prevalence of neopentyl glycol, propylene glycol and propanal use in the UK resins 
industry  
 
As outlined in Section 3.1, efforts were made to elicit information from the resins industry.  
As requests for information were unsuccessful, information in this section has been obtained 
from literature review and research. Information from the European Resin Manufacturers' 
Association (ERMA) (previously The British Resin Manufacturers' Association) member 
directory7 indicates that 15 of the organisation’s members are based in England and Wales (it 
should be noted that a requirement for full membership of ERMA is that companies must be 
manufacturers of resins). Additional information is available from European Commission 
(2007), which reports that in the UK, unsaturated polyester resin production plants are 
located in Stallingborough, Belvedere, Ellesmere Port, Harlow, Micham, Dunstan and 
Wellingborough. A separate report (ECB, 2002) notes the largest works producing 
unsaturated polyester resin identified in the UK has a capacity of 30,000 tonnes8.  

7  See http://www.erma.org.uk/member_directory.asp?edit_id=78&nav=78&branch=1. 
8  It is noted that the original source of this data is a 1991 report by Chem-Intell. 
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The UK is described as the EU’s sixth largest producer of coating resins (behind The 
Netherlands and France but ahead of Spain and Austria). UK production in 2009 amounted to 
€225 million. Important companies in the sector include multinational producers, such as 
Hexion (solvent-borne from alkyds and epoxies, and powder from epoxies), Reichhold 
(solvent-borne alkyd and powder acrylic) and Nuplex (acrylic solvent-borne) (CBI, undated). 
 
To further inform on the size of the resins industry in the UK, information has been sought on 
the production and import/export of epoxy and alkyd resins using, respectively, the Eurostat 
manufactured Goods (Prodcom, DS_066342)9 and EU-27 trade since 1988 (DS_016890)10 
databases11. The information for the most recently available year (2012) is presented in Table 
3.2 
 
Table 3.2 UK Import, export and production tonnage values for epoxy resins and alkyd resins 
in 2012 
 
 Epoxy resins Alkyd resins 
Import (t) 50,508 8344 
Export (t) 18,497 5719 
Production (t) 13,118 25,153 
Prodcom PRC code: Epoxide resins, in primary forms - 20164030, and Alkyd resins, in primary forms - 20164050 
External trade nomenclature references: Epoxide resins, in primary forms – 39,073,000 and Alkyd resins, in primary forms – 
39,075,000 
 
3.2.1.3 Potential for environmental release 
 
Given the nature of the formation of 2-EMD and 2-EDD and past incidents, together with the 
general lack of detail on the structure of the resins industry in England and Wales, assessment 
on the potential for the environmental release of these substances focuses on the provision of 
further information relating to the resin manufacturing process12. This is provided below as 
described in European Commission (2007). The information relates to the production of 
unsaturated polyester resins. However, unavoidably much is generic to the resins industry as 
a whole: 
 
Resin production is performed in production plants that may be integrated in larger facilities 
or that are completely standalone units. In some cases, unsaturated polyester resins are 
produced in multipurpose plants where other resins, like alkyds and saturated polyesters, are 
also produced. The market demands a large variety of resins in order to suit the wide variety 
of end market applications and conversion technologies applied. This is reflected in the resin 
production facilities being able to produce a variety of products on the basis of different raw 
materials (recipes), process conditions and to target final specifications. Order size and 
packaging demand (bulk, container, and drum) add to the complexity of the production 
facility. 
 

9  See http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/database. 
10  See http://epp.eurostat.ec.europa.eu/portal/page/portal/international_trade/data/database. 
11  Information from the databases is not provided at the level of England and Wales. 
12  It should also be considered that contractors handling industrial waste have also been responsible for releases 

of the substances into environment.  However, in the absence of detailed information on the operations of 
such facilities, the focus of this report remains on resin manufacturers (as the initial sources of these 
substances). 
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Typically, the core of a resin plant will consist of a number of batch reactors varying in size 
from 10 – 40 m3. Largely depending on the degree of specialisation of such a facility, a mix 
of 100 - 200 products (based on 100 – 150 different raw materials) may be produced. Bulk 
delivery versus drum/container may vary from 40:60 to 60:40 with order sizes ranging 
between less than 1 tonne to full tank truck loads. 
 
Resin production shows a trend towards a higher level of automation but still requires a lot of 
operator intervention. Apart from control of the process, this includes raw material weighing 
and preparation, metering of small raw materials, sampling and sample analyses, product 
filtration and then filling of drums, containers and tank trucks. Figure 3.2 shows a schematic 
flow chart of the unsaturated polyester production process. 
 

 
Figure 3.2  Flow diagram of the unsaturated polyester production process 
Source:  European Commission (2007) 
 
In addition to information on plant layout and operation, European Commission (2007) also 
summarises the sources of environmental impact from the unsaturated polyester resin 
production process. Those relating to the potential contamination of water sources are listed 
below (these potential sources of environmental impact can be assumed to be the same across 
the resins industry): 
 

• Spillages and losses of (environmentally hazardous) raw materials, intermediates and 
finished products from closed systems and secondary containments; 

• Contaminated reaction water and its treatment (on-site treatment or external treatment); 
and 

• Waste water from cleaning and rinsing and its treatment. 
 

Given that no information was obtained via consultation with representatives of the resins 
industry, the Environment Agency were consulted and asked to provide information with 
regard to any environmental-release standards that resin manufacturers (and companies 
processing industrial wastes) are obliged to operate to with respect to the 2-EMD and 2-EDD 
(and their parent compounds). Insights were also sought in relation to the waste 
treatment/disposal practices that are adopted by the industry sector. The response received 
indicated that, for any release of these substances, a bespoke permit will most likely be 
required so the criteria set will be site specific and influenced by the manufacturing processes 
involved, local environmental factors and the volumes that the operator wishes to handle. 
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Importantly, it should be noted that controls are based mainly upon Integrated Pollution 
Prevention and Control (IPPC) regulations that require an integrated approach to control the 
environmental impacts including use of ‘Best Available Techniques’ (BAT). 
 
3.2.1.4 Environmental fate of 2-EDD and 2-EMD 
 
Little information is available on the environmental fate of 2-EDD and 2-EMD once formed 
from industrial wastes. DWI (2001) provides some data on 2-EDD’s solubility; it has a Log 
Kow of 2.63 and a water solubility of 455 mg l-1 (25°C). 
 
3.2.1.5 Summary 
 
2-EDD and 2-EMD have been involved in several incidents of drinking water contamination 
across the world resulting in major taste and odour issues. Both substances have very low 
taste and odour thresholds, pass readily through many sewage treatment processes and are not 
removed by the drinking water treatments of coagulation, flocculation or clarification.  
 
2-EDD is formed from the reaction of neopentyl glycol and propanal, while 2-EMD is 
formed from the reaction of propylene glycol and propanal. These parent substances have a 
variety of individual uses but are all used during the manufacture of resins (the industry 
source, directly or indirectly responsible for the majority of releases of 2-EDD and 2-EMD 
into the environment, which have triggered the reported taste and odour incidents). 
  
It is apparent that the UK has a sizeable resins industry. However, the scale of neopentyl 
glycol, propylene glycol and propanal use has not been conclusively established. Given the 
available information it is concluded that the main risks related to the potential for the 
environmental release of 2-EDD and 2-EMD from the resins industry relate to:  
 

• Spillages and losses of (environmentally hazardous) raw materials, intermediates and 
finished products from closed systems and secondary containments; 

• Contaminated reaction water and its treatment (on-site treatment or external treatment); 
and 

• Waste water from cleaning and rinsing and its treatment. 
 

3.2.2 Galaxolide (HHCB) 
 
3.2.2.1 Introduction  
 
Because of concerns with respect to the potential for an adverse impact on the aesthetic 
quality of drinking water following any release into waters used for drinking water 
abstraction, HHCB (Hexahydrohexamethyl cyclopentabenzopyran; CAS No.1222-05-5) was 
prioritised for detailed consideration within this study.   
 
HHCB (also known as Galaxolide, a registered trademark of International Flavors & 
Fragrances) is considered important to the fragrance industry because it imparts unique odour 
properties, has the ability to improve fragrance compound fixation and binds fragrances to 
fabrics (US EPA, 2013). The substance, which has a taste and odour threshold of 5 µg l-1, is 
used in a very wide range of consumer products such as perfumes, soaps, cosmetics, fabric 
softener and detergents. It is categorised within the group of fragrance materials referred to 
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collectively as ‘polycyclic musks’ (European Commission, 2008). Other polycyclic musks 
include tonalide, phantolide, celestolide, traesolide and cashmeran (SWECO Environment, 
2008).  
 
The information provided within this section gives a concise summary of information 
relevant to the modelling exercise (see Section 4). It should be noted that HHCB has been the 
subject of a European Union Risk Assessment Report (EU RAR) (ECB, 2008a) which 
provides a significant amount of information relevant to estimating the potential for release to 
the environment during production and use.   
 
3.2.2.2 Industrial production 
 
HHCB is manufactured by a reaction of iso-amylene and alpha-methyl styrene followed by a 
Friedel Crafts reaction with propylene oxide and further reaction with paraformaldehyde.  
These processes are achieved (using a highly automated plant) as either continuous or batch 
reactions within closed systems. The end product is obtained through further distillation and 
purification.   
 
According to the EU RAR, manufacture of HHCB only occurs at one site in the UK and this 
facility is understood to provide all European requirements; the annual production volume (as 
of 2000) was between 1000-5000 t (undiluted)13. The precise site location is not specified in 
the EU RAR but, based on data from the ECHA dissemination portal14 and other Internet data 
sources (e.g. The Chemical Engineer (1993)), it appears that the site is located in Suffolk. 
The ECHA dissemination portal also identifies an additional UK registrant based in Kent. It 
has not been possible to verify if production is or is not undertaken at this location.  
 
The EU RAR notes that approximately 63% of the production volume (HHCB undiluted) is 
exported outside of the EU-15 and Norway and Switzerland, of which 25% is in undiluted 
form while a further 37.5% of the production volume is exported in diluted form. To simplify 
handling, nearly all HHCB is diluted in an organic solvent to form a 65% by weight mixture 
that is pourable but still highly viscous; this process is undertaken at a plant in Europe, 
believed to be located in Ireland (as indicated in HERA (2004)). A relatively small volume 
(<500 t) is diluted at the UK production plant.  There are no data available from Eurostat with 
regard to the import or export tonnages of HHCB.   
 

13  In the EU RAR calculations, the data for the year 2000 were used.  In particular, the use volume of 
HHCB (within the EU-15+ Norway and Switzerland) was estimated at 1427t. 

14  Available at http://echa.europa.eu/information-on-chemicals/registered-substances. 
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Figure 3.3  Material flow of HHCB based on production/sales history, Industry data for year 
2000 (EU RAR, 2008) 
 
Downstream, fragrance companies receive HHCB from suppliers located within and outside 
of the EU or through import brokers. Fragrance formulations incorporating HHCB are 
supplied by fragrance companies to customers worldwide for incorporation into final 
products. The end products (i.e. fragranced household products and cosmetics) are then sold 
in EU and worldwide markets (HERA, 2004). 
 
3.2.2.3 Use and the potential for environmental release 
 
Of the group of polycyclic musks, HHCB forms the largest market volume. The fragrance 
oils in which it is used are actually complex mixtures prepared by blending many fragrance 
ingredients, mostly liquid, at various concentrations. In their final forms the fragrance oils 
may find use in a wide range of consumer products (as noted above). The use profile of the 
fragrance oils into which HHCB is incorporated is summarised in Table 3.3. A fraction of the 
production (estimated at 14%) is directly used in bulk formulation of consumer products, 
such as the preparation of detergents by the larger producers (ECB, 2008b).  
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Table 3.3 Profile of uses of fragrance oils in EU-15 
 
Product 
 

Amount used (%) 

Detergents 25 
Fabric softeners 14 
Personal care 13 
Bath and shower 10 
Hair care 10 
Soaps 9 
Industrial and household cleaners 8 
Fine fragrances 5 
Other 6 

Adapted from source: Balk et al. 2001 in European Commission (2008) 

 
The EU RAR concludes that HHCB may be released during the production phase, 
compounding and formulation and during/after use by consumers. It is also stated that HHCB 
used in compounding and formulation can be classified as 'non-dispersive, industrial 
controlled use', whereas use by consumers is classified as 'wide-dispersive use'.   
   
Further details taken from the EU RAR on the potential release of HHCB to the environment 
at different lifecycle stages are summarised below. 
 
Environmental release from production 
 
Site-specific information on the environmental emissions from the HHCB production facility 
is available (in the form of the summarised output from a confidential report15). The 
following waste streams are identified (a summary of manufacturing facility specific data is 
presented in Table 3.4): 
 
1. Concentrated process water that is treated off-site;  
2. Organic by-product streams are used as fuel in a combustion process on the site or sold to a 
third party; and 
3.  Secondary washes during the production process, washing water from occasional cleaning 
of vessels or tanks and run-off water from the contained site is treated in the site's wastewater 
treatment plant (WWTP).   
 
Table 3.4  Summary of HHCB manufacturing facility specific data 
 
Site information 
 

Value 

Production volume (HHCB undiluted) 1000 – 5000 tpa 
Production process Continuously operated batch wise process, running 

330 days per year 
Effluent flow of the WWTP Ca. 400 – 450 m3 per day 
Effluent - average content of HHCB                      
(total concentration) 

0.1 mg/l (maximum 0.2 mg l-1) 

Source: European Commission (2008) 

 

15  Balk F (2001).  Site visit report for the production of HHCB. Occupational and environmental exposure 
analysis for HHCB. Confidential report, Royal Haskoning, The Netherlands, 25 October 2001. 
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The information in Table 3.4 implies that 40 – 45 g per day of HHCB is lost. The effluent 
stream is treated in a local STP (sewage treatment plant), designed for 28,135 i.e. and with a 
dry weather flow of 4,500 m3.  The influent to the local STP is 45 g / 4,500 m3 = 0.010 mg l-1 
(max. 0.020 mg l-1).  The dilution factor of the effluent into the river is 3.7 (based on the 10 
% low water flow). Sludge produced on site from the treatment of waste waters, is collected 
and incinerated. 
 
Environmental release from formulation of fragrances 
 
Emissions of HHCB in fragrance compounding facilities will depend on the standard 
operating procedures of each facility. Two generic emission routes may be distinguished: 
 
1. Mixing vessels and containers washed with steam and/or water and any HHCB present in 
the remaining fragrance oils discharged to the waste water; and 
2. Spills cleaned with water and any HHCB present in the spilled material is discharged to the 
waste water. 
 
Of note, mixing vessels, containers and pumps may be cleaned with an organic solvent which 
is collected and disposed of by incineration or recycled. Emission to waste water would not 
occur in such a case. 
 
The report also provides site-specific emission data obtained from six fragrance 
compounding sites and derived estimates of release for a generic large/medium scale site and 
a small enterprise. For the large and medium size compounders, the generic emission was 
calculated at 0.0421 kg/d.  The generic emission for small sized compounders was calculated 
at 0.0171 kg/d. 
 
Environmental release from the end-product of formulation 
 
Fragrance compounding is followed by the formulation of fragrance compounds within end 
products. A generic scenario is provided in the EU RAR.  It is noted that use volume by such 
formulators is around 1427 t minus the 14% sold directly to the formulators, i.e. 1227 tpa.  
Assuming 1000 formulation sites in the EU-15+2, the use of HHCB on a small formulator 
site is 1227 t / 1000 = 1.227 tpa. Within the EU RAR, for the assessment of a 'reasonable 
worst case, this volume is multiplied by a factor of 5:  
 
Thus, 1.227 * 5 = 6135 kg/year (or 0.4% of the total use). 
   
With the emission factor to waste water of 0.2% and 250 working days per year for a small 
formulator, the loss to STP is 6135 kg * 0.002 / 250 d = 49 g/day. 
  
Release into the standard STP results in an influent concentration of 0.0245 mg l-1. 
 
Environmental release from private-use 
 
After consumer products which contain HHCB have been used, the HHCB will generally be 
emitted into the household wastewater stream. Depending on actual use (e.g. for body care, 
shampoo, textile or floor cleaning), a larger or smaller fraction of the used volume of product 
may also evaporate. The EU RAR derives a release estimate per inhabitant per day for EU-
15.  These data are reported in Table 3.5, below.   
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Table 3.5 Release of HHCB per inhabitant per day 
 
Year (t) Scenario Consumption in mg per capita 

per day 
2000 (1427) TGD regional (10%) 1.3 – 6.4 

Southern Europe 19.8 
EU-15 average 10.6 

European Commission (2008) 

 
3.2.2.4 Environmental fate 
 
Risks associated with the potential aquatic and terrestrial hazards for HHCB are expected to 
be negligible (Chen et al, 2007). The estimated daily exposure to HHCB via drinking water 
(assuming an intake of 2 l) is 0.0006 µg/kg (HERA, 2004).  
  
As described by Langworthy et al. (2000) cited in European Commission (2008), HHCB 
disappeared from activated sludge with the subsequent appearance of more polar metabolites.  
The half-life for HHCB in activated sludge was 21 hours and 85% of the HHCB originally 
present disappeared in 150 hours. A more recent study showed disappearance times to be 
much shorter (33-69 hours) (Federle et al. (2002) as cited in European Commission (2008)).  
HHCB is expected to have low mobility in soil, bind strongly to benthic and suspended 
sediment, and be substantially removed by sorption to sludge in wastewater treatment plants. 
 
In river water, the degradation half-life of HHCB has been determined as 33-43 hours. The 
overall half-life for HHCB was concluded to be 100 hours. Volatilisation half-lives were in 
the order of days to weeks (Schaefer et al. (2005) as cited in European Commission (2008)). 
Table 3.6 lists occurrence data for HHCB in WWTW influent and effluents across a number 
of European countries. This information was obtained from the EU POSEIDON project and 
is subject to a number of caveats.    
 
Table 3.6 Median (maximum) concentrations in Germany (DE), Austria (AT), Poland (PL), 
Spain (ES), France (FR), Switzerland (CH) and Finland (FI). Concentrations are ng l-1  
 
Substance 
 

Location DE* AT PL ES FR CH FI 

HHCB Influent 1500 
(1800) 

2800 (5800) 610 
(1200) 

3180 
(3400) 

n.a. 1660 
(2200) 

750 
(980) 

 
Effluent 
 

 
450 
(610) 

 
470 (920) 

 
n.a. 

 
500 
(600) 

 
n.a. 

 
1150 
(1720) 

 
120 
(160) 

*Influent concentrations in Germany are mean concentrations 
One has to be aware that the data sets of the countries are based on a different number of samples and therefore a direct 
reliable comparison of the quantitative results is not possible. Data sets vary from samples of only one WWTP over a short 
period of time to samples of a multitude of WWTPs taken several times. Furthermore, for some countries the data may not  
be representative due to the limited number of sites sampled.  
Adapted from source: EU POSEIDON (2006) 
 
3.2.2.4 Summary 
 
Figure 3.4 illustrates the tonnage and intermediate/formulation uses through the relevant 
stages of the supply chain in relation to environmental release. 
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Figure 3.4  Flow chart for HHCB  

UK export (2012): 
Unknown 
 

In closed or open systems. 
Potential for environmental release: from 
washing of equipment and accidental spills. 

Intermediate/ formulation 
use in fragrance compounds 

 

UK export (2012): 
Unknown 

Closed system, continuously operated batchwise process. 
Potential for environmental release: Process water that is 
treated off-site; organic by-product streams (used on site or 
sold); washing during the production process 

UK Manufacture: 
1000-5000 t (undiluted, 
assumed 1 factory only)  
 
 

Environmental release: The substance will generally be emitted into the household wastewater stream.  Depending on actual use 
(e.g. for body care, shampoo, textile or floor cleaning), a larger or smaller fraction of the used volume of product may also 
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3.2.3 Ethylene glycol butyl ether 
 
3.2.3.1 Introduction  
 
Ethylene glycol butyl ether (‘EGBE’, also known as 2-butoxyethanol; CAS No. 111-76-2) is 
a colourless liquid (at ambient temperature and pressure) with an ether-like odour (USEPA, 
2008). The substance, which has a taste and odour threshold of 880 µg l-1, has been involved 
in a taste/odour incident in the UK in relation to the so called ‘Worcester/Wem incident’ of 
11 April 1994. On this occasion several organic chemicals, including EGBE, were discharged 
into a sewer of a company specialising in the recovery of solvents used in the production of 
resins. The released effluent passed through the Wem sewage works and into two small 
tributaries feeding the River Severn. A few days later, consumers complained that their 
drinking water supply exhibited an adverse taste and odour (DWI, 2001 and 2010). 
 
The following information summarises the publicly available data of relevance to the 
environmental modelling exercise (see Section 4). In particular, EGBE has been the subject 
of a European Union Risk Assessment (ECB, 2006a). Despite sustained efforts during 
consultation (see Section 3.1), industry representatives contacted provided little or no further 
insights on this substance. Hence, in the absence of more detailed data specific to the UK 
situation, the risk assessment report (EU RAR) has provided a significant source of the 
information that is utilised here to estimate the potential for release of the substance to the 
environment during production and use.  
 
3.2.3.2 Industrial production  
 
EGBE is manufactured by reacting n-butyl alcohol with ethylene oxide in a standard 
ethoxylation reaction suitable for glycol ethers (Figure 3.5). 
 
 

 
 
Figure 3.5 EGBE Synthesis reaction 
Source:  European Commission (2006) 
 
As described in the EU RAR, for this reaction ethylene oxide and butanol are mixed together 
in the presence of a suitable industrial catalyst to produce a range of butyl glycol ethers (e.g. 
monoglycol, diglycol and triglycol ethers). These are then separated by fractionation using, 
for example, vacuum distillation. According to the EU RAR, for the years 2001-2003, 
production (at >1000 t/y) occurred at five sites within Europe, resulting in the cumulative 
manufacture of 135, 158.5 and 161 kt for each respective year. Taking into account import 
and export figures, these data equate to a total European use of 95, 97.5 and 96.5 kt, for each 
of these respective years.  
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One of the production sites identified by the EU RAR is located in England (UCL, Wilton 
International, Middlesborough). However, it does not appear that the substance is currently 
(as of 2013) produced at Middlesborough since plant closures have occurred at this site since 
the EU RAR was published16. No specific production figures were identified for this plant 
during the period production was known to occur and no indication has been identified of any 
production having occurred in Wales. The ECHA Dissemination Portal17 shows that EGBE 
has been registered under REACH by one company with an address in England and Wales.  
Based on searches of internet literature, it does not appear that the company is currently a 
manufacturer of the substance.   
 
The potential production and import/export of the substance within the UK was also 
investigated using, respectively, the Eurostat manufactured Goods (Prodcom, DS_066342)18 
and EU-27 trade since 1988 (DS_016890)19 databases20. With regard to import and export, 
EGBE is included under the combined nomenclature ‘Monobutyl ethers of ethylene glycol or 
of diethylene glycol – 29094300’. This nomenclature includes a number of very high volume 
production chemicals such as monoethylene glycol (as does the relevant Prodcom PRC code 
‘Ether-alcohols and their halogenated, sulphonated, nitrated or nitrosated derivatives 
(excluding 2,2-Oxydiethanol) – 20146339’). Consequently, data for these categories has not 
been presented as it is unlikely to provide an accurate reflection of true production or 
import/export of EGBE. 
 
3.2.3.3 Use and the potential for environmental release 
 
EGBE has multiple uses as a solvent in paints and surface coatings, detergents and surface 
cleaners, and inks or dyes. The use pattern in England and Wales is not known, but the EU 
RAR gives detailed data on the use pattern in Western Europe (see Table 3.7, data is for 
2001-2003, there is no evidence to suggest a significant change in usage pattern over recent 
years). 
 

16  See  
http://www.icis.com/Articles/2010/01/27/9329462/dow-chemical-closes-wilton-ethylene-oxide-glycols-
plant.html.  

17  ECHA Registered substances database: http://echa.europa.eu/web/guest/information-on-
chemicals/registered- substances. 

18  See http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/database. 
19  See http://epp.eurostat.ec.europa.eu/portal/page/portal/international_trade/data/database. 
20  Information was not provided at the level of England and Wales. 
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Table 3.7  Breakdown of EGBE uses in Western Europe 
 
End use 
 

Stage of life cycle 
 

% of total used 
 

Paints and coatings Formulation, processing, private 
use* 

58.7 

Detergents/ cleaners Formulation, private/ public use 11.33 

Chemicals used in synthesis Processing 10.3 

Captive use (EGBEA production) Processing 9.27 

Printing inks Formulation, processing 2.57 

Oilfield chemicals Formulation, processing 2.57 

Metal cleaning Formulation, processing 2.06 

Electronic industry Processing 0.62 

Leather treatment operations Processing 0.51 

Pharmaceuticals  Processing 0.51 

Adhesives  Formulation, processing 0.51 

Cosmetics/ personal care Formulation, private use 0.51 

Fire foams Formulation, processing 0.31 

Agricultural products Formulation, processing 0.21 

*for personal decorative paints only 
Adapted from source: European Commission (2006) 
 
In addition to the uses highlighted in the table above, historic applications have been reported 
by some sources. However, there is no evidence according to the EU RAR that these are still 
undertaken in the EU to any significant extent; uses include in the paper industry, textile 
manufacture, rubber (oil industry), oil spill dispersants and construction chemicals, as well as 
various miscellaneous applications.   
 
Overall, it appears that the major use of EGBE is in the paint and lacquer industry 
(representing 58% of total volume used in the EU). Uses of secondary importance 
(representing approximately 20% and 11% respectively) include as an intermediate for 2-
butoxyethanol acetate (EGBEA) synthesis (including captive use) and as a cleaning agent.  
Given the scope of this project and limitations on resource availability, attention has been 
focused on the major use applications as these can be considered to represent the greatest 
potential for environmental release (additional data on minor uses are available in the EU 
RAR). 
 
Use as a chemical intermediate  

EGBE is used as an intermediate in the synthesis of acetate esters, phthalates and stearate 
plasticisers. Although the majority is used as an intermediate is in EGBEA synthesis, it also 
finds application in the synthesis of di(-2- butoxyethyl) phthalate.  

According to the ECHA Dissemination Portal21, there is one European registrant/supplier of 
2-butoxyethanol acetate with a UK address, suggesting that EGBE could be used for this 

21  ECHA Registered substances database: http://echa.europa.eu/web/guest/information-on-
chemicals/registered- substances. 
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process within the UK. Di(-2butoxyethyl) phthalate is not REACH registered, which 
demonstrates that, if produced, it is only at a quantity of <100 t/y per producer. Hence, the 
quantity of EGBE used for this in Europe may be assumed as negligible. 

Use in paints and coatings 

Glycol ethers and their acetates are effective in many surface coating technologies including, 
for example, high and low solid coatings, waterborne emulsions and water-reducible 
coatings. Detailed percentages for the use of EGBE in different paint types are presented in 
Table 3.8. 

Table 3.8  Detailed view of EGBE use in paints 

End use % of total use Typical maximum % of EGBE 
in formulated products 

General industrial coatings* 14.11 3 

Decorative trade coatings* 13.02 3 

Decorative retail coatings 
(consumers uses)* 

8.73 3 

Can coatings 7.56 7 

Coil coatings 5.46 7 

Automotive OEM coatings* 5.46 8 

Anticorrosion coatings 2.18 1 

Automotive OEM coatings 1.09 2 

Wood coatings* 1.09 2 

Total 58.70 - 

* Water based 
Adapted from source: European Commission (2006) 
 
Use in detergents and cleaners 
 
The EU RAR reports an analysis of uses of 434 cleaning products based on a 1996 risk 
assessment for EGBE undertaken by the Australian National Industrial Chemicals 
Notification and Assessment Scheme. This suggests the following composition ranges (in 
terms of total product) - see Table 3.9, below.  
 
Table 3.9  EGBE concentrations in cleaning products 
 
EGBE 
concentration % of total products Examples of cleaning products containing 

EGBE 
< 10% 68 Surface cleaner (multi-purpose cleaners), Floor 

stripper, glass / window cleaner, oven cleaner, 
carpet cleaner, laundry detergent and rust remover 10-30% 14 

30-60% 1 

10-60% 2 

> 60% 1 

unknown 14 

Source: European Commission (2006) 
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The assessment suggested that most cleaning products had an EGBE concentration of < 10% 
(range < 1% to 94%). According to an OECD 1996 source cited by the EU RAR, the fraction 
included in formulated detergent for industrial and consumer applications, indicates that ¾ 
(≈ 8.50% of total usage) as a detergent relates to industrial use while only ¼ (≈ 2.83% of total 
usage) is in consumer products. 
  
Potential for environmental releases during production and intermediate use 
 
As noted in the EU RAR, during normal operations involved in the manufacture of EGBE, 
the system is closed so there is only limited potential for environmental release. Such 
occurrences would be restricted to escape during sampling, filling or loading operations or on 
the occasion of campaign changes (N.B. it appears that EGBE synthesis is undertaken as a 
series of campaigns rather than as a continuous process) when a plant is switched to 
production of a different glycol ether (by change in alcohol or use of propylene rather than 
ethylene oxide).  
 
In the case of its use as an intermediate, this is generally conducted in closed systems 
suggesting release risks are small though still conceivable in connection with washing of 
equipment, etc.. 
 
Emissions during production and processing of EGBE in captive systems for EGBEA 
synthesis, are predicted to have a PEC for surface water of 0.8 - 10.6 µg l-1 (includes aquatic 
PEC regional). The EU RAR estimates the PECaqua for the five EU production sites identified 
as documented in Table 3.10 (which site relates to the UK facility is not clear). 
 
Table 3.10 Local PEC in water at production 
 
Production 
sites 

#1 #2 #3 #4 #5 

PEClocalaqua 
(µgl-1) 
 

0.8 10.6 9.0 9.6 - 

Source: European Commission (2006) 
 
Potential for environmental release from consumer use 
 
The EU RAR provides aqueous concentrations of EGBE in relation to formulation, 
processing and consumer uses but, as no site specific data are available, these are presented in 
Table 3.11 as generic estimates based on default values.   
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Table 3.11 Local PECSTP and PECaqua for EGBE 
 
Production sites Daily release 

to waste 
water (kg/d) 

PECSTP 
(µg l-1) 

Local 
PECaqua 
(µg l-1) 

Total local 
PECaqua* 
(µg l-1) 

Total local 
PECseawater 
¤  (µg l-1) 

Paints IF / Paints IP 8.2/ 22.8 519 / 1,430 52 / 144 59 / 151 42 / 114 

Paints IIF & IIIF 8.4 533 54 61 43 

Paints IIP and Paints IIIU 2.1 132 13 21 11 

Paints IVF / Paints IVP 0 / 0 - / - - / - 7 / 7 1 / 1 

Paints VF / Paints VP 0 / 1.8 - / 110 - / 11 7 / 18 1 / 9 

Paints VIF / Paints VIP 28.3 / 17.7 1,780/1,090 179 / 109 186 / 116 142 / 87 

Paints VIIF / Paints VIIP 9.9 / 1.4 623 / 87 63 / 9 70 / 16 50 / 8 

Paints VIIIF / Paints VIIIP 0 / 0 - / - - / - 7 / 7 1 / 1 

Paints IXF / Paints IXP 2.8 / 0.4 178 / 22 18 / 3 25 / 10 15 / 2 

Detergents IF / Detergents IP 2.0 / 7.4 125 / 464 13 / 47 20 / 54 11 / 37 

Detergents IIF / Detergents IIU 0.8 / 1.5 52 / 93 6 / 10 13 / 17 5 / 8 

Intermediates** IP *** 58.3 736 19 26 59 

Inks IF / Inks IP 16.7 / 0.3 1,050 / 17 105 / 2 112 / 9 84 / 2 

Pharm IP *** 20.3 254 7 14 21 

Elec IP 12.5 791 80 87 63 

Leather IP 44.5 2810 281 288 223 

Adhesives IF / Adhesives IP 3.3 / 0.9 167 / 55 17 / 6 24 / 13 14 / 5 

Agri IF / Agri IP 1.3 / 0 82 / - 8 / - 15 / 7 7 / 1 

Oilfield IF / Oilfield IP 

Surface and well cleaning  

Squeeze treatments  

Hydrotest chemicals 

16.7/ 4.5 
- 

- 

- 

1,050 / 276 
- 

- 

- 

105 / 28 

- 

- 

- 

112 / 35 

- 

- 

- 

84 / 23 

7,700 

2,300 

100,000 

Metal IF / Metal IP 

Metal intermittent  

10.7 / 0.8 

3 

673 / 51 

1500 

68 / 5 

19 

75 / 12 

26 

54 / 5 

16 

Cosmet IF & Fire IF/Cosmet IU 5.3 / 0.2 335 / 14 34 / 2 41 / 9 27 / 3 

Fire IP 0.5 32 4 11 2 

* Total local PECaqua = Local PECaqua + regional PECaqua  
¤ Total local PECseawater = Local PECseawater + regional PECseawater 
** Captive use not included  
*** Dilution factor = 40 and EFFLUENTSTP = 10,000 m3/day  
P Processing  
F Formulation  
U Private use   
Source: European Commission (2006)  
 
 
Continental and regional EGBE emissions to water 
 
Table 3.12 shows the predicted continental and regional environmental levels (EU RAR). 
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Table 3.12 Total continental and regional EGBE emissions to water 
 
 PEC continental 

 
PEC regional 

Air 1.10.10-5 mg m-3 1.15.10-4 mg m-3 

Water 9.41.10-4 mg l-1 7.35.10-3 mg l-1 

Agricultural soil 8.44.10-5 mg kg-1 (ww) 8.74.10-4 mg kg-1 (ww) 

Pore water of agricultural soils 1.40.10-4 mg l-1 1.45.10-3 mg l-1 

Natural soil 1.82.10-4 mg kg-1 (ww) 1.89.10-3 mg kg-1 (ww) 

Industrial soil 4.39.10-3 mg kg-1  (ww) 4.30.10-2 mg kg-1 (ww) 

Sediment 1.16.10-3 mg kg-1 (ww) 9.08.10-3 mg kg-1 (ww) 

Seawater 6.09.10-7 mg l-1 6.12.10-4 mg l-1 

Marine sediment 7.54.10-7 mg kg-1 (dw) 7.57.10-4 mg kg-1 (ww) 

Source: European Commission (2006) 

 
3.2.3.4 Environmental fate  
 
The EU RAR identifies no experimental data on hydrolysis potential. However, alcohol and 
ethers are known to be generally resistant to this process. Volatilisation from surface water 
and moist soil is anticipated as very low. The estimated distribution of EGBE in different 
compartments including in a STP, are provided in Table 3.13. 
 
Table 3.13 Distribution of EGBE in the environment and a STP 
 
Calculated distribution of EGBE in the different 
compartments of the environment 

Estimated distribution in a STP (SIMPLETREAT) 
  

Compartment % EGBE Designation % 

Air 0.24 Air 9.54.10-2 

Water 99.2 Water 12.6 

Soil 0.55 Sludge 2.57.10-1 

Sediment 0.01 % degraded 87.0 

- - % removal 87.4 

Adapted from source: European Commission (2006) 

 
3.2.3.5 Summary 
 
Figure 3.6 illustrates the use of the EGBE throughout the supply chain.  Unfortunately, no 
information on production, imports or exports was identified.   
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Figure 3.6  Flow chart for EGBE  

UK export (2012): 
Unknown 
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3.2.4 Xylene, p-xylene and o-xylene 
 
3.2.4.1 Introduction 
 
Because of concerns with respect to the potential for an adverse impact on the aesthetic 
quality of drinking water following any release into waters used for drinking water 
abstraction, p-xylene (CAS No: 106-42-3) and o-xylene (CAS No: 95-47-6) were prioritised 
for detailed consideration within this study. In addition to these two isomers, mixed xylene 
(CAS No: 1330-20-7), a mixture containing both p- and o- isomers (in addition to m-xylene 
and ethylbenzene), has also been prioritised (See Table 3.14).  
   
Table 3.14  Constituents of mixed xylene produced from coal tar and petroleum 
 
 Coal tar (%) 

 
Petroleum (%) 

 
o-Xylene 10–15 20 

m-Xylene 45-70 44 

p-Xylene 23 20 

Ethylbenzene 6-10 15 

The substances, referred to collectively as xylenes, are colourless aromatic hydrocarbons that 
have a benzene ring and two methyl substituents; the names 'xylol' and 'dimethylbenzene' are 
also sometimes applied. They are strong sweet-smelling liquids with p-xylene having a taste 
and odour threshold of 530-1000 µg l-1.  For o-xylene and mixed xylene, the taste and odour 
thresholds are 450-1800 µg l-1 and 200-1800 µg l-1, respectively.  

Due to their similar chemical characteristics and the commonality of their uses, the three 
substances have been grouped together when considering the factors that influence the risk to 
potability posed to water suppliers by their industrial application. The additional constituent 
xylene isomer within mixed xylene (i.e. m-xylene (CAS No. 108-38-3)) has also been 
considered where practicable. 
 
3.2.4.2 Industrial production  
 
Xylenes are normally obtained from various sources within a refinery or steam cracker 
including reformate, pyrolysis gasoline, toluene disproportionation and transalkylation.  
Globally, reformate accounts for over 75 percent of the mixed xylenes (Figure 3.7).  These 
sources usually produce a mixture of isomers from which individual isomers are recovered 
(Chemsystems, 2009). 
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Figure 3.7 Typical process scheme for separation of the mixed xylenes (obtained by 
extraction from reformate)  
Source:  ChemSystems (2009) 
 
The UK Marine SACs Project (undated) notes that most (ca. 89%) of xylene is produced as a 
mixture of isomers, along with benzene and toluene with subsequent isolation of xylenes as 
required. This source also reports that mixed xylene is produced widely in the EU at high 
tonnages (total production in the range 500,000 to 1,000,000 tonnes, according to the EU's 
IUCLID database). 
 
Limited information exists on the production of xylenes in the UK. Environment Agency 
(2009) notes that the world production of mixed xylenes in 1984 was estimated as 15.4 
million tonnes. In 1983, world production of p-xylene was estimated as 3.9 million tonnes, of 
which Europe accounted for 23%. World production for o-xylene in 1983 was estimated as 
1.3 million tonnes, of which Western Europe accounted for 30 per cent. The report notes that 
no recent data giving UK or European Union production levels of xylene or mixed xylenes 
were found. 
 
UK Marine SACs Project (undated) notes that production of mixed xylenes is significant, but 
of the isomers, only p-xylene is produced in isolation in substantial quantities. Estimated 
annual production capacities in the UK for the early 1990s were 150 Kt mixed xylenes and 
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200 Kt p-xylene, with major production at only two sites. The source of this information 
(Cheminform, 1992) notes that mixed xylene was produced in 'very small quantities' by 
Bitmac in Lanwern. ICI at Teesside was responsible for the 150 kt/y estimated capacity for 
mixed xylene and 200 kt/y estimated capacity for p-xylene (this site is now owned by 
SABIC). It appears that Bitmac’s production of xylene was as a by-product from the refining 
of benzole (typically Bitmac obtained 70% benzene from each tonne of crude benzole, 
together with toluene (10%) and xylene (4%) (Carney, 1999). It is understood that this site is 
no longer operational (David Lock Associates, 2004). 
 
With regard to production of xylenes at Teesside, information from ICIS (2008) notes that 
SABIC had a significantly higher UK production capacity at this site than previously reported 
(500 kt/y of mixed xylenes and 365 kt/y of p-xylene). It is also noted, however, that the p-
xylene production facility has now closed (Tecnon OrbiChem, undated). No information has 
been identified that suggests production of mixed xylenes has ceased. 
 
A recent search of the ECHA Dissemination Portal22 for registrants/suppliers with UK 
addresses shows 2 relevant entries for o-xylene, 4 for p-xylene and 5 for mixed xylene.  
Further investigation via each registrant’s websites failed to identify or suggest any 
manufacture of the respective substances. 
 
The potential production and import/export of the substances within the UK has also been 
investigated using, respectively, the Eurostat manufactured Goods (Prodcom, DS_066342)23 
and EU-27 trade since 1988 (DS_016890)24 databases25. Given that the available information 
for the most recent available year, 2012, is variable, data has been sought for the four year 
period (2009-2012). Furthermore, given the common lack of availability for ‘EU_27 extra’ 
values, figures have been broken down between ‘EU_27 intra’ and ‘EU_27 extra’. This 
information is presented in Table 3.15.   

As regards potential production, information for o-xylene and p-xylene indicates that no 
manufacture of these substances occurs within the UK. For ‘m-xylene and mixed xylene 
isomers', no data are available. Based on this (and given the limited information in literature), 
it appears reasonable to assume that the manufacture of the individual xylene isomers does 
not occur in significant quantities in the UK although mixed xylene may continue to be 
produced in high volumes at Teesside. Unfortunately, the lack of production and internal 
consumption data precludes the development of any robust estimates. In addition, the surplus 
export figures of, for example, o-xylene remain unexplained. 

22  ECHA Registered substances database: http://echa.europa.eu/web/guest/information-on-
chemicals/registered- substances. 

23  See http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/database 
24  See http://epp.eurostat.ec.europa.eu/portal/page/portal/international_trade/data/database 
25  Information was not provided at the level of England and Wales. 
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Table 3.15  Import/export/production tonnage values of xylenes for the UK 
 

Substance Year UK Import (t) UK Export (t) UK manufacture 
(t) 

EU27_ 
EXTRA 

EU27_ 
INTRA 

EU27_ 
EXTRA 

EU27_ 
INTRA 

o-Xylene 2009 0 0 1.5 136286 0 

2010 0 0 27.8 236097 0 

2011 0 0 31.5 140714 0 

2012 0 0 Not available 111011 0 

p-Xylene 

 

 

2009 Not available 

Not available 

Not available 5304 Not available 

2010 16149 7.7 4.1 0 

2011 Not available Not available 8.2 0 

2012 Not available Not available 7.7 0 

m-Xylene  2009 2.4 832 Not available 61.4 

Not available 

 

2010 Not available 74 0.1 30 

2011 3.7 33 Not available 1.7 

2012 10.6 0.1 Not available 0.5 

Mixed xylene 
isomers 

2009 6.5 45877 6668 164 

2010 1 41187 196 166 

2011 1.1 41858 62 227 

2012 2.1 18164 51 153 

Prodcom PRC code: o-xylene – 20141243, p-xylene - 20.14.12.45, m-xylene and mixed xylene isomers - 20.14.12.47.   
External trade nomenclature reference: o-xylene – 29024100, p-xylene - 29024300, m-xylene - 29024200, mixed xylene 
isomers - 29024400.  

 
3.2.4.3 Usage 
 
With regard to industrial uses of the substances, data are not available on a UK specific basis.  
According to Environment Agency (2009), almost all mixed xylene produced is used as an 
additive in petrol (the average concentration of mixed xylene in petrol is around 10.6 per 
cent). The UK Marine SACs Project (undated) notes that most xylenes (>90%) are used in 
the form of mixed xylene as a solvent and a constituent (BTX - benzene-toluene-xylene) of 
vehicle, aviation and other fuels. The latter use has also increased significantly in EU with the 
widespread introduction of unleaded petrols.  
 
All the individual xylene isomers (in particular p-xylene), are also important chemical 
intermediates. o-Xylene is oxidized to make phthalic anhydride which is used to make, for 
example, phthalate plasticisers while m-xylene is oxidised to make isophthalic acid which is 
then used in unsaturated polyester resins.  However, p-xylene has by far the largest market, 
with the most significant use of this isomer involving its oxidation to produce purified 
terephthalic acid (PTA). PTA is used in turn to make polymers such as polyethylene 
terephthalate (PET) and polybutylene terephthalate. As PET is one of the largest volume 
polymers in the world, the demand for p-xylene is considered several times that for m-xylene 
or o-xylene (see Figure 3.8) (Chemsystems, 2009). p-Xylene and o-xylene can also be used to 
produce insecticides, vitamins and pharmaceuticals (Environment Agency, 2009). 
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Figure 3.8  Main application of xylene isomers 
Source:  ChemSystems (2009) 
 
3.2.4.4 Potential for environmental release of xylene during production and 
use 
  
Given the widespread use of xylenes in an extensive number of processes and sectors, 
assessing the potential for environmental release in the UK is a complex task. According to 
UK Marine SACs Project (undated) during their production and use, xylenes are released 
primarily to the atmosphere and the principal anthropogenic releases of xylene remain 
consistent, i.e.: 

• accidental and deliberate release of crude oils and petrochemical products (including during 
refining of crude oils and distribution and use of products);  

• production of xylenes and derivative chemicals; and  
• industrial and domestic discharge of solvents and other products. 

 
Entry into water may be direct or via atmospheric deposition, runoff and leaching. With 
regard to the potential release of xylenes as constituents of fuels, as discussed above, the 
substances are often referred to in a collective nature as BTX26. This is because these 
substances have closely related chemical structures, similar fate and transport properties and 
are often used together in industrial and petroleum products (at a combined level of ca. 18% 
(Šilhárová et al., 2011)). Consequently, they commonly occur together in the environment as 
a result of related pollution (Environment Agency, 2009).  
  
In the context of potential environmental release, it should be noted that information relevant 
to the scale and distribution of relevant sections of the petrochemical fuels industry in the UK 
has been documented in relation to the use profiles for the three gasoline ether oxygenates 
(see Section 3.2.8); the same assumptions (other than adjustments for % compositional 

26  If ethylbenzene is included the mixture may be referred to as BTEX. 
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differences) as used for the three fuel additives could therefore be adopted and, for the sake 
of brevity, will not be duplicated here.   
 
With regard to releases of the substances from industrial facilities, information specific to 
England and Wales has been sought from the United Kingdom Pollutant Release and 
Transfer Register (UK PRTR)27. This reports data for the group ‘xylene (all isomers)’ for the 
years 2007-2011. The threshold for the reporting was 200 kg for land28 and 200 kg for water 
(no equivalent value for air) hence unless installations exceed this limit, then they will not be 
reported in the inventory. The data (in the context of releases into river basin districts) are 
reported in Table 3.16  
   
 

27  See http://prtr.defra.gov.uk/index. 
28  Releases of xylenes to land over the reporting period were negligible and have not been assessed further in 

this document. 
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Table 3.16 Release of 'Xylene (all isomers)' to water in River Basin Districts in England and Wales 

River basin district 

2007 2008 2009 2010 2011 Average (2007-11) 

Facilities 
Emissions 
to water 
(t) 

Facilities 
Emissions 
to water 
(t) 

Facilities 
Emissions 
to water 
(t) 

Facilities 
Emissions 
to water 
(t) 

Facilities 
Emissions 
to water 
(t) 

Emissions to water 
(t) 

Anglian 2 0.04 3 0.20 2 0.11 1 0.02 1 0.10 0.09 

Dee 0 0 0 0 0 0 0 0 0 0 0 

Humber 0 0 0 0 1 48.20 1 0.03 1 0.03 9.65 

North West 0 0 0 0 1 3.00 2 3.60 1 0.24 1.37 

Northumbria 3 6.59 3 6.75 2 1.58 3 0.44 1 0.20 3.11 

Severn 0 0 0 0 0 0 0 0 0 0 0 

Solway Tweed 0 0 0 0 0 0 0 0 0 0 0 

South East 2 1.62 1 1.68 1 1.01 1 5.10 1 0.20 1.92 

South West 0 0 0 0 0 0 0 0 0 0 0 

Thames 0 0 0 0 0 0 0 0 0 0 0 

Western Wales 0 0 0 0 0 0 0 0 0 0 0 

Total 7 8.26 7 8.63 7 53.90 8 9.19 5 0.77 - 
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Table 3.17  Facilities reporting releases of xylene to water in UK PRTR between 2007-2011 
 
River basin 
district 

Facility details Industrial activity category 

Anglian 

ENI Hewett Limited, Western Bacton Gas 
Terminal 

Mineral oil and gas refineries 

Petrochem Carless Ltd, Harwich Refinery Installations for gasification and liquefaction 

Conocophillips (UK) Ltd, Theddlethorpe 
Gas Terminal 

Thermal power stations and other combustion 
installations with a heat input of 50 megawatts 
or greater 

Humber 

Crude Oil Terminals (Humber) Limited, 
Tetney Terminal 

Installations for gasification and liquefaction 

Plastic Omnium Automotive Ltd. 

Installations for surface treatment of metals and 
plastic materials using an electrolytic or 
chemical process where the volume of 
treatment vats equals 30m3 

North West 

Shell Oil Products Ltd , Stanlow 
Manufacturing Complex 

Mineral oil and gas refineries 

United Utilities Water PLC, Fazakerley 
STW 

Urban wastewater treatment plant with a 
capacity of 100000 population equivalents 

Northumbria 

Bran Sands STW Urban wastewater treatment plant with a 
capacity of 100000 population equivalents 

Teeside Polyethylene Plant Basic organic chemicals 
Sabic UK Petrochemicals Limited, Wilton 
Olefins 6 (Cracker) 

Basic organic chemicals 

Uniquema Ltd, Wilton Alkoxylation Basic organic chemicals 
Sabic UK Petrochemicals, North Tees 
Aromatics 

Basic organic chemicals 

Croda Chemicals International Ltd, 
Wilton Alkoxylation 

Basic organic chemicals 

South East 

Polimeri Europa UK Ltd, Hythe Organic 
Chemical Plant 

Basic organic chemicals 

Esso Petroleum Co Ltd, Esso Refinery Installations for the recovery or disposal of 
hazardous waste receiving 10 tonnes per day 

 
3.2.4.5 Environmental fate 
 
The environmental compartment at greatest risk of incidental contamination by the xylenes is 
likely to be the atmosphere due to the high volatility of all the forms of xylene. The 
anticipated fate distribution between the four major environmental compartments is estimated 
as: air 99.1%; water 0.7%; soil 0.1%; and sediment 0.1% (WHO, 2003).   
 
Atmospheric xylenes are subject primarily to photo-enhanced oxidation by reaction with 
hydroxyl radicals, and this (and other reaction processes) is enhanced by nitric oxides and 
solids. Half-lives in the atmosphere have been variously estimated between 0.83 and 
29 hours. Oxidation in water is considerably slower with estimated half-lives between 30 and 
300 days. Hydrolysis is unlikely (UK Marine SACs Project, undated). 
 
Xylene molecules are relatively simple and biodegradation is widespread in environmental 
media, although o-xylene appears to be slightly more recalcitrant than the other isomers.  
Groundwater inocula have been reported to completely degrade low concentrations of 
xylenes in 2 to 20 days (varying with pre-exposure) under aerobic conditions (when dissolved 
oxygen levels are not limiting). Although anaerobic degradation has also been observed, this 
is somewhat slower. Typically there is a substantial lag period of around 30 (m- and p-) or 
>140 (o-) days before significant degradation in unacclimatised aquifer material, but with 
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pre-exposure and adaptation, degradation can be significant (>80%) after an additional 26 
(m- and p-) to 100 (o-) days, although it may take longer (UK Marine SACs Project, 
undated). 
 
A moderate tendency to sorb to organic solids is suggested by the log Kow values of 2.77 to 
3.20 and log Koc values of 2.1 to 2.5. Xylenes may sorb to aquatic sediments but higher 
proportions remain in solution; low sediment-water partition coefficients of 8.9 for o-xylene 
and 10.5 for p-xylene have been measured for the Tamar Estuary. Xylenes readily volatilise 
from water and this is probably the major single removal process in most surface waters, with 
a half-life of a few to tens of hours, depending on the degree of mixing (UK Marine SACs 
Project, undated). 
 
3.2.4.6 Summary 
 
Figure 3.9 illustrates the use of the xylenes throughout the supply chain and, where possible, 
provides associated UK production/import/export figures. Data not included in the core of the 
assessment and relating to the potential environmental release of the substances has been 
obtained from the ECHA dissemination portal. 
  

58 
 



Figure 3.9 Flow chart for xylenes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

UK Manufacture: 
Uncertain 

Intermediate/formulation use: 

Mixed-xylene 

o-xylene 
p-xylene 

Terephthalic acid/ 
Dimethylterepththalate 

Polyesters 

m-xylene 

Phthalic anhydride 

Alkyd resins 
 

Methylacrylate 
 

Isophthalic acid 

Polyesters Alkyd resins 
 

Fuel additive 

UK Export 
 
2012 (t) Px Ox Mx Mixedx 
EU27_INTRA 7.7 111011 0.5 153 
EU27_EXTRA ND ND ND 51 
 

UK Import 
 
2012 (t) Px Ox Mx Mixedx 
EU27_INTRA ND 0 0.1 18164 
EU27_EXTRA ND 0 10.6 2.1 
 
 
 

Environmental release:  consumer use – surface run-off from biocide use, consumer products entering household wastewater, emissions from petrol 
use (high release).  Professional use – roller application/brushing, non-industrial spraying, treatment by dipping/pouring, hand mixing, exposure to 
unburnt product in fuel.  There is a possibility of release in the form of residual solvent from pharmaceuticals 
 

Closed system. 
Environmental release: during product 
transfer, maintenance, testing and accidental 
spills. 
 

Closed system. 
Environmental release: from washing of 
equipment and accidental spills, product 
transfer, industrial spraying, mixing/ 
blending in batch process there is a high risk 
of release from its use as a solvent. 

Insecticides/ vitamins/ 
pharmaceuticals 
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3.2.5 Isopropylbenzene and Phenol 
 
3.2.5.1 Introduction  
 
Isopropylbenzene also known as cumene; CAS No. 98-82-8) is an organic compound that, 
perhaps most notably, occurs as a natural constituent of crude oil (typically 0.1% wt but 
potentially up to 1% wt (IARC, 2012)). The substance is also manufactured with its 
production almost exclusively (up to 98%) devoted to supporting the manufacture of phenol 
and acetone (Ecofys, 2009). For this reason, cumene and phenol have been considered 
together in this assessment.  
 
Phenol (also known as carbolic acid; CAS No. 108-95-2) represents the simplest member 
of a family of chemicals known as ‘phenols’ and is important as an intermediate for many 
organic syntheses. When pure, phenol is a colourless or white volatile solid. However, it is 
usually sold and used in a liquid form (ATSDR, 1998). Phenol is also able to permeate 
polyethylene pipes offering a potential for release to occur after water treatment (Skjevrak et 
al, 2003). 
 
Cumene is reported to have a taste and odour threshold between 0.07-0.1 µg l-1. Phenol has a 
disagreeable sweet and tarry odour (ATSDR, 2011), with a taste and odour threshold of 300 
µg l-1. 
 

Both cumene and phenol are the subject of European Union Risk Assessment Reports (EU 
RARs) (see European Commission (2001) and European Commission (2006), respectively) 
and these provide significant insights into informing the potential for releases to occur into 
the environment during their production and use. The following sections provide a concise 
summary of information to inform the environmental modelling exercise (see Section 4).   
 
3.2.5.2 Industrial production 
  
Cumene 
 
Cumene is manufactured by acid catalysed alkylation of benzene with propylene. Earlier 
processes were based on the use of catalysts such as heterogeneous solid phosphoric acid 
(H3PO4) or homogeneous aluminium chloride (AlCl3). The current method is based on the 
use of fixed-bed zeolite catalysts which allows for less corrosion and less by-product 
generation so enabling an improved yield. The alkylation process is exothermic (Ecofys, 
2009). The cumene production process is illustrated in Figure 3.10, in terms of the structural 
formula of the substances involved. 
 

 
 
Figure 3.10 Structural formula of the cumene process 
Source:  Ecofys (2009) 
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Phenol  
 
The conversion of cumene-to-phenol is the predominant method for the manufacture of the 
substance. In 2008, more that 97% of phenol worldwide was produced using this process 
(Pilato, 2010). The initial step involves cumene being oxidised with normal or enriched air to 
form cumene hydroperoxide. This substance is then concentrated, followed by decomposition 
(cleavage) using acid-catalysed rearrangement into acetone and phenol. The catalyst is 
subsequently removed and the reactor effluent neutralised before passing to a distillation unit.  
High purity forms of phenol and acetone are then obtained in a succession of purification 
steps; these may include hydro-extractive distillation, catalytic treatment and extraction with 
caustics. By-products, alpha-methyl-styrene and acetophenone, may be recovered for further 
industrial uses but alpha-methyl-styrene can also be hydrogenated to form cumene (Ecofys, 
2009). There are also two other commercial technologies available for acid-catalytic cleavage 
of cumene hydroperoxide into phenol and acetone, namely: cleavage in a phenol/acetone 
medium, where the heat of reaction is removed by evaporation of acetone, i.e., the 'boiling 
process' (isothermal process); and cleavage in phenol/acetone medium, where the heat of 
reaction is removed by cooling water, typically supplied to the tube-side of a heat-exchanger 
reactor (non-isothermal process) (Ecofys, 2009). 
 
A simplified chemical reaction for the phenol and acetone production is given in Figure 3.11. 
  

 
 
Figure 3.11 Structural formula of phenol (and acetone) production  
Source:  Ecofys (2009) 
 
Potential scale of manufacture of cumene and phenol in England and Wales 
  
Information was sought on details of the REACH registrants of these substances using the 
ECHA dissemination portal29. Initially for phenol, six registrants/suppliers of the substance 
with a UK address were identified. In the case of cumene, there was one registrant/supplier 
with a UK address. However, more intensive searches on potential production in England or 
Wales (or the remainder of the UK) were undertaken to supplement this insight. 
  
Cumene and phenol production sites in the European Economic Area, as reported by Ecofys 
(2009), are identified in Table 3.18. It appears that currently there are no active 
manufacturers of either substance in the UK. This understanding differs from that reported in 
the EU RAR for cumene (the latter notes that in the UK in 1993, the substance was produced 
by a single company at a volume of 50 – 100 kt/y). ICIS (1999) also report a single UK 
producer of cumene which is identified as HICI, based in North Tees (the production capacity 
of cumene at this site was noted to be 135kt/y). More recently, however, ICIS (2002) reported 
that the plant had been mothballed in January 2002 and that there was no further evidence to 
suggest that the plant has been reactivated or that new facilities have been developed. 
 

29  See http://echa.europa.eu/information-on-chemicals/registered-substances. 
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Table 3.18 Cumene and Phenol production sites in the European Economic Area 
 
Country Company Capacity  

(kt/yr) 
 

Location Products 

Belgium Ineos Phenol 680 / 420 Antwerpen Phenol 

 
Germany 
 

Ineos Phenol 660 / 410 Gladbeck Phenol 
Domo 150 / 95 / 200 Leuna Phenol, Cumene 
Ineos 275 Marl Cumene 
BP 500 Gelsenkirchen Cumene 

Spain Ertisa 570 / 350 / 
470 

Huelva Phenol, Cumene 

Italy Polimeri 480 / 300 / 
640 

Montova, Porto, 
Torres 

Phenol, Cumene 

Netherlands Dow 700 Terneuzen Cumene 

Finland Borealis 190 / 120 / 
230 

Porvoo Phenol, Cumene 

France Novapex 155 / 95 / 230 - Phenol, Cumene 

Romania Petrobrazi 75 / 45 Brazo Phenol 
Carom 25 / 15 Borzesti Phenol 

Poland Orlen 60 / 35 / 55 Plock Phenol, Cumene 

Slovakia Slovnaft 50 / 30 / 112 Bratislava Phenol, Cumene 

Czech Republic Deza 12 / 7 Vallaske-Mezir Phenol 

Adapted from source: Ecofys (2009) 
 
The potential production and the import/export of both substances was also investigated for 
the UK using, respectively, the Eurostat manufactured Goods (Prodcom, DS_066342)30 and 
EU-27 trade since 1988 (DS_016890)31 databases32. The data for the most recently available 
complete year (2012) are presented in Table 3.19. 
 
Taking into account all the above information, it may be assumed that there is no 
manufacture of phenol or cumene in England or Wales at this time. Indeed, this may explain 
why requests for information on cumene and phenol manufacture and on the potential for 
release into the environment to the Association of Petrochemical Producers in Europe met 
with no response.  
 

30  See http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/database. 
31  See http://epp.eurostat.ec.europa.eu/portal/page/portal/international_trade/data/database. 
32  Information from the databases is not provided at the level of England and Wales. 
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Table 3.19 UK Import/export/production tonnage values for Phenols and Cumene in 2012 
 
 Phenols1 

 
Cumene 

Import2 (t) 875 1,0393 

Export (t) 1083 5.1 

Production (t) 0 0 

Prodcom PRC code: Cumene - 20141270; and Phenols 20147360. 
External trade nomenclature references: Cumene - 29027000; and Phenols (containing >50% of phenols (excluding 
chemically defined)) - 27079980. 
1 No information was available for the molecule alone (i.e. ‘Phenol’).  Information presented represents a particular class of 
chemicals containing a phenol group.   
2 Based on EU27 intra imports only 
3 The use to which this apparent import is put is unknown 
 
3.2.5.3 Uses of cumene and phenol 
  
Cumene 
 
As noted previously, worldwide, cumene is used almost exclusively (up to 98%; ICIS (2011)) 
for production of phenol and acetone. Given that it appears that, at this time, there is no 
production of cumene or phenol in the UK, then any release of cumene into the UK 
environment would only be possible for what represents, on the global scale, relatively minor 
applications. IARC (2012) identifies several limited scale uses (including: in the manufacture 
of styrene, α-methylstyrene, acetophenone, detergents and di-isopropylbenzene; as a catalyst 
for acrylic and polyester-type resins; as a thinner for paints, enamels and lacquers; as a 
solvent for fat and resins; and in printing and rubber manufacture).  
 
A further potential environmental source of cumene results from its natural occurrence in 
crude oil (typically at 0.1% wt but up to 1% wt; IARC (2012)). The EU RAR notes the 
presence of cumene as a minor constitutent in gasolines and some solvents, but states that its 
presence is not as an additive but that it represents use of a petroleum derivative in their 
production. Cumene levels in petrol range from 0.14 to 0.51% vol (average 0.3% vol) whilst 
premium diesel fuel contains 0.86% wt cumene (IARC, 2012). The substance is also present 
in high octane aviation fuel (ECB, 2001).  
  
Phenol 
 
Table 3.20 shows the ‘main’, ‘industrial’ and ‘use’ categories of phenol and its mass balance 
in the European market. This suggests that (almost) all phenol is used as an intermediate in 
the chemical industry.   
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Table 3.20 Use categories of phenol 
 
Main category 
 

Industrial category Use category Mass balance (in %) 

Non-dispersive use Chemical industry Intermediate About 100% 

Wide dispersive use Personal/domestic Cosmetics, 
pharmaceuticals, 
biocides,                     
non-agricultural,  
adhesives,  
impregnation agents 

Small, non-quantifiable 
part 

Source: European Commission (2006) 

 
Table 3.21 provides a slightly older breakdown of the phenol consumption in Western 
Europe. 
 
Table 3.21 Breakdown of phenol consumption in Western Europe (1997) 
 
Use category 
 

% use 

Phenolic resins 28 

Bisphenol-A 26 

Caprolactum 31 

Alkylphenols 4 

Others 11 

Source: Gardziella et al. (2000) 
 
To further understand the uses of phenol in a UK context, data on the production of relevant 
goods33 were sought from the Eurostat Manufactured Goods (Prodcom, DS_066342)34 
database35 for the years 2008-2012. For the UK, production data for monophenols and for 
halogenated, sulphonated, nitrated or nitrosated derivatives of phenols or phenol-alcohols 
were not available. For polyphenols (including salts; excluding 4,4), data were available only 
for 2009 when 286 t was produced. 
   
It appears that there was no manufacture of 4,4-isopropylidenediphenol (bisphenol A; 
diphenylolpropane) or its salts in this region. For phenolic resins in primary forms, data were 
available for years 2008, 2010 and 2012; these show a significant – though variable - level of 
production (86,381 t, 20,984 t and 40,252 t in each of the respective years).  
  
Although a definitive profile of use in England and Wales cannot be established, it appears 
likely that the major use of phenol within the UK is in the production of phenolic resins with 
no use in manufacture of bisphenol A.  
  
 
 

33  ‘Relevant goods’ were judged as those under the combined nomenclature ‘20.14.2: Phenols; phenol-alcohols 
and derivatives of phenols’ in addition to ‘Phenolic resins, in primary forms’ under the combined 
nomenclature ‘20.16.56: Other amino-resins, phenolic resins and polyurethanes, in primary forms’. 

34  See http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/database. 
35 Information from the databases is not provided at the level of England and Wales. 
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3.2.5.4 Potential for environmental release 
 
Cumene  
 
Given that no current manufacturers of cumene (nor of phenol) have been identified for the 
UK, together with evidence showing generally low import volumes, it appears that the most 
relevant potential source of environmental release may stem from the substance's natural 
occurrence within fuels (particularly given the very high production and use volumes of fuels 
in the UK). Information relevant to the scale and distribution of relevant sections of the 
petrochemical fuels industry in the UK has, however, been documented in relation to the use 
profiles for the three gasoline ether oxygenates (see Section 3.2.8); the same assumptions 
(other than adjustments for % compositional differences and the additional presence of 
cumene in diesel) as used for the three fuel additives were therefore adopted; for the sake of 
brevity, these will not be duplicated here.  
  
IARC (2012) provides a summary of detected levels of cumene in UK waters and soils; this is 
summarised in Table 3.22, below.   
 
Table 3.22 Environmental levels of cumene in water and soil in the United Kingdom 
 
Site Industrial site Location/sample type and 

size 
 

Concentration (μg l-1) 

Groundwater or 
effluents near 
industrial sites 

Near gasoline 
storage tank 

Groundwater – 
Great Ouse River basin 

9.8 (0.01–30 mean) 

Solent estuary 0.01–47.3 
Groundwater 1–3 
Groundwater 1–30 

Surface water - British North Sea 0.001–0.069 
River Lee (2 samples) < 0.1, > 0.1 

Sediment - Southampton 0.25–43.37 μg g-1 
Adapted from source: IARC (2012) 

 
No other information of potential relevance to the situation in England and Wales was 
identified. 
 
Phenol 
 
According to the EU RAR, phenol may be released from several anthropogenic sources. The 
main environmental source is automobile exhaust (i.e. direct emissions as well as 
photochemical degradation of benzene), from human and animal metabolism and from 
various other combustion processes. Although the EU RAR suggests emissions from these 
sources are higher than releases from other industrial sources, their widespread but very 
diffuse natures mean that they are, of themselves, extremely unlikely to result in 
environmental levels sufficient to trigger a specific taste and odour incident and, in any event, 
detailed modelling of such releases is not amenable to the approach taken in the current 
study.  
 
From European industrial sources, phenol may enter the environment from production and 
processing operations with release also occurring from waste waters of cooking plants and 
low-temperature carbonisation plants that use hard coal and brown coal, as well as from 
refineries, pulp manufacture and landfill leachate (ECB, 2006b). Information specific to 
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England and Wales has been sought from the United Kingdom Pollutant Release and 
Transfer Register (UK PRTR)36. This reports data for the group ‘phenols (as total C)’37  for 
the years 2007-2011. The threshold for the reporting was 20 kg for land38 and 20 kg for water 
(no equivalent value for air) hence unless installations exceed this limit, then they will not be 
reported in the inventory. Releases into river basin districts (in England and Wales) are 
summarised in Figure 3.12 with precise data (including number of contributing facilities in 
each river basin) reported in Table 3.23. 
 
The UK PRTR also presents data on accidental/unplanned releases within this group. There 
are three entries reporting accidental releases; two relate to a single company operating an 
integrated iron and steel works in Northumbria. In 2007, the company recorded 22 kg of 
accidental release of 'Phenols (as total C)' (ca 19% of the company’s total emission to water 
that year). In 2009, a 47 kg release (ca. 26% of the company’s total emission) was also 
reported. The remaining release(s) relates to 2010 and a sodium carbonate manufacturing site 
in the North West from which 69 kg of 'Phenols (as total C)' was accidentally released (1.6% 
of their total phenol emissions to water that year).   
 

 
 
Figure 3.12  Release of 'Phenols (as total C)' to water in River Basin Districts in England and 
Wales 
Source:  Defra (2013) 

36  See http://prtr.defra.gov.uk/index. 
37 It is understood that this category accounts for not only phenol, but phenolic compounds also.  Therefore, in 

relation to phenol, the information presented should be interpreted as indicative and conservative. 
38  Releases of phenols to land over the reporting period were negligible and have not been assessed further in 

this document. 
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Table 3.23 Release of 'Phenols (as total C)' to water in River Basin Districts in England and Wales 

River basin district 

2007 2008 2009 2010 2011 Average (2007-11) 
Facilities 

 
 

Emissions 
to water 

(t) 

Facilities 
 
 

Emissions 
to water 

(t) 

Facilities 
 
 

Emissions 
to water 

(t) 

Facilities 
 
 

Emissions 
to water 

(t) 

Facilities 
 
 

Emissions 
to water 

(t) 

Emissions to water 
(t) 

Anglian 0 0 1 0.98 1 1.35 1 1.35 1 2.01 1.14 

Dee 0 0 0 0 0 0 0 0 0 0 0 

Humber 5 1.37 4 0.55 4 0.48 7 1.04 7 0.66 0.82 

North West 4 6.35 5 19.37 5 9.87 6 46.20 5 74.57 31.27 

Northumbria 3 8.93 5 13.09 5 7.27 5 7.85 5 8.26 9.08 

Severn 4 47.61 4 44.63 4 10.92 5 2.31 3 14.69 24.03 

Solway Tweed 0 0 0 0 0 0 0 0 0 0 0 

South East 2 13.78 2 15.48 1 5.55 1 5.61 1 5.66 9.22 

South West 0 0 0 0 0 0 0 0 0 0 0 

Thames 6 0.62 6 4.32 1 2.45 7 0.42 5 0.37 1.64 

Western Wales 5 21.06 4 22.24 5 23.59 4 21.35 5 23.04 22.25 

Total 29 99.72 31 120.66 26 61.48 36 86.13 32 129.26 - 
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3.2.5.5 Environmental fate 
 
Cumene 
 
The EU RAR notes that cumene may be released into the environment during its production 
and subsequent life cycle steps, with emission to air the most important. Cumene has an 
estimated atmospheric half-life of 1-2.4 days, is inherently biodegradable and has a Henry’s 
Law constant of 1010.8 Pa.m3/mol (at 20ºC).   
 
Any cumene released into water is predicted to adsorb to suspended solids and sediment. In 
water, it is subject to volatilisation (half-lives of 1.2 hours in a model river and 4.4 days in a 
model lake) and undergoes degradation by hydroxyl radicals (estimated half-life, 107 days).  
It may also be removed by aerobic biodegradation; though studies on biodegradation have 
been mixed (some reporting between 13 and 86% degradation after 28 days while for oil 
spills cumene was found to disappeared within 90 minutes). In soil, cumene is predicted to be 
of low mobility given its estimated soil absorption coefficient of 820 (IARC, 2012).   
 
Phenol 
 
Santa Cruz Biotechnology (2009) provides detailed information with regard to the 
environmental fate of Phenol.  This has been summarised below. 
 
Phenol is released into the air and discharged into water from both manufacturing and use. 
Based on its high water solubility and the fact that it has been detected in rainwater, some 
phenol may wash out of the atmosphere. However, it is probable that only limited amounts 
wash out due to the short atmospheric half-life of the substance. When photochemically 
produced hydroxyl radical concentrations are highest in the atmosphere (during daylight 
hours), very little atmospheric transport of phenol is likely to occur. 
 
In water, neither volatilisation nor sorption to sediments and suspended particulates are 
expected to be important transport mechanisms. The pKa of phenol is 10, indicating that 
phenol will exist primarily as the protonated acid at environmental pH values. In alkaline 
soils and water, phenol will partially exist as an anion, potentially affecting its fate and 
transport processes. Although it has been shown that plants readily uptake phenol, 
bioaccumulation does not take place due to a high rate of respiratory decomposition of phenol 
to CO2. 
 
The gas-phase reaction of phenol with photochemically produced hydroxyl radicals is likely 
to be a major removal mechanism in the atmosphere. An estimated half-life for phenol for 
this reaction is 0.61 days. Reaction of phenol with nitrate radicals during the night may also 
constitute a significant removal process. This is based on a rate constant of 3.8 x 10-12 
cm3/molecule second, which corresponds to a half-life of 15 minutes at an atmospheric 
concentration of 2x10+8 nitrate radicals per cm3. Phenol does not absorb light in the region of 
290–330 nm and therefore should not photodegrade directly in the atmosphere. Although 
phenol does not absorb light at wavelengths >290nm, phenols react rapidly to sunlit natural 
water via an indirect reaction with photochemically-produced hydroxyl radicals and peroxyl 
radicals; typical half-lives for hydroxyl and peroxyl radical reactions are on the order of 100 
and 19.2 hours of sunlight, respectively. These reactions require dissolved natural organic 
materials that act as photosensitisers. The estimated half-life for the reaction of phenol with 
photochemically produced singlet oxygen in sunlit surface waters contaminated by humic 
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substances is 83 days. Phenol is readily biodegradable in natural water as long as the 
concentration is not high enough to cause significant inhibition through microbial toxicity.  
Rapid degradation of phenol also has been reported in various sewage and water treatment 
processes and removal in aerobic activated sludge reactors is frequently >90% with a 
retention time of 8 hours. In soil, phenol biodegrades under both aerobic and anaerobic 
conditions. The half-life of phenol in soil is generally <5 days (acidic soils and some surface 
soils may have half-lives of up to 23 days). Mineralisation in an alkaline, para-brown soil 
under aerobic conditions was 45.5%, 48%, and 65% after 3, 7 and 70 days, respectively.  
Half-lives for degradation of low concentrations of phenol in two silt loam soils were 2.70 
and 3.51 hours.  
 
3.2.5.6 Summary 
 
On a global scale, cumene is mainly (up to 98%) used to produce phenol, so the substances 
may be considered together. Neither cumene or phenol appear to be produced in the UK at 
this time. Hence, in the case of cumene, the risk of release to the UK environment arises 
mainly from its presence in crude oils, which results in it being naturally present in 
derivatives such as petrol (range 0.14 to 0.51% vol; average 0.3% vol), premium diesel 
(0.86% wt) and high octane aviation fuel (% present unknown). Hence, the use profile of 
these fuels in the UK will inform on the potential nature and scale of any release. Other minor 
industrial uses of cumene of potential UK relevance include: manufacture of styrene, α-
methylstyrene, acetophenone, detergents and di-isopropylbenzene; as a catalyst for acrylic 
and polyester-type resins; as a thinner for paints, enamels and lacquers; as a solvent for fat 
and resins; and in printing and rubber manufacture.   
 
The predominant use for phenol in the UK is in the production of phenolic resins. Other 
potential sources of environmental release include: automobile exhaust (i.e. direct emissions 
as well as photochemical degradation of benzene), from human and animal metabolism and 
from various other combustion processes. Overall, therefore, although it has not been 
possible to develop a detailed chemical flow map for these substances, information is 
available to some extent on the incidence of accidental releases and in relation to the presence 
of these substances in the UK environment. This provides insights into the potential for 
contamination of drinking water supplies. 
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3.2.6 Diphenyl ether 
 
3.2.6.1 Introduction 
 
Diphenyl ether (also known as diphenyl oxide or DPO; CAS No. 101-84-8) is a colourless 
organic compound, a liquid or solid39, possessing a disagreeable geranium-like odour 
(SCOEL, 2012). The substance has a taste and odour threshold of between 0.015-0.6 µg l-1. 
 
The following information summarises the limited publicly available data of relevance to the 
environmental modelling exercise (see Section 4); much of the data originates from 
information published by manufacturers or organisations based in the United States.   
  
 
3.2.6.2 Industrial production  
 
Diphenyl ether is manufactured by the ‘direct phenol’ method involving the condensation of 
two phenol molecules to produce diphenyl ether and water40; the reaction for this is shown 
below (Figure 3.13).   
 
 

 
 
Figure 3.13 Diphenyl ether reaction  
Source:  The Dow Chemical Company (2007) 
 
A schematic of the production process which involves a closed and continuous system is 
provided in Figure 3.14. 
 
 

39  The substance has a melting point of 27˚C. 
40   Phenol is also a substance within the priority list of compounds and has been analysed separately within this 

study. 
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Figure 3.14 Flow diagram of diphenyl ether production process 
Source: The Dow Chemical Company (2007) 
 
The potential production of a group of substances including diphenyl ether, and  
import/export data for diphenyl ether specifically in relation to the UK has been investigated 
using, respectively, the Eurostat manufactured Goods (Prodcom, DS_066342)41 and EU-27 
trade since 1988 (DS_016890)42 databases43. The information for the most recently available 
year is presented in Table 3.24. This approach was necessary since information from the 
Prodcom database relates to production estimates for substances within the same class as 
diphenyl ether, i.e. the aromatic ethers and their halogenated, sulphonated, nitrated or 
nitrosated derivatives. The proportion of overall production for this chemical class that is 
specific to diphenyl ether is unknown. However, the available UK import and export data 
relates specifically to the substance itself.   
 
Table 3.24 Import/export tonnage values of diphenyl ether for the UK 
 

UK Import 2012 (t) UK Export 2012 (t) UK manufacture 
2010* (t) 

EU27_EXTRA EU27_INTRA EU27_EXTRA EU27_INTRA 
4772 330 58.5 14.3 13802 

Prodcom PRC code: Aromatic ethers and their halogenated, sulphonated, nitrated or nitrosated derivatives - 20146325 
External trade nomenclature reference: Diphenyl ether - 29093010 
* More recent production data not available 
 
An online search (using the substances CAS number on the ECHA Dissemination Portal44) 
has also been undertaken. This suggests a single REACH registrant/supplier is based in the 
UK (in Kent). At this site, the company is known to be involved in fragrance creation, 

41  See http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/database 
42  See http://epp.eurostat.ec.europa.eu/portal/page/portal/international_trade/data/database 
43  Information was not provided at the level of England and Wales. 
44  ECHA Registered substances database:  http://echa.europa.eu/web/guest/information-on-

chemicals/registered-substances         
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application, sales and production but it is unclear if they import and/or manufacture diphenyl 
ether. 
 
3.2.6.3 Uses and the potential for environmental release 
 
European Commission (2012) notes that diphenyl ether has the following uses: 
 

• Heat transfer agent; 
• Chemical intermediate (for surface-active agents and high temperature lubricants); and 
• Perfumery – particularly soap and detergents.  

 
A reliable breakdown of the volumes used in each application is not available. However, 
according to USEPA (2010), globally diphenyl ether is sold primarily to industrial customers 
for use either as a heat transfer fluid (blended with biphenyl) or as a chemically-reacted 
intermediate in the production of flame retardants, surfactants, textile dye labelling, as well as 
in coating applications. Bauer et al. (1997) also suggest the primary use is as a heat-transfer 
agent but also note that, because of its stability and low market price, large amounts are used 
as a constituent of soap perfumes. In the context of perfumery, Panda (2010) assigns the 
substance to a list of materials suitable for imparting a special note to differentiate varieties of 
rose perfumes (e.g. red rose, tea rose and white rose) and the substance is also understood to 
be an important contributor to other floral fragrances (Sell, 2006).  
  
Environmental release from production and use as an intermediate 
 
As previously noted, diphenyl ether is produced within closed, continuous production 
systems, and hence the potential for release under normal (non-accidental) situations is 
judged to be very low. According to USEPA (2010), for its applications as either a chemical 
intermediate or in heat transfer fluids, diphenyl ether undergoes processing and is used 
exclusively within closed systems and it is reported that the potential for losses to the 
atmosphere or release via the aqueous outflow of non-publicly owned treatment works 
relating to industrial operations is considered to be minimal. Hence, very limited 
environmental exposure potential appears to exist for this application (based on this source).  
This information is consistent with data from the ECHA dissemination portal from which it 
appears that the majority of diphenyl ether production and utilisation for intermediate 
applications or during the preparation of formulations are conducted in closed systems.  
However, the potential for accidental release to occur during product transfer to vehicles or 
containers or during maintenance and testing cannot be totally discounted. 
   
It should also be noted that diphenyl ether can form as a by-product in the chlorobenzene 
process for the synthesis of phenol (Tyman, 1996). However, as it is believed that phenol is 
not currently manufactured within the UK (as documented in Section 3.2.5), the potential for 
environmental release of diphenyl ether from this sector has not been investigated further. 
 
Environmental release from fragrance compounding and formulation 
 
The extent of emission of diphenyl ether from fragrance compounding facilities will be 
highly dependent on standard operating procedures of each facility. On the basis of 
information obtained from the EU RAR (ECB, 2008a) of HHCB (a separate fragrance 
compound assessed in this study) two generic emission routes can be distinguished for this 
activity: 
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1. Mixing vessels and containers washed with steam and/or water and any diphenyl ether 
present in the remaining fragrance oils discharged to the waste water; and 
2. Spills cleaned with water and any diphenyl ether present in the spilled material is 
discharged to the waste water. 
 
Of note, mixing vessels, containers and pumps may be cleaned with an organic solvent.  
However, it is understood that the resultant waste is collected and disposed of by incineration 
or may be recycled.  Hence, emissions to waste water streams should not occur in either case.  
  
Fragrance compounding processes are followed by formulation (i.e. incorporation into end 
products). Limited data exists on the concentrations of diphenyl ether present in fragrances.  
In one example (accord no. 208696 ROSE 'Firminech'), it appears that diphenyl ether 
constitutes 50% of the final fragrance product; this product is recommended for use in 
alcoholic solution at 5% and in detergent powders at 0.15% (The Good Scents Company, 
undated). Consequently, final diphenyl ether concentration in endproducts would be 2.5% 
and 0.075%, respectively). In another example (208698 FLORAL ROSE 'Firminech'), the 
level of diphenyl ether included in the fragrance product is much lower, at 9%. This product 
is recommended for use in alcoholic solution at 5%, shampoo at 0.5%, and soaps at 1% (The 
Good Scents Company, undated). Hence, final diphenyl ether concentration in the end 
products would be 0.45%, 0.045% and 0.09%, respectively).  
 
Environmental release from private use 
 
Generic information in the EU RAR for HHCB is believed to be applicable here. After the 
use of the fragranced consumer products most of the materials will be emitted with the waste 
water of households to the sewer. Depending on the use for body care, shampoo, textile or 
floor cleaning, a larger or smaller fraction of the use volume will evaporate. In general, 
cosmetics will be emitted to waste water to a lesser extent than detergents (ECB, 2008).  
 
As noted by ECB (2003), a simple algorithm can be used to predict the mass flow to raw 
sewage of soaps, fabric washing, dish cleaning and surface cleaning substances. However, 
such calculations are based respectively on specific consumption data of product or specific 
consumption data of chemical for a known market or population area. In the absence of 
sufficient information for diphenyl ether, no calculations have been undertaken.  
 
3.2.6.4 Environmental fate 
 
According to USEPA (2010), diphenyl ether is expected to have moderate mobility in soil.  
The substance is inherently biodegradable when assessed using a modified semi-continuous 
activated sludge (SCAS) test (OECD 302A) and screening studies (using effluent from a 
domestic wastewater treatment plant) found > 70% degradation within 20 days. However, the 
substance was degraded by only 6.3% after 28 days in an OECD TG 301C test. Based on 
these results, diphenyl ether is judged not readily biodegradable. Based on the Henry’s Law 
constant, volatilisation is considered moderate. The rate of hydrolysis is considered negligible 
and the substance is expected to have moderate persistence and low bioaccumulation 
potential. Environmental fate data are provided in Table 3.25. 
 
 
Table 3.25  Environmental fate characteristics of diphenyl ether 
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Property 
 

Value 

Photodegradation Half-life 1 day (estimated) 

Hydrolysis Half-life Stable 
Biodegradation 51–94% after 7 days (inherently biodegradable) 

76% after 20 days (readily biodegradable) 
6.3% after 28 days OECD TG 301C (not readily 
biodegradable) 
20% after 75 days (resistant to biological action) 

Log Koc 3.2 (estimated) 
Fugacity  
(Level III Model)  
Air (%)  
Water (%)  
Soil (%)  
Sediment (%) 

 
 
2.9 
18.3 
77.7 
1.1 

Persistence P2 (moderate) 
Adapted from source: USEPA (2010) 
 
3.2.6.5 Summary 
 
Figure 3.15 illustrates the use of the diphenyl ether throughout the supply chain and, where 
possible, provides associated UK production/import/export figures. These are related to the 
substance itself, or to products the substance is used in/used to produce. Data not included in 
the core of the text has been sourced from the Eurostat manufactured Goods (Prodcom, 
DS_066342)45 and EU-27 trade since 1988 (DS_016890)46 databases. Information on the 
potential for environmental release has been obtained from the ECHA dissemination portal.   

45  See http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/database 
46  See http://epp.eurostat.ec.europa.eu/portal/page/portal/international_trade/data/database 
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UK export (2012): 
EU27_extra = 59 t 
EU27_intra = 14 t 

Intermediate/ formulation 
use: 

 

UK import (2012):  
EU27_extra = 4772t 
EU27_intra = 330t 

Majority processed and utilised in a closed system. 
Environmental release: as above. Release may occur during 
fragrance formulation . 

Heat transfer agent 

Environmental release from household waste water unlikely to occur but may be released from soaps. Possible release from pesticides through surface 
run-off. For fragrance use there is wide dispersive indoor/ outdoor use of processing aids and reactive substances in open systems – can result in 
inclusion into/onto a matrix. 

Odour agent 

Closed system. 
Environmental release: potential only during product 
transfer, maintenance, testing and accidental spills 

UK manufacture as 
aromatic ethers and their 
halogenated, 
sulphonated, nitrated or 
nitrosated derivatives 
(2010): 13802t 
 

Cleaning/ washing agent 
 

Pesticides and preservatives, 
flame retardants (halogenated) 

Surfactant 

 
Detergents/ soaps 

 
 

High temperature lubricants 
 

 
Perfumery and cosmetics 

 

Plastics  

 
EPDM rubber 

 

 
 

Figure 3.15 Flow chart for DPO 
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3.2.7 o-Cresol, m-Cresol and p-Cresol 
 
3.2.7.1 Introduction 
 
Because of concerns with respect to the potential for an adverse impact on the aesthetic 
quality of drinking water following any release into waters used for drinking water 
abstraction, three cresol isomers (which differ depending on the position of the methyl group 
in relation to the hydroxyl group) were prioritised for detailed consideration within this study.  
These comprised: o-cresol (also known as 2-methylphenol, CAS No. 95-48-7); m-cresol (also 
known as 3-methylphenol, CAS No. 108-39-4); and p-cresol (also known as 4-methylphenol, 
CAS No. 106-44-5). 
 
o-Cresol is a white, crystalline solid with a sweet, tar-like odour and a taste and odour 
threshold of 0.26 – 1.4 µg l-1. m-Cresol is a colourless to yellowish liquid and also has a 
sweet, tar-like odour. The substance has a taste and odour threshold of 0.015-0.8 µg l-1. p-
Cresol is a white/colourless, crystalline solid possessing a pungent, tar-like odour; the 
substance has a taste and odour threshold of  0.0027 – 0.2 µg l-1 (odour descriptors taken 
from Health Protection Agency, 2011). 
 
Due to their similar chemical characteristics and the commonality of their uses, the 
substances have been grouped together when considering the factors that influence the risk to 
potability of water suppliers. Such an approach is further warranted when it is considered that 
the three isomers, as well as occurring individually, can be present in a mixture (known as 
tricresol, CAS No. 1319-77-3). According to information from the United States, this 
substance (at technical grade) contains approximately 20% o-cresol, 40% m-cresol and 30% 
p-cresol47 (OECD, 2005c). OECD (2003) also notes the presence of an m-cresol and p-cresol 
mixture (known as m/p-cresol, CAS No. 15831-10-4). This mixture contains 60-75 % m-
Cresol and 25-40 % p-Cresol.  
 
3.2.7.2 Industrial production 
 
Gardziella (2000) provides a detailed description on the production of the three cresols; this is 
summarised below. 
 
In the past, coal tar was the main source of cresols and xylenols. Today, synthesis processes 
based on toluene and/or phenol, predominate for cresols. The most prominent industrial 
routes to cresols are the alkylation of toluene with propylene followed by splitting of the 
hydroperoxide, and the chlorination process (the phenol route is also described below).   
 
The chlorination of toluene with Cl2 is performed at about 30˚C with FeCl3/S2Cl2 as catalyst.  
The isomeric mixture obtained is hydrolysed with NaOH at 280-300 bar pressure and 390˚C 
yielding mainly meta-isomer (around 50%) with an approximately equal ortho- and para- 
content (2:1:1). The difficult to separate m-/p- mixture is obtained after o-cresol is removed 
by distillation. If pure m-cresol is desired, the chlorotoluene fraction is separated first and the 
o-chlorotoluene hydrolysed later.  
  

47 The substance also contains 10% phenol and xylenols. 
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The phenol route is based on alkylation of phenol with methanol either in the gas phase or in 
the liquid phase. In the gas phase process, methanol and phenol vapours pass over an 
aluminium oxide catalyst at approximately 350˚C under moderate pressure. Mainly o-cresol 
and 2,6-xylenol are obtained. For the separation of m- and p- cresols, special methods are 
required due to their similar boiling points. By heating an m-/p-cresol mixture with urea and 
cooling afterwards, a crystalline addition compound on m-cresol and urea is obtained (urea 
process). Furthermore, p-cresol, when gently heated to 90˚C forms a crystalline addition 
compound with anhydrious oxalic acid. Chemical processes are based on the different 
reaction rates during sulphonation (sulphuric acid process) or alkylation (isobutylene 
process).   
 
According to OECD (2005c), the worldwide production volume of o-cresol is approx. 37,000 
– 38,000 t/y. OECD (2003) notes that world production capacity amounts to about 28,500 
tonnes for m-, 59,500 tonnes for p-, and 128,000 tonnes for the m/p-cresol isomeric mixture. 
 
Limited information exists on the production of cresols in the UK. However, it is understood 
that all isomers were manufactured by at least one company (based in Chesterfield) during 
the 1990’s (ICIS, 1993). It appears this production facility is now closed. A recent search of 
the ECHA Dissemination Portal48 shows that o-cresol, m-cresol and p-cresol have all been 
registered under REACH by one company with an address in England and Wales (Merisol 
UK Limited, based in the West Midlands). An additional company ‘Atul Europe Limited’ 
(based in Cheshire) has registered p-cresol. Further investigation via each company’s 
website49 suggests that they appear to manufacture the relevant isomers at separate locations 
and it does not appear that there are any UK-based (or European) production facilities. 
   
The potential production and import/export of the substances within the UK has also been 
investigated (for the most recently available year, 2012) using, respectively, the Eurostat 
manufactured Goods (Prodcom, DS_066342)50 and EU-27 trade since 1988 (DS_016890)51 
databases52. With regard to the production of the substances, it appears that cresols form part 
of the Prodcom PRC code ‘Monophenols – 20142410’. This nomenclature includes other 
groups of substances (including: octylphenol and nonylphenol and their isomers; and 
xylenols and their salts). Consequently, data for this category has not been presented as it is 
unlikely to provide an accurate reflection of true potential production of the subject 
substances (if any). Information on imports and exports, which is available on a more specific 
basis under ‘Cresols and their salts’, is presented in Table 3.26. 
 
Table 3.26  Import/export tonnage values of Cresols and their salts for the UK 
 

UK Import 2012 (t) UK Export 2012 (t) 

14825 
 

132 

External trade nomenclature reference: Cresols and their salts - 29071200 
 

48  ECHA Registered substances database: http://echa.europa.eu/web/guest/information-on-
chemicals/registered- substances. 

49  See, respectively, http://www.merisol.com/enquiries.html and 
http://www.atul.co.in/Contact_us/locations_others.html 

50  See http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/database. 
51  See http://epp.eurostat.ec.europa.eu/portal/page/portal/international_trade/data/database. 
52  Information was not provided at the level of England and Wales. 
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Based on limited data, it appears that neither o-cresol, m-cresol or p-cresol (nor their 
respective mixtures) are manufactured in the UK. Data on imports into the UK suggests use 
of the substances during formulation and processing may be of some significance. 

3.2.7.3 Uses 
 
With regard to industrial uses of the substances, on a global scale, the largest use is as an 
intermediate in chemical processes. This constitutes almost all use of the individual isomers, 
as can be seen in Table 3.27. Unfortunately, no more recent data or data specific to the UK 
are available. 
 
Table 3.27 Usage patterns of cresols as intermediates in the production of downstream 
products 
 

m-cresol 
 

p-cresol o-cresol 

Use % (2000) Use % (2000) Use % (year 
unknown) 

Synthetic 
vitamin E 39 

Synthesis of 
antioxidant 
BHT 

49 

Phenolic and 
epoxy resins and 
plasticizers 
(phosphate esters)  

Total: 90 
 
 

 
Synthesis of 
pesticides 

29 
 
Other 
antioxidants 

17 Herbicides  

 
Fragrances and 
antioxidants 

15 Anisaldehyde 18 Rubber and plastic 
antioxidants 

 
Disinfectants 
and 
preservatives 

12 Other 
intermediates 16 Dyes 

Other 
intermediates 5 - - 

Deodorizing and 
odor-enhancing 
compounds, 
fragrances 
 

- - - - Pharmaceuticals 
Source: OCED (2005c) and OECD (2003) 
 
In addition to the individual isomer intermediate uses, OECD (2003) notes that an m-/p-
isomer mix is used to produce antioxidants (e.g. BHT, about 15,000 t/a) and arylphosphates 
(approximately 6000 t/a), with the latter used as plasticisers, flame retardants or special 
catalysts. The isomer mix is also used as a solvent in the wire enamels business (49,000 t). In 
a closed process the solvent, which evaporates during the drying of the wires, is burned53.   
  
OECD (2003) provides information on additional direct uses of cresols (which constitute 
<1% of total uses), noting that m-cresol is used by professionals as bactericide in the 
biotechnological processing of pharmaceuticals (it is also used as a preservative in 
pharmaceutical articles such as injection solutions of insulin and somatropin). OECD also 
reports that, according to the 2002 Danish, Swedish, and Swiss Product Register, cresols (all 

53  It is noted that due to the 'waterfree' process significant releases into the hydrosphere can be excluded. 
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isomers) are used as disinfectants, preservatives or stabilisers in cleaning/washing agents, 
surface treatment products, paints, solvents, adhesives, binding agents and fillers (hardener), 
corrosion inhibitors, and impregnation materials. The author adds, however, that the product 
registers in Europe show that cresol-containing consumer products are disappearing.  
 
A similar list of products are cited in OECD(2005c), although this concerns additional uses of 
o-cresol (or mixtures of cresols) at the industrial level. It is added that all isomers are usually 
present at very low concentrations in preparations. Of significance, OECD (2003) notes that 
cresols occur widely in nature (many plants, cheese flavour and some other foods, petroleum, 
coal tar, crude oil, wood tars, volcanic actions, putrefaction). The report also mentions that 
cresols are found within crude and fuel oils and have a concentration of less than 1%.   
 
3.2.7.4 Potential for environmental release 
 
Given the widespread use of cresols in an extensive number of processes and sectors, 
assessing the potential for environmental release in the UK is a complex task. OECD (2005c) 
summarises that releases of o-cresol54 into the environment might occur during/with: 
 

• Any operations involving handling and use of petroleum substances, o-cresol being a natural 
component of crude oil; 

• Production of cresols or pure o-cresol; 
• Use of o-cresol as a chemical intermediate; 
• Formulation and use of o-cresol containing products (e.g. disinfectants, cleaning agents, 

adhesives etc.); and 
• Exhaust of vehicles powered with petroleum-based fuels as well as other combustion 

processes. 
 
As highlighted above, it is understood that the three cresol isomers (and their related 
mixtures) are not currently manufactured within the UK and, as a consequence, the  potential 
for environmental release from production is not a current UK concern. The presence of these 
substances in products used in the EU is also noted to be falling and, hence, indicates that 
there may be a low future risk to water supplies from this source.   
 
Perhaps the most relevant potential source of environmental release may stem from the 
cresols natural occurrence within fuels (particularly given the very high production and use 
volumes of fuels in the UK). Information relevant to the scale and distribution of relevant 
sections of the petrochemical fuels industry in the UK has, however, been documented in 
relation to the use profiles for the three gasoline ether oxygenates (see Section 3.2.8); the 
same assumptions (other than adjustments for % compositional differences) as used for the 
three fuel additives could therefore be adopted and, for the sake of brevity, will not be 
duplicated here. Also associating with the natural presence of cresols in fuels, it must be 
acknowledged that there may be limited releases of these substances as a result of oil-based 
combustion processes and exhaust emissions. The quantities of uncombusted substances will 
be limited and represent a diffuse source beyond the scope of the current study.  
 

3.2.7.5  Environmental fate 
 

54  Given the similar nature of uses of the cresols, the cited types of release are relevant for all isomers. 
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Information on the environmental fate of the substances has been obtained from two separate 
sources. For m-cresol and p-cresol (and associated mixtures) a detailed overview of 
environmental fate is provided in OECD (2003). Information on the environmental fate of o-
cresol has been obtained from National Library of Medicine (2006). 
 
m-Cresol, p-cresol and m/p-cresol mixtures have a melting point of ca. 10 - 35°C, a water 
solubility in the range of 21.5 - 24.4 gl-1 (25°C), a density of about 1.03 g cm-³ (20°C), and a 
vapour pressure of 0.147 Pa (25°C). The experimentally determined log Kow are in the range 
of 1.94 - 1.96.  
 
According to a Mackay Level I model calculation, the main target compartment for m-cresol 
and p-cresol is the hydrosphere (96.3%). In the atmosphere m-cresol and p-cresol are 
indirectly photodegradable by hydroxyl radicals with half–lives (t1/2) of 6.0 – 8.2 hours (OH 
concentration 5⋅10 5 molecules/cm³). The measured Henrys’ law constants of 0.09 Pa⋅m³/mol 
(m-cresol) and 0.1 Pa⋅m³/mol (p-cresol) indicate slow volatilisation from surface waters.  
 
Adsorption onto soils and sediments are low, according to experimentally determined Koc 
values of 34.58 for cresol and 48.66 for p-cresol. With regard to the chemical structure m-
cresol and p-cresol are not expected to hydrolyse under environmental conditions. Aerobic 
biodegradation is considered to be the major removal mechanism in the hydrosphere, leading 
to complete mineralisation. From the available test results, m-cresol and p-cresol can be 
considered as being readily biodegradable under aerobic conditions. In surface waters and 
sediments half-lives in the range of some hours to a few days are expected. Photolytical 
degradation in surface waters as well as anaerobic degradation in lower sediment layers are 
expected to be of minor importance.  
 
Less information on environmental fate is available for o-cresol. With regard to releases to 
air, o-cresol will exist solely as vapour in the ambient atmosphere. This will be degraded in 
the atmosphere by reaction with photochemically-produced hydroxyl radicals; the half-life 
for this is estimated to be nine hours. In soil, o-cresol is expected to have high mobility.  
Volatilisation from moist soil surfaces is expected to occur and volatilisation from dry 
surfaces is not. The substance is expected to biodegrade in soil, based upon half-lives of 
between 1.6-5.1 days in agricultural soils. o-Cresol is not expected to adsorb to suspended 
solids and sediment in water. It is expected to biodegrade in water, based on a reported half-
life of 50 days in coastal water and 20 days in gasoline-contaminated groundwater.  
Volatilisation from water surfaces is expected to be slow. Estimated volatilisation half-lives 
for a model river and a model lake are 21 and 235 days respectively. o-Cresol is not expected 
to hydrolyse. 
 
3.2.7.6 Summary 
 
Figure 3.16 illustrates the use of the cresols throughout the supply chain and, where possible, 
provides associated UK production/import/export figures. These are related to the substance 
itself, or to products the substance is used in/used to produce. Data not included in the core of 
the text has been sourced from the Eurostat manufactured Goods (Prodcom, DS_066342)55 
and EU-27 trade since 1988 (DS_016890)56 databases. Information on the potential for 
environmental release has been obtained from the ECHA dissemination portal.  

55  See http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/database 
56  See http://epp.eurostat.ec.europa.eu/portal/page/portal/international_trade/data/database 
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Figure 3.16: Flow chart for the cresols  
 
 

 
Produced in closed or semi-closed systems.  Potential 
for environmental release: accidental spills, waste 
water disposal. 
 

UK Manufacture: 
Unknown (likely that 
substances are not 
produced in UK)  
 

UK export (2012): 
 132t 
 

UK import (2012): 
 14825t 

Intermediate/ formulation 
 

 

Potential for environmental release during 
disposal:  landfill, land application, biological 
waste water treatment, incineration. 
Potential for environmental release from 
production site (closed systems) – coal 
gasification and liquefaction, shale oil 
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3.2.8 Gasoline ether oxygenates - MTBE, TAME and ETBE 
 
3.2.8.1 Introduction 
 
Three gasoline ether oxygenates (GEO) all of which are on the EU market, were prioritised 
for detailed consideration.  These are:  

• tertiary-butyl methyl ether (MTBE);  
• 1, 1-dimethylpropyl methyl ether (TAME); and 
• tertiary-butyl ethyl ether (ETBE).  

  

According to the EU Existing Substances Directive 793/93/EEC, all of these substances are 
considered to exhibit low toxicity and to pose no risk of adverse effects to the environment or 
human health per se. However, the taste and odour threshold for each substance is low, 
leading to concerns with respect to the adverse impact on aesthetic quality of drinking water 
following any release of the GEO into waters used for drinking water abstraction. Due to 
their similar chemical characteristics and the commonality of their uses, the three oxygenates 
have been grouped together when considering the factors that influence the risk to the 
potability of water suppliers by their industrial application. 
MTBE was linked to a number of taste and odour incidents in the Netherlands between 2000 
and 2003 and again in 2006. The events are believed to relate to land contamination as a 
result of release from petrol stations or spillage during shipping (SPTC, 2008). Furthermore, 
a report by Concawe (2012), notes that MTBE has been observed in ground and surface 
waters in the UK. The mean concentration of MTBE observed in surface water was 0.18 µg l-

1.  With regard to groundwater, the majority of samples taken at locations remote from retail 
filling station sites also showed MTBE, but at below the limit of detection (a geometric mean 
of 0.52 µg l-1 was reported). This report also noted that, in surface waters, ETBE and TAME 
had not been identified at concentrations above their respective detection limit in any of the 
samples analysed taken from various sampling locations. However, in the UK no reported 
cases of taste or odour incidents involving ETBE, TAME or MTBE have been identified 
despite evidence of historic accidental releases into the environment. For example, during the 
2005 Buncefield Incident MTBE migrated into the groundwater around the site where it 
remains as a potential pollution threat though no drinking water supplies have been affected 
to date (HSE/EA, 2008). MTBE, TAME and ETBE are reported to have taste and odour 
thresholds of 7-212 µg l-1, 8-443 µgl-1 and 1-106 µg l-1 respectively. 
 
3.2.8.2 Industrial Production 
 
MTBE, TAME and ETBE are all oxygenate blend stocks formed by catalytic etherification 
and are produced at petrochemical refineries. MTBE is manufactured from isobutene and 
methanol, TAME from isoamylene with methanol, and ETBE from isobutene with ethanol 
(numerous commercial processes for production are available). EU (2003) notes that 
isobutene is obtained from a number of refinery sources including: light naphtha from the 
fluid catalytic cracker and coking units; as a by-product from steam cracking of naphtha or 
light hydrocarbons during the production of ethylene and propylene; catalytic 
dehydrogenation of isobutane and conversion of tertiary butyl alcohol recovered as a by-
product in the manufacture of propylene oxides. Methanol (ethanol) is bought in. 
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The latest available data from the European Fuel Oxygenates Association (from consultation) 
shows that 2.2 million tonnes of ETBE, 2 million tonnes of MTBE and 176,000 tonnes of 
TAME were consumed within the EU in 2011. The amount of ETBE used in gasoline to 
make a blend comparable to that with MTBE is about 15 percent greater than the amount of 
MTBE needed. TAME has been used as a blend stock since 1992 and can be blended directly 
into the gasoline at the refinery. TAME is similar to MTBE and ETBE in terms of octane-
enhancing capabilities but, because of its higher molecular weight, TAME has a lower 
oxygen content than MTBE or ETBE (US International Trade Commission, 1999).  
  
In the UK, according to EA (2008), petrol containing ether oxygenates is manufactured at 
only one oil refinery; various grades of petrol containing differing percentages of TAME and 
MTBE are produced. It has also been noted that petrol manufactured within the UK does not 
contain ETBE. However, investigations have indicated that this situation might change in the 
foreseeable future as conversion of MTBE plants to ETBE production is becoming more 
common; a change driven by the need to meet biofuel targets established under EC Directive 
2009/28/EC. This states that a mandatory 10% minimum target should be achieved by all 
Member States with respect to the proportion of biofuels in transport petrol and diesel 
consumption by 2020 (EU, 2009). 
  
The potential import and export of the substances within the UK has been investigated using 
the Eurostat EU-27 trade since 1988 (DS_016890)57 database58. The information for the most 
recently available year is presented in Table 3.28.   
 
Table 3.28 Import and export GEO tonnage values for the UK (2012) 
 
 MTBE & TAME 

 
ETBE 

Import (t) 
 

7514 6326 

Export (t) 
 

4493 43* 

External trade nomenclature references: 
ETBE - 29091910 
MTBE and TAME – 29091990 
*Based on EU27 extra imports only  
 
It should be noted that these substances will, of course, also be present within imports of the 
final end product (i.e. petroleum). However, consultation with industry has indicated that no 
meaningful estimation of the amount of GEO’s arising from petroleum imports is practical 
given the highly fungible nature of the petroleum market. EA (2008) also notes that the type 
and content of ether oxygenates in imported petrol is unknown. 
 
Similarly, attempting to follow the supply chain to identify the specific users of fuel 
oxygenates downstream is a complicated task. Typically, driven by efficiency concerns, 
petroleum companies have established exchange agreements between themselves for the 
supply of refined products (e.g. a petrol station may hold stocks derived from a competitor’s 
production site if the station is nearest to a refinery or terminal operated by that competitor).  
Hence, although not all companies may use a specific GEO in their refinery production 
process, it is not possible to exclude the potential for the substance being present in the end-

57  See http://epp.eurostat.ec.europa.eu/portal/page/portal/international_trade/data/database. 
58  Information was not provided at the level of England and Wales. 
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products at one of their retail outlets. It is important to note here that such exchange 
agreements are typically established on the basis of a product’s technical specification which 
is defined in terms of performance characteristics, not the material’s detailed chemical 
composition. Nonetheless, some companies may stipulate in their particular exchange 
agreements that the petroleum they receive should not to contain a specific GEO.  
  
Although the above data sources suggest that petroleum containing GEO is manufactured at 
only one oil refinery in the UK, other information indicates that there are actually three GEO 
manufacturing facilities within the UK. These are located at: Fawley (Esso); North 
Killingholme (Total); and South Killingholme (Phillips66) (see Figure 3.17 which also 
identifies additional refinery and fuel terminal locations). Across these sites, MTBE 
production capacities (reported for 2011) are 122, 100 and 82 kt respectively (Mirabella, 
2011). The estimated annual production of TAME (here assumed to be produced only at the 
Total owned Lindsey oil refinery) is understood to be up to a maximum of ca. 50 kt (CB&I, 
2013).   
 
As the manufacture of GEO occurs in closed systems, it is anticipated that there should be 
essentially no direct release to the environment during production, at least under routine 
conditions. Potential release during production might arise from accidental events (e.g. 
leakage from underground or over ground storage tanks, surface spills from tank over-fills or 
losses during transfers along pipelines). Importantly, GEO is present in a pure-phase (i.e. not 
mixed with anything else) during production (Concawe, 2012).  
 
Literature review and consultation has established that, as of 2001, risk reduction strategies 
were put in place for MTBE aimed at controlling any risk of release to groundwater.  
Recommendation 2001/838/EC suggests that: monitoring programmes should be undertaken 
in order to permit the early detection of groundwater contamination and that best available 
techniques (BAT) should be applied for the construction and operation of petrol underground 
storage and distribution facilities at service stations. This also requires that harmonised 
technical standards for the construction and operation of storage tanks should be developed at 
the European level and that potential past release sites should be investigated and subject to 
remediation if necessary (EC, 2001). Risk reduction strategies were also deemed necessary 
for the handling of storage tank bottom waters (from industry consultation).  
Recommendation 2001/838/EC also suggests that MTBE containing bottom waters of above 
ground storage tanks should be controlled by plant permits or national rules. It is understood 
that all of these strategic requirements have been applied to TAME (from industry 
consultation) and it is also of note that any storage of automotive petroleum above 5000 
tonnes is subject to the Seveso II Directive. 
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Figure 3.17 UK refining and product distribution terminals.  Note: indicative summary only – 
does not show all locations (Source: UK Parliament, 2013) 
 
3.2.8.3 Use and the potential for environmental release 
 
GEOs are predominantly used in automotive fuels as octane boosters, thus ensuring high 
octane rating and low volatility of the petroleum (EU RAR, 2006). When compared to other 
alcohols, the advantages of GEOs are understood to be: improved road octane performance; 
minimal interference with the volatility characteristics of fuel; much lower solubility in 
water; and the absence of phase separation issues (EU RAR, 2006).   
 
Little information on other uses of the compounds has been identified and it is understood 
that the compounds are still used almost exclusively in automotive fuels; for example, US 
EPA (2013) confirms this to be the case for MTBE at least. For TAME, 2002 data from EU 
RAR (2006) shows use as a fuel additive to account for 97% of total usage, with the 
remaining 3% used as an intermediate in chemical synthesis. In the absence of additional 
information, it is assumed that the use profile for the other GEOs would be similar. The 
amount of GEO used in petroleum products in the UK is summarised in Table 3.29.   
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Table 3.29 Percentage inclusion of GEO in UK petrol products. 
 
Petrol 
 

Range (%) Average (%) 

Euro super (95 octane) 
 

0-10 1.8 

Euro super premium 
 

0-10 4.2 

Source: Industry consultation citing a 2009 EU fuel quality survey  
 
According to EA (2008), the UK refinery manufacturing MTBE and TAME produces petrol 
containing variable percentages of these oxygenates but, on average, petroleum contains 
3.4% (by volume) MTBE and 0.9% (by volume) TAME. 
   
As noted above, both MTBE and TAME may also have minor uses as intermediates, in 
particular in the production of isobutene (SEPA, undated) and methyl butenes (EU RAR, 
2006). ETBE is mixed with petrol to form bioethanol-blend road fuel. In 2011, the 
approximate UK consumption of bioethanol-blend road fuels was 368 kt. The risk of release 
occurring during use of GEOs as an intermediate is considered to be not dissimilar to that 
anticipated during their manufacture since reactions take place in closed systems with the 
GEO introduced in a pure-phase. Incidental releases may be possible as a result of losses 
from drainage systems and oil-water separators. However, risk reduction measures are in 
place, ensuring a very low risk of GEO release. It is understood that UK refineries and 
distributors operate to the standards required under EU and UK legislation. For example, the 
Industrial Emissions (IPPC) Directive (2010/75/EU) and supporting Refinery BREF BAT-
AEL emissions limits and the requirements of the Seveso Directive (2012/18/EU) all apply.  
In the UK, the Seveso Directive is transposed and implemented as the Control of Major 
Accident Hazards (COMAH) Regulations. All UK refineries and primary distribution 
terminals are subject to COMAH and are also subject to the Environmental Permitting 
Regulations which transpose and implement the requirements of the Industrial Emissions 
(IPPC) Directive and other European legislation. COMAH regulations are intended to ensure 
that there are measures in place to prevent major accidents involving dangerous substances 
and to limit the risk of pollution to the environment from any such event. 
 
In practical terms, in order to ensure the protection of the environment, refineries and 
distribution centres utilise a system of primary, secondary and tertiary containment measures.  
Here, primary containment relates to the equipment that is in direct contact with the 
substance and any associated control systems, secondary containment relates to the control of 
liquids following any failure of primary containment (e.g. bunds) while tertiary containment 
relates to controls on the spread of liquid substances (e.g. contaminated firewater) following 
failure of both primary and secondary containment. Secondary and tertiary containment 
measures may include, for example, use of impermeable barriers to inhibit the movement of 
contaminated liquids into groundwaters. Some issues have been noted with compliance 
(particularly in terms of tertiary containment) at refineries and terminals in the UK although 
standards are constantly improving as a result of ongoing investment by operators and, based 
on consultation, are understood to have considerably improved since the Buncefield incident 
in 2005. 
 
Since petroleum is by far the largest use sector using GEOs, the potential for environmental 
release would therefore be anticipated to be greatest in relation to the downstream operations.  
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Indeed, industry consultation has indicated that the greatest risk of release is likely to relate to 
a potential for leaking from the underground fuel storage tanks at fuel filling stations. 
A 2012 study by Deloitte indicated that, as of 2011, there were 7217 petrol filling stations in 
England and Wales, compared with a total for the UK (including the Isle of Man) of 8677. A 
regional breakdown of these figures is provided in Table 3.30. 
 
Table 3.30 Number of Petrol Filling Stations as of 2011 year end and motor fuels volumes sold 
in 2011, by region 
 
Region Number of 

Petrol Filling 
Stations (2011) 

% of total 
Petrol 
Filling 

Stations 

Motor fuel 
volumes (2011, 
million litres) 

% of volumes 
(2011) 

England - South East 1117 15.5 5,688 17.6 

 - North West 897 12.4 4,123 12.7 

 - South West 869 12.0 3,448 10.7 

 - East 825 11.4 3,840 11.9 

 - West Midlands 735 10.2 3,319 10.3 

 - Yorkshire & Humber 682 9.4 2,836 8.8 

 - East Midlands 670 9.3 2,701 8.3 

 - London 572 7.9 3,203 9.9 

 - North East 300 4.2 1,267 3.9 

Wales 550 7.6 1,946 6 

Total 7217 100 32,371 100 

Source: Adapted (to reflect England and Wales only) from  Deloitte (2012)  
 
It would appear that an ‘average’ filling station owned by either a hypermarket, dealer or 
independent operator has four tanks which store 25,000 litres each, though in some cases 
each individual tank may have a capacity of up to 50,000 litres. Simplistically, this quantity 
of fuel stored might appear a cause for major concern with regard to risk of leakage occurring 
and consequences of such an event occurring. However the petrol supply and retailing 
industry in the UK, as elsewhere in the EU, is highly regulated as described below.   
 
It is a legal requirement that anyone operating a petrol filling station must have a licence 
issued by their local Petroleum Licensing Authority; this requirement applies to both retail 
and non-retail filling stations. The licences have conditions relating to means of safe storage, 
dispensing, maintenance, record-keeping etc. and petroleum retailers bear a duty to keep 
records of relevant statistics and to have these available for inspection. They also have a duty 
to report any leaks or suspected leakage (industry consultation, supported by HSE, undated).  
  
When the Dangerous Substances and Explosive Atmospheres Regulations 2002 (DSEAR) 
came into force, there was a regime in place for tank testing by Authorities but, as this would 
take place only at specific time intervals (e.g. every 2 years), this was considered potentially 
unreliable since it provides only a ‘snapshot’ of performance. The model licensing conditions 
have since been changed and, at present, advanced wet-stock management systems are 
typically in place. These systems provide the retailer with visibility not only of current levels 
of the wet-stock inventory and the reconciliation of delivered/dispensed volumes but will also 
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provide a real-time monitoring system of losses which may arise due to, for example, over 
dispensing, theft, fraud or leakage (industry consultation, supported by 
ForecourtTrader.co.uk, 2012). Importantly, over the last 20 years or so, the use of double-
skinned metal petrol storage tanks has become commonplace.  These tanks essentially have 
an extra external wall which acts as a secondary containment facility. Between the walls, leak 
detection systems are in place such that any breaches of the primary container can be 
identified very quickly (using real-time detection systems) and dealt with promptly. Industry 
consultation has indicated that the installation of an underground petrol storage tank not 
possessing double walls would be very unlikely to occur today. There are also further 
developments occurring to mitigate risks from the increased use of biofuels (which are 
typically more corrosive that standard fuels) with the latest designs of tanks now including an 
additional fibreglass lining coating to the wall of the inner tank which acts as an anti-
corrosion aid. 
 
Nonetheless, despite the improved containment measures that are now in place, Local 
Authorities still typically carry out inspections on facilities but based upon the anticipated 
level of risk posed by a particular facility (this typically will be heavily influenced by the 
efficiency and compliance record of the operator). According to 2011 figures in Deloitte 
(2012), the breakdown of ownership of petrol filling stations within the UK is as follows: 
Hypermarkets own 15%; dealers own 60%; and independents have 25%. However, industry 
consultation has suggested that the ownership of a filling station is not predictive of the risk 
of fuel release to the environment occurring; rather, the risk at any particular facility is 
influenced more by the time at which the storage tanks were installed (i.e. the technology 
incorporated within the particular tanks used). 
 
3.2.8.4 Summary 
 
Figure 3.18 illustrates the use of the GEOs throughout the supply chain and, where possible, 
provides associated UK production/import/export figures. Information is also provided in 
relation to the potential for environmental release of the substances. 
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Figure 3.18 Flow chart for GEOs  
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Killingholme 82 
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Potential environmental release: point source from leaking storage 
tanks, accidental spillage during production, storage and 
transportation, losses from pipelines (pure-phase GEO). 
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3.2.9 Dicyclopentadiene (DCPD) 
 
3.2.9.1 Introduction  
 
Dicyclopentadiene (DCPD; CAS No. 77-73-6) is a clear/whitish crystalline solid at room 
temperature, possessing a disagreeable camphor-like odour with a taste and odour threshold 
of between 0.01-0.25 µg l-1. It liquefies at temperatures >32˚C (New Jersey Department of 
Health and Senior Services, 2001). The information provided within this section presents a 
concise summary of information relevant to the environmental modelling exercise (see 
Section 4).  
  
3.2.9.2 Industrial production 
 
Dow Chemical Company (2010) notes that DCPD is formed by the Diels Alder reaction from 
two cyclopentadiene molecules (these originate from high temperature cracking of petroleum 
fractions as part of ethylene manufacture). DCPD occurs as two stereo-isomers, endo-DCPD 
and exo-DCPD. Although the exo form is thermodynamically more stable, commercial 
DCPD products contain mostly the endo molecule since it forms at a much greater rate than 
the exo form; typically >90% of the mixture present in commercial CDPD is the endo form. 
 
As of 1990, there were three European companies producing the substance, located at a total 
of four facilities across the EU (Little, 1990).  These comprised: 
 

• Dow Chemical (Nederland) BV 
• Temeuzen, (Zeeland) Netherlands; 
• Rutgerswerke AG  
• Duisburg, Germany; and  
• Shell Nederland Chemie BV. 
• Moerdijk, (Noord Brabant) Nederland/Rotterdam-Pemis, (Zuid Holland) Netherlands. 

  
A separate article (Oil & Gas Journal, 1990) indicates that, at this time, construction of a 
further DCPD-production plant was underway in Porto Marghera, Italy, for Montedipe SpA 
(now Versallis). Information from the current Shell internet site59, together with customs 
data60, indicates that DCPD is still produced at Moerdijk and Pemis and at Dow Chemical in 
Temeuzen. No current data was identified for the Duisberg facility in Germany but 
information from Vertellus61 suggests ongoing manufacture at Porto Marghera. 
 
Little information exists on the production of DCPD in the UK. The ECHA Dissemination 
Portal62 shows that DCPD has been registered under REACH by two companies with 
addresses in England and Wales. However, it appears that neither company is a manufacturer 
of the substance (N.B. in this respect it should be noted that the portal also indicates there to 
be information from other registrants on a confidential basis).   
 

59  See http://www.shell.com/chemicals/aboutshell/who-we-are/our-locations/manufacturing-locations.html. 
60  See http://portexaminer.com/trade-data/dow-europe-gmbh-givaudan-de-mexico-sa-de-cv/chiwpvbazbc00/. 
61  See https://www.eni.com/en_IT/attachments/azienda/attivita-strategie/petrolchimica/polimeri-

europa/pubblicazioni/Versalis-Brochure-istituzionale-per-il-Plast12.pdf. 
62  ECHA Registered substances database: http://echa.europa.eu/web/guest/information-on-

chemicals/registered- substances. 
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Available data on UK ethylene production suggests it to be centred on Grangemouth and 
Mossmorran in Scotland as well as at Wilton in England (see Figure 3.19; UKOPA 2009).  
The Grangemouth refinery is operated by INEOS but there are no reports of production of 
DCPD; this facility is however a highly developed petrochemicals facility in that it 
manufactures over 2 million tonnes of products per annum. 
  
A company guide (ExxonMobil, 2010) notes that the Mossmorran refinery (which forms part 
of the Fife Ethylene plant) produces ethylene and C5+. According to Greene and Voordouw 
(2004), C5+ is a mixture of benzene, toluene, xylene, styrene, DCPD, naphthalene and other 
compounds. It is also noted that C5+ is a valuable hydrocarbon that is shipped to Europe for 
processing in Exxon Mobil’s aromatics plant located in Rotterdam. As such, it appears 
possible that this UK production facility may generate DCPD as part of complex mixture that 
is then shipped to mainland Europe for further processing, as opposed to separating out the 
individual constituents at that site. Hence, any potential that exists for possible release of the 
complex C5+ would be of direct relevance to the Scottish environment though it is unlikely 
to be of similar concern to English or Welsh water supplies.   
 
At the end of 2006, SABIC acquired petrochemicals and aromatics facilities at the Wilton 
International and North Tees chemical complexes in Teesside, England. This manufacturing 
business operates a world-scale cracker at Wilton with capacities of 865 ktpa ethylene/ 400 
ktpa propylene/ 100 ktpa butadiene. There is also an aromatics complex and ethylene 
liquefaction facility at North Tees. Thus this company possesses substantial logistical 
facilities at Wilton and North Tees, including a major storage capacity, a cross-country 
pipeline network, as well as substantial distribution and shipping operations (SABIC, 2012).  
Although no specific information is available that shows that DCPD generated or stored at 
this facility, given the close association of ethylene production with the generation of the 
cyclopentadiene molecules used to generate DCPD, it cannot be totally discounted either. 
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Figure 3.19  Refineries and steam crackers in the UK  
Source:  APPE (2011) 

 
While overall it appears unlikely that DCPD is manufactured as an isolated substance in the 
UK, it may be generated within complex industrial mixtures at least at Scottish facilities.  
However, on available evidence, this potential source of environmental exposure appears to 
be exported to the continent for further processing rather than being transferred and/or 
directly used in the UK.  
 
3.2.9.3 Uses   
 
DCPD products may be best characterised as highly reactive intermediates (Dow Chemical 
Company, 2010) since they react readily with other monomers and find application in the 
production of resins, alkyds, acrylates, latexes and other specialty intermediates. Table 3.31 
highlights major uses of DCPD on a world-market basis; specific data on usage profiles in 
either Europe, the UK or England and Wales are not available.  
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Table 3.31 Major global uses of DCPD 
 
Use 
 

Percentage 

Unsaturated polyester resins (UPR) 48 
Petroleum resins 31 
Ethylene-propylene terpolymer (EPDM) elastomers 11 
Polydicyclopentadiene 5 
Miscellaneous (including pesticides and flame retardants) 5 
Source: ICIS (2007) 

 
Use in resins and EPDM 
 
As can be seen in Table 3.31, UPR accounts for 48% of DCPD global demand. These resins 
are used chiefly in marine, bathroom component and electrical applications (ICIS, 2007). For 
the proportion of DCPD consumption going to UPR, production has grown more rapidly than 
UPR consumption itself since DCPD is increasingly substituting phthalic anhydride in 
fibreglass-reinforced unsaturated polyesters for applications such as pleasure boat 
construction. Despite almost half of DCPD being used for UPR production, it appears that 
DCPD resins still account for only a small percentage of the overall UPR market (Table 
3.32). 
 
Table 3.32 Market shares of UPR in Western Europe* 
 
Resin type 
 

Market share (%) 

Orthophthalic 70 
Isophthalic 15 
Terephthalic 5 
DCPD 5 
Other 5 
* The author notes this is a rough estimate 
Adapted from source: Helps (2001) 
 
DCPD-based UPR shows special characteristics compared to standard UPR (based on 
orthophthalic anhydride, isophthalic acid, etc): these include lower molecular weight/reduced 
viscosity, increased reactivity (increased state of cure after a given time), improved wetting 
properties, increased heat resistance, reduced shrinkage and increased solvent resistance 
(European Commission, 2007). 
 
Petroleum/hydrocarbon resin is a generic name given to solid resins produced (mainly) from 
the C5+ and C9+ fractions generated from ethylene cracking. The DCPD-type hydrocarbon 
resin finds applications in enhancing the performance of printing inks, adhesives, coatings, 
rubber goods and caulking compounds. Unfortunately, no information has been found on 
production or usage patterns of these resin types in UK (or England and Wales).  
 
EPDM is formed by copolymerisation of a nonconjugated diene as the third monomer in a 
small proportion (<5%) in a mixture with ethylene and propylene, and DCPD is one of the 
dienes that are currently used (Ghosh, 2002).  
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Use in polydicyclopentadiene 
 
Polydicyclopentadiene (pDCPD) is a highly cross-linked polymer of high toughness formed 
by a ring-opening metathesis polymerization (ROMP) of the DCDP (Kessler & White, 2002).  
Figure 3.20 illustrates the ROMP reaction of this substance (with the use of a ruthenium 
based catalyst). 
 

 
 
Figure 3.20 Ring-opening metathesis of DCPD with Grubb’s catalyst 
Source: Kessler & White (2002) 
 
pDCPD is widely used for a broad range of applications (Osborne, 2013) including: large 
truck and bus body panels, equipment parts for agriculture, recreation, construction 
equipment, conveyor trays, shipping containers; for corrosion-resistant chemical process 
equipment; in instrument housing; large waste containers; domestic wash basins; and shower 
stalls. Other uses include in water treatment equipment, fan shrouds and septic tanks as well 
as applications where large, tough, corrosion-resistant and an aesthetically pleasing 
appearance, is required. 
 
Use in flame retardants, pesticides and other applications 
 
DCPD is used in the production of hexachlorocyclopentadiene, an intermediate used to 
manufacture of two of the leading types of fire-retardant chemical, chlorendic anhydride and 
dechlorane (ICIS, 2007) and there is also some evidence that it can be used as a pesticide.  
However, within the EU DCPD has not been approved as an active pesticide substance and, 
therefore its use in this application is forbidden within the EU (University of Hertfordshire, 
2013).   
 
Dow Chemical Company (2005) specifies a few other uses for high purity DCPD, including 
in the production of flavours and fragrances, antioxidants, and for ethyl norbornene and 
cyclic olefin copolymers. Little information is available on these uses except in relation to its 
use in fragrance production (see Figure 3.21). Indeed, a number of minor fragrance 
ingredients are produced by a Diels-Alder reaction of DCPD with a variety of activated 
olefins (for this the activating group is usually an aldehyde, ketone, ester or nitrile; Sell, 
2006). It is also noted that the main application here is to production of Jamacyclene®. In the 
fragrance industry, globally, production of this product amounts to thousands of tonnes per 
year and most other fragrances are produced in at relatively low tonnages, apart from 
Florocyclene® and Gardocylene®.  
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Figure 3.21 Perfumery materials from DCPD 
Source: Shell (1996) 
 
The diverse nature of the intermediate uses across a wide range of industrial sectors that are 
found throughout England and Wales means that significant amounts of DCPD either in pure 
form or as part of mixtures intended as reaction products, are likely to be imported and used 
here. A product stewardship summary for DCPD (Shell Chemicals, 2012) notes that, given 
the health, safety and environmental risks, DCPD is only manufactured, stored and 
transported to customers within closed systems and users are limited to those that use it as an 
intermediate in closed systems during the manufacture of other chemicals. It is stated that use 
of proper equipment design and handling procedures maintains a low risk of exposure 
occurring. 
 
Another manufacturer (Dow Chemical Company, 2009) notes that DCPD is used as an 
intermediate in the manufacture of polymers, elastomers, synthetic rubbers and other 
chemicals. As a chemical intermediate, it is stated that DCPD is consumed (reacted) during 
chemical manufacture and is unlikely to be present in the final product. Indeed, to qualify as 
an ‘intermediate’ according to REACH, the substance should no longer be present after the 
reaction process. So, reflecting the situation during production, there should be no risk of 
release except during transport prior to reaction, or sampling and analysis of the reaction 
mixture (though release cannot be totally discounted if there were to be an accidental loss of 
containment).   
 
Production of resins appears to be the largest single use of DCPD and the information quoted 
above from two manufacturers of DCPD appears consistent with current best practice (see 
European Commission Reference Document on Best Available Techniques in the Production 
of Polymers; European Commission, 2007). To meet best practice requirements, production 
of DCPD resins would normally occur in a closed system with provision for treatment of all 
gaseous and liquid emissions. The treatment of off-gases involves regenerative thermal 
oxidation (thermal oxidation with energy recovery) and active carbon adsorption (in 
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particular at smaller production sites). It is suggested that a typical DCPD base resin 
consumes 20–35 % by weight of raw material (the remainder normally comprises maleic, 
glycols and styrene) and by-products comprise 6–10% reaction water and other by-products 
which are collected and treated. 
 
As none of the products ultimately generated down the supply chain will contain any DPDB, 
no consumer exposure is anticipated. 
 
3.2.9.4 Environmental fate 
 
DCPD shows low water-solubility but has moderate soil mobility (Dow Chemical Company, 
2010). It is moderately toxic to aquatic organisms but is not considered readily 
biodegradable. However, it shows rapid atmospheric degradation (half-life of 2-3 hours).  
DCPD shows appreciable volatilisation. If released into air, it is unlikely to be distributed into 
other mediums. If released into water or soil, it is likely to be transported by air (see Table 
3.33). However, release to water will result in water contamination where it is stable for 5 
days at 25°C.   
 
Table 3.33 Environmental distribution of DCPD* 
 
Compartment 

 

Release 
100% to air 

Release 

100% to water 

Release 

100% to soil 
Air 99.9% 28.2% 68.1% 
Water 0.0% 71.0% 0.1% 
Soil 0.1% 0.0% 31.8% 
Sediment 0.0% 0.8% 0.0% 
*Using a generic fugacity model (Mackey level III) 
Source: OECD (2005b) 
 
3.2.9.5 Summary 
 
Figure 3.22, on the following page illustrates the use of the DCPD throughout the supply 
chain. Unfortunately, no information on production, imports or exports can be provided.   
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Figure 3.22 Flow chart for DCPD   
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4. Inverse Risk Modelling of Prioritised 
Taste and Odour Contaminants  

4.1 Introduction  
For many taste and odour compounds a range of potential (and ill-defined) sources may exist 
which will present challenges for realistic and meaningful exposure assessment modelling 
conducted in the conventional way (i.e. starting with source strength and location, estimating 
chemical fate along the source to receptor pathway leading to an exposure prediction for 
relevant receptors).  It is anticipated that for some of these substances the principal emission 
routes of concern will be accidental spillages (sometimes occurring over long periods) or 
leaks from inadequate containment facilities (e.g. fuel stores). Modelling the impact of such 
sources using the same approach taken in a study of endocrine disrupting chemicals 
conducted by Cranfield University (DWI, 2012b) is not, therefore, very informative.  
 
Consequently, we have developed an alternative approach which centres on an “inverse” 
modelling exercise to predict the sizes of potential sources to contributing ground and surface 
water catchments that would be required to generate concentrations in the waters that would 
be of concern in treated water supplies. This has been applied to 20 substances (see section 2) 
comprising 18 anthropogenic organic compounds prioritised because of possible risk of taste 
and odour problems and two naturally produced organic compounds associated with a 
number of taste and odour incidents.  
 

4.2 Methods 
4.2.1 Outline of Inverse Model 
 
In this process, we start with a threshold concentration of concern at the exposure point to 
relevant receptors and work backwards along the exposure pathway to hypothetical sources, 
evaluating the impact of any barriers which exist (e.g. water and waste water treatment) and 
the effects of dilution and degradation at various stages in this pathway. Note that for some 
compounds more than one pathway may exist. For example, given a threshold concentration 
CT and a typical removal rate in a water treatment works, r, the concentration in untreated 
(raw) water, CR, will be: 
 

           (1) 

 The load (L) required in the contributing catchment to generate a concentration of CR will be: 

)1( r
CC T

R −
=
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          (2) 

where Q is the river discharge at the point of abstraction, Q0, is the discharge at the point of 
emission of the particular compound under consideration, k is a first order rate constant in the 
river (accounting for combined losses due to, for example, volatilisation and degradation) and 
τ  is an effective travel time for the hypothetical scenario considered. For multiple sources τ  
could represent the average travel time between pollutant source and the abstraction point. 
Alternatively a statistical distribution of values of τ  and Q0 might be considered, representing 
the variability in hypothetical source locations (which will be uncertain). Note that Q0 and τ 
are likely to be inversely correlated (i.e. longer travel times should have lower initial 
discharge values because river velocities generally increase with increasing discharge).    

Note that τ  can be derived from: 

            (3) 

where x is the river distance between the emission point and the point of drinking water 
abstraction and v is the mean velocity between these two points. 

Flow velocities can be predicted from discharge using empirical relationships such as that 
derived by Round et al. (1998) for UK rivers: 

 

         (4) 

where v is the velocity (m s-1), Q is the river discharge (m3 s-1) for the conditions for which 
velocity is required and Qmean is the mean discharge (m3 s-1) for the reach under 
consideration.   

The load, L, could be generated anywhere in the contributing catchment. A useful prediction 
would be to assess L in terms of a combination of source sizes (S) and number (N), since 

            (5) 

where i is an index for a particular source. Thus, there could be a large range of potential 
values of N and Si which are unknown for a given load L. When N = 1, L = S but when N > 1, 
S can take any combination of values which add up to L. Alternatively, if Si is constant L = 
S.N. 

A similar approach can be applied to a groundwater scenario although most leaching models 
(even simple ones) are probably too complex to solve analytically for the source strength 
term given a threshold concentration. Although it is outside the scope of this project, it should 
be fairly straightforward, in principle, to perform the inverse modelling by iterative 
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optimisation (i.e. changing source strength to optimise model fit to a target concentration in 
treated water). 

In the case of taste and odour compounds of algal or microbiological origin (e.g. from algae 
or cyanobacteria in reservoirs), if the biomass required to generate a particular threshold 
concentration at the receptor could be estimated, then the inverse modelling approach may be 
applied in a similar way to, potentially, give water managers a heads up on the likelihood or 
not of taste or odour problems arising at the tap, given a particular size of algal bloom. 

4.2.2 Predicted removal of selected taste and odour compounds 
during drinking water treatment 
 
A list of potential taste and odour compounds was compiled on the basis of a set of screening 
criteria (see description in section 2). After application of prioritisation critieria for 
anthropogenic compounds together with two priority ‘natural’ compounds, a total of 20 
compounds were identified for assessment using the modelling approach described above. 
They are listed in Tables 4.1. Each compound was assessed for its propensity to be removed 
by different types of drinking water treatment processes (DWTP). Estimated removal of 
compounds by specific treatment processes was based on their physical chemical properties. 
The DWTPs investigated here are listed below, together with a description of each of the 
processes considered (Droste, 1997): 
 

1. Coagulation is the process of adding chemical reagents (iron or aluminium salts) in a 
mixing tank to destabilise colloidal particles and allow them to agglomerate or 
flocculate with other suspended particles to form larger, more readily settled particles. 

2. Activated carbon is a broad-scale adsorbent of dissolved substances. Dissolved, 
colloidal and particulate substances are attracted and attached to the surface of the 
carbon particles. It is used to remove taste and odour causing compounds as well as 
toxic organic chemicals. Precipitation and other chemical reactions also occur on the 
carbon surface. A variety of carbon adsorbers can be designed, including batch and 
continuous flow units. The adsorption capacity of the carbon is eventually exhausted. 
The carbon is regenerated by heating the carbon, which burns and volatilises the 
substances accumulated on it. The activated carbon can take the form of granules 
(granular activated carbon – GAC) or powder (powdered activated carbon – PAC).  

3. Ozone (O3) is a more powerful oxidising agent than chlorine and a very effective 
biocide. Ozone reacts with most organic matter by attacking it directly or through the 
formation of hydroxyl radicals (•OH) formed by the depletion of ozone. 

4. Chlorine (Cl2) is required to disinfect UK water supplies and has the advantage of 
providing a residual which remains in the water for long periods to protect against 
bacterial regrowth in distribution. Chlorine is applied either under pressure as a 
liquefied gas or as sodium hypochlorite (Parsons and Jefferson, 2006). 

 
In addition to determining removal by specific DWTPs, two treatment scenarios were 
considered to allow consideration of the range of types of treatment that may be typically 
applied in the UK. The first is termed ‘conventional treatment’ and consists of coagulation-
flocculation followed by filtration and chlorination. The second is ‘advanced treatment’ 
consisting of pre-ozonation followed by coagulation/filtration and powdered activated carbon 
and then chlorination. 
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4.2.2.1 Conventional treatment 
 
In general, coagulation-flocculation/filtration will only remove charged colloidal species 
from water (Parsons and Jefferson 2006); species that are negatively charged (anionic) at pH 
7 are more amenable to removal. The predicted removal rates of all the compounds 
considered are shown in Table 4.1. Filtration is not expected to give any further removal as 
any remaining taste and odour compounds would be fully dissolved. The methodology used 
to derive the removal by chlorine is described in the following section. 
 
Table 4.1 Removal of taste and odour compounds by conventional treatment (coagulation + 
filtration and chlorination). 
 

Compound 
Removal 

Coagulation 
+ filtration Chlorine Conventional 

treatment 
1 Ethylene glycol butyl ether (EGBE) (111-76-2) 0% 55% 55% 

2 Bornyl acetate (76-49-3) 0% 37% 37% 

3 Galaxolide (1222-05-5) 0% 46% 46% 

4 Xylene (1330-20-7) 0% 46% 46% 

5 Phenol (108-95-2) 0% 64% 64% 

6 TAME (methyl-tert-amylether) (994-05-8) 0% 37% 37% 

7 2-methylphenol (o-cresol) (95-48-7) 0% 64% 64% 

8 p-xylene (106-42-3) 0% 46% 46% 

9 o-xylene (95-47-6) 0% 46% 46% 

10 Diphenyl ether (101-84-8) 0% 55% 55% 

11 3-methylphenol (m-cresol) (108-39-4) 0% 64% 64% 

12 ETBE (ethyl-tert-butylether) (637-92-3) 0% 37% 37% 

13 p-cresol (106-44-5) 0% 64% 64% 

14 iso-propylbenzene (98-82-8) 0% 46% 46% 

15 
 

MTBE (methyl-tertiary butyl ether)  
(1634-04-4) 

0% 37% 37% 

16 Dicyclopentadiene (DCPD) (77-73-6) 0% 37% 37% 
17 
 

2-ethyl-4-methyl-1,3-dioxolane (2-EMD) (4359-
46-0) 

0% 37% 37% 

18 
 

2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) (768-
58-1) 

0% 37% 37% 

19 Geosmin 0% 46% 46% 

20 2-MIB (2371-42-8) 0% 46% 46% 
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4.2.2.2 Advanced treatment 
 
Rates of removal by use of ozone were calculated as follows:  
 
To determine the reactivity of the compounds, four aspects of their structure were considered 
(Drewes et al. 2007): 
 

1. Electron-donating groups (e.g. hydroxyl, amine, conjugated double bond, and 
sulphide) enhance reactivity with ozone, whereas electron-withdrawing groups (e.g. 
iodine, chlorine, fluorine, and nitro) reduce the reaction rate; 

2. Electron-donating groups enhance the reactivity of aromatic compounds towards 
ozone, while electron-withdrawing groups inhibit reactivity; 

3. Phenolic compounds are highly amenable to an attack by ozone, whereas ketone 
groups decrease the reactivity of ozone with adjacent carbons on aromatic structures 
and; 

4. Hydroxyl and ketone groups have an activating effect on the adjacent methylene 
groups of an aliphatic chain, though the oxidation rates are lower than those of 
corresponding aromatic structures. 

 
A score from 1 to 10 was assigned to each compound based on its reactivity according to the 
categories listed above. 
 
The compounds were separated into four categories to determine their removal during water 
treatment: 
 

1. Good removal (>90%) 
2. Intermediate removal (90-50%)  
3. Moderate removal (50-25%) 
4. Poor removal (<25%). 

 
Percentage removal via ozonation versus chlorination was found to be significantly correlated 
and this correlation was used to provide chlorine removal data for the taste and odour 
compounds. Importantly, it was noted that ozone provides greater removal than chlorine for 
all compounds studied here. 
 
Powdered activated carbon (PAC) was also assessed to determine its role in the removal of 
each compound. The forces involved in activated carbon adsorption include: Coulombic-
unlike charges, dipole-dipole interactions, van der Waals forces, covalent bonding and 
hydrogen bonding (Sontheimer et al. 1988). Each compound was put into one of the 
following categories based on the octanol/water coefficient (log Kow) and the charge of 
compound at pH 7 (Drewes et al. 2007): 
 

1. log Kow > 4 (pH 7); uncharged 
2. log Kow = 0–4 (pH 7); uncharged 
3. log Kow < 0 (pH 7); uncharged 
4. log Kow = 0–1.5 (pH 7); protonated base 
5. log Kow < 0 (pH 7); protonated base 
6. log Kow = 0–2.5 (pH 7); deprotonated acid 
7. log Kow < 0 (pH 7); deprotonated acid. 
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The percentage removal for each category was as follows: 
 

1. >90% removal 
2. 90-50% removal 
3. 50-25% removal 
4. 90-50% removal 
5. 50-25% removal 
6. 50-25% removal 
7. <25% removal. 

 
Once the removal rate had been established for each treatment process, these were combined 
to determine the overall removal rate achieved by the advanced treatment. The predicted 
removal rates using advanced treatment are given in Table 4.2. 
 
Table 4.2. T&O removal by advanced treatment (coagulation/filtration + O3 + PAC + Cl2). 
 

Compound 

Removal 

Coag. 
/ Filtr. PAC O3 Cl2 Adv. 

Treat. 

1 EGBE (111-76-2) 0% 50% 70% 55% 93% 

2 Bornyl acetate (76-49-3) 0% 90% 50% 37% 97% 

3 Galaxolide (1222-05-5) 0% 90% 60% 46% 98% 

4 Xylene (1330-20-7) 0% 80% 60% 46% 96% 

5 Phenol (108-95-2) 0% 60% 80% 64% 97% 

6 TAME (methyl-tert-amylether) 
 (994-05-8) 

0% 60% 50% 37% 87% 

7 2-methylphenol (o-cresol) (95-48-7) 0% 60% 80% 64% 97% 

8 p-xylene (106-42-3) 0% 80% 60% 46% 96% 

9 o-xylene (95-47-6) 0% 80% 60% 46% 96% 

10 Diphenyl ether (101-84-8) 0% 90% 70% 55% 99% 

11 3-methylphenol (m-cresol) (108-39-4) 0% 60% 80% 64% 97% 

12 ETBE (ethyl-tert-butylether) (637-92-3) 0% 60% 50% 37% 87% 

13 p-cresol (106-44-5) 0% 60% 80% 64% 97% 

14 iso-propylbenzene (98-82-8) 0% 85% 60% 46% 97% 

15 
 

MTBE (methyl-tertiary butyl ether)  
(1634-04-4) 

0% 50% 50% 37% 84% 

16 Dicyclopentadiene (77-73-6) 0% 80% 50% 37% 94% 

17 2-ethyl-4-methyl-1,3-dioxolane (2-EMD) 
 (4359-46-0) 

0% 55% 50% 37% 86% 

18 2-ethyl-5,5-dimethyl-1,3-dioxane(2-EDD)         
(768-58-1) 

0% 60% 50% 37% 87% 

19 Geosmin 0% 85% 60% 46% 97% 

20 2-MIB (2371-42-8) 0% 80% 60% 46% 96% 
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4.2.2.3 Biodegradation and predicted removal in waste water treatment 
 
It is also necessary to assess the potential of the prioritised taste and odour compounds to 
biodegrade after release from source and to predict the achieved rates of removal from waste 
water during sewage treatment. This was achieved using predictions generated by QSPRs 
(Quantitative Structure Property Relationships) embedded in the USEPA’s EPI SuiteTM 
software (v4.11 US EPA, 2012b). One of the models in EpiSuite is STPWIN™ which is an 
implementation of the STP model (Clark et al., 1995). This model predicts total removal and 
the contribution of biodegradation, sorption to sludge and air stripping from waste water as a 
percentage of the influent load for a typical activated sludge-based sewage treatment plant.  
The predictions, together with predictions about whether each compound is likely to be 
readily biodegradable (BIOWIN) are presented in Table 4.3. Note that substances associated 
with algal blooms (geosmin and 2-MIB are not included in Table 4.3 because their principal 
exposure pathways are likely to lead directly to surface waters and are, therefore, unlikely to 
involve waste water treatment. 
 
Table 4.3. Predicted total removal of T&O compounds in activated sludge sewage treatment 
(%) and the contributions of different removal processes.  
 

Compound 

Removal 

Total Bio Sludge Air Ready? 

1 EGBE (111-76-2) 1.96 0.09 1.78 0.09 YES 
2 Bornyl acetate (76-49-3) 47.09 0.43 44.17 2.5 NO 
3 Galaxolide  (1222-05-5) 91.68 0.77 90.91 0 NO 
4 Xylene (1330-20-7) 68.45 0.06 4.72 63.67 YES 
5 Phenol (108-95-2) 1.98 0.09 1.87 0.02 YES 

6 
TAME (methyl-tert-amylether)  
(994-05-8) 

36.45 0.07 1.51 34.88 YES 

7 2-methylphenol (o-cresol) (95-48-7) 2.27 0.1 2.11 0.07 YES 
8 p-xylene  (106-42-3) 74 0.06 4.41 69.53 YES 
9 o-xylene  (95-47-6) 68.45 0.06 4.72 63.67 YES 
10 Diphenyl ether (101-84-8) 45.73 0.37 38.51 6.84 NO 
11 3-methylphenol (m-cresol) (108-39-4) 2.26 0.1 2.11 0.05 YES 
12 ETBE (ethyl-tert-butylether) (637-92-3) 41.13 0.06 1.43 39.64 YES 
13 p-cresol (106-44-5) 2.25 0.09 2.1 0.06 YES 
14 iso-propylbenzene  (98-82-8) 83.38 0.08 10.89 72.42 NO 

15 MTBE (methyl-tertiary butyl ether)           
(1634-04-4) 

21.87 0.08 1.48 20.32 YES 

16 Dicyclopentadiene (77-73-6) 96.12 0.03 3.62 92.47 NO 

17 
 

2-ethyl-4-methyl-1,3-dioxolane  (2-EMD) 
(4359-46-0) 

4.56 0.09 1.75 2.72 NO 

18 
 

2-ethyl-5,5-dimethyl-1,3-dioxane  (2-EDD) 
(768-58-1) 

6.66 0.09 2.04 4.52 NO 

Bio is biodegradation; Sludge is sorption to sludge and Air is loss to the air via volatilisation.  Also shown is the BIOWIN 
prediction of whether the compound is likely to pass a Ready biodegradation test.  
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4.2.3 Predicted behaviour in water catchment 
 
4.2.3.1 Generic model scenario 
 
The reasonable worst case scenario considered in this study is to envisage a large sewage 
effluent discharge into a river upstream of a drinking water abstraction point. Although many 
of the compounds which might give rise to taste and odour problems may not be emitted to 
surface waters via the treatment plant, the scenario is also considered to be reasonable for 
urban diffuse pollution and also for poorly identified point sources (e.g. fuel spills). A generic 
scenario was therefore developed based on the default parameters of the local exposure 
assessment for ‘down-the-drain’ chemicals in surface waters as described in the EU TGD for 
risk assessment of chemicals (EC, 2003).  
 
This scenario considers a sewage treatment plant (STP) serving 10,000 people, discharging 
into a water course with a dilution factor of 10. Assuming a standard per capita domestic 
water use of 200 L cap-1 d-1, the total waste water flow from this generic STP would be 2000 
m3 d-1.  Since dilution factor (DF) is defined as 
 

           (6) 

 

where q is the flow from the STP and Q0 is the flow in the river (equivalent to Q0 in Equation 
2), we can rearrange to get 
 

          (7) 

 

If DF = 10 and q = 2000 m3 d-1, then Q0 = 18000 m3 d-1 ≡ 208.3 L s-1.  Thus, the generic TGD 
receiving water has a fairly low flow rate. If we assume a reach length between the STP 
effluent and the drinking water abstraction point of 10 km (see DWI, 2012b) and that 
discharge increases by 25% over this distance, then Q at the abstraction point will be 260.4 L 
s-1. Using Equation (4), these data yield velocities of 0.17 and 0.18 m s-1 (two decimal places) 
for Q0 and Q, respectively, assuming that they represent mean flows. If v = 0.0.1675 m s-1 
then, from Equation (3), τ  = 16.59 hours. 

4.2.3.2 Specific case study 

The above situation is reasonably well represented by the real case of the River Great Ouse 
between Milton Keynes and Bedford. In this stretch, a large STP (Pineham aka Cotton 
Valley) discharges effluent via polishing ponds to the Ouse at Newport Pagnell. In addition, 
there are a number of small waste water treatment plants serving small towns and villages 
along the river which will add to the contaminant load. Values for Qmean and Q95 (the 5th 
percentile flow) at Milton Keynes and Bedford are, respectively, 4.6 m3 s-1 and 0.404 m3 s-1 
and 10.6 m3 s-1 and 1.13 m3 s-1 (NRFA, 2013). The distance between the two points is 55 km 
(Whitehead et al., 1979). Using Equation (4), these data yield velocities of 0.4 and 0.12 m s-1 
at mean flow and Q95 at Newport Pagnell and 0.51 and 0.17 m s-1 at Bedford. Taking the 
average velocities at Qmean and Q95, yields travel times of 38 and 126 hours respectively. 

q
Qq

DF 0+
=

)1.(0 −= DFqQ
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A summary of each candidate taste and odour compound, including removal rates in 
treatment and the range of taste and odour threshold concentrations, is shown in Table 4.4 
Also shown in Table 4.4 are the most likely principal and secondary pathways for emission 
into the environment and, hence, to drinking water sources based on a knowledge of 
substance manufacture and principal uses. 
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Table 4.4 Candidate taste and odour compounds assessed using inverse risk modelling with some relevant properties and predicted removal (r) under 
conventional (conv) and advance (adv) treatment trains.  
Chemical CAS mol_wt logKow r (conv) r (adv) Min 

CT 
Max 
CT 

Emission 
Source 
1 

Emission 
Source 
2 

EGBE 111-76-2 118.174 0.83 0.55 0.9325 880 880 3 2 
Bornyl acetate 76-49-3 196.286 4.3 0.37 0.9685 75 1380 NA NA 
Galaxolide 1222-05-5 258.398 5.43 0.46 0.9784 5 5 2 3 
Xylene 1330-20-7 106.165 3.2 0.46 0.9568 200 1800 1 3 
Phenol 108-95-2 94.111 1.46 0.64 0.9712 300 300 1 3 
TAME (methyl-tert-amylether) 994-05-8 102.175 1.92 0.37 0.874 8 443 1 NA 
2-methylphenol (o-cresol) 95-48-7 108.138 1.95 0.64 0.9712 0.26 1.4 1 3 
p-xylene 106-42-3 106.165 3.15 0.46 0.9568 530 1000 1 3 
o-xylene 95-47-6 106.165 3.12 0.46 0.9568 450 1800 1 3 
Diphenyl ether 101-84-8 170.207 4.21 0.55 0.9865 0.015 0.6 2 3 
3-methylphenol (m-cresol) 108-39-4 108.138 1.96 0.64 0.9712 0.015 0.8 1 NA 
ETBE (ethyl-tert-butylether) 637-92-3 102.175 1.92 0.37 0.874 1 106 1 NA 
p-cresol 106-44-5 108.138 1.94 0.64 0.9712 0.0027 0.2 1 3 
iso-propylbenzene 98-82-8 120.192 3.66 0.46 0.9676 0.07 0.1 1 3 
MTBE (methyl-tertiary butyl ether) 1634-04-4 88.148 0.94 0.37 0.8425 7 212 1 NA 
Dicyclopentadiene 77-73-6 132.202 3.16 0.37 0.937 0.01 0.25 3 NA 
2-ethyl-4-methyl-1,3-dioxolane (2-EMD) 4359-46-0 116.158 1.02 0.37 0.85825 0.01 0.01 3 NA 
2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) 768-58-1 144.21 1.96 0.37 0.874 0.01 0.01 3 NA 
Geosmin 19700-21-1 182.31 3.57* 0.46 0.97 0.006 0.01 4 NA 
2-MIB 2371-42-8 168.28 3.31* 0.46 0.96 0.005 0.01 4 NA 
Min CT and Max CT are, respectively, the minimum and maximum taste and odour threshold concentrations identified in µg l-1. * Indicates log KOW derived from KOWWIN v1.68 in EpiSuiteTM.  
Emission sources show those sources which are considered to be most likely to act as a source for the compound in question.  1 is fuel; 2 is down-the-drain; 3 is spillage/waste and; 4 is algae. NA is not 
applicable (negligible emission). 
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4.3 Results 
Results of the generic scenario are shown in Table 4.5. Results of the specific scenario (i.e. 
River Great Ouse) are shown in Tables 4.6 and 4.7 for Qmean and Q95 conditions, respectively.   
Dealing first with the generic scenario, high loads shown in the table imply that the source 
strength required to exceed a particular taste and odour threshold at the receptor (i.e. in tap 
water) for a given level of treatment provision is considered to be high. For example, in the 
case of EGBE (i.e. 2-butoxyethanol) under advanced treatment, 591 kg of material would 
need to be emitted (mobilised) in the catchment every day (equating to 215 tonnes per year).  
This is broken down as follows:  
 
From Table 4.4, the threshold concentration (CT) = 880 µg l-1 and the removal rate (r) = 
0.9325. From Equation (1), this yields a concentration in raw water (CR) of 
 

13037
)9325.01(

880
)1(

=
−

=
−

=
r

CC T
R  µg l-1 

From Equation (2), the load (L) required in the contributing (generic) catchment to generate a 

concentration of CR will be: 

1.591
)59.16*029.0exp(*)3600*208(

13037*2)^3600*260(*24
)exp(.

.

0

2

=
−

=
−

=
τkQ

CQL R  kg d-1 

 
where Q0 = 208 L s-1, Q = 260 L s-1, k = 0.029 h-1 (half life 24 h: substance is readily 
biodegradable), τ = 16.59 h.  The value 3600 converts from L s-1 to L h-1 and the value 24 
converts kg h-1 to kg d-1.  
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Table 4.5 Chemical loads required to generate taste and odour threshold concentrations for various compounds assessed using inverse risk 
modelling for the Generic Scenario.  
 
Chemical 
 

Load_min_conv 
(kg/d) 

Load_max_conv 
(kg/d) 

Load_min_adv (kg/d) Load_max_adv (kg/d) 

EGBE 88.66 88.66 591.05 591.05 
bornyl acetate 3.51 64.53 70.14 1290.54 
Galaxolide 0.27 0.27 6.82 6.82 
Xylene 16.79 151.12 209.89 1889.01 
Phenol 37.78 37.78 472.25 472.25 
TAME (methyl-tert-amylether) 0.58 31.88 2.88 159.40 
2-methylphenol (o-cresol) 0.03 0.18 0.41 2.20 
p-xylene 44.50 83.96 556.21 1049.45 
o-xylene 37.78 151.12 472.25 1889.01 
diphenyl ether <0.01 0.04 0.03 1.31 
3-methylphenol (m-cresol) <0.01 0.10 0.02 1.26 
ETBE (ethyl-tert-butylether) 0.07 7.63 0.36 38.14 
p-cresol <0.01 0.03 <0.01 0.31 
iso-propylbenzene <0.01 0.01 0.06 0.09 
MTBE (methyl-tertiary butyl ether) 0.50 15.26 2.01 61.02 
Dicyclopentadiene <0.01 0.01 <0.01 0.12 
2-ethyl-4-methyl-1,3-dioxolane (2-EMD) <0.01 <0.01 <0.01 <0.01 
2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) <0.01 <0.01 <0.01 <0.01 

Geosmin 
 

<0.01 <0.01 0.01 0.01 
2-MIB <0.01 <0.01 <0.01 0.01 
Min and max are the minimum and maximum taste and odour threshold concentrations identified, respectively.  conv and adv are conventional and advanced water treatment technology trains, 
respectively. River half life = 24 h if readily biodegradable and 240 h if not (see Table 4.3). 
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Table 4.6 Chemical loads required to generate taste and odour threshold concentrations for various compounds assessed using inverse risk 
modelling for the Specific Scenario (Mean Flow).  
 
Chemical 
 

Load_min_conv 
 (kg/d) 

Load_max_conv 
 (kg/d) 

Load_min_adv 
 (kg/d) 

Load_max_adv 
 (kg/d) 

EGBE 12461.38 12461.38 83075.90 83075.90 
bornyl acetate 282.12 5190.95 5642.34 103819.03 
Galaxolide 21.94 21.94 548.56 548.56 
Xylene 2360.11 21241.00 29501.38 265512.46 
Phenol 5310.25 5310.25 66378.12 66378.12 
TAME (methyl-tert-amylether) 80.92 4480.84 404.59 22404.19 
2-methylphenol (o-cresol) 4.60 24.78 57.53 309.76 
p-xylene 6254.29 11800.55 78178.67 147506.92 
o-xylene 5310.25 21241.00 66378.12 265512.46 
diphenyl ether 0.08 3.16 2.63 105.32 
3-methylphenol (m-cresol) 0.27 14.16 3.32 177.01 
ETBE (ethyl-tert-butylether) 10.11 1072.16 50.57 5360.82 
p-cresol 0.05 3.54 0.60 44.25 
iso-propylbenzene 0.31 0.44 5.12 7.31 
MTBE (methyl-tertiary butyl ether) 70.80 2144.33 283.21 8577.32 
Dicyclopentadiene 0.04 0.94 0.38 9.40 
2-ethyl-4-methyl-1,3-dioxolane (2-EMD) 0.04 0.04 0.17 0.17 
2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) 0.04 0.04 0.19 0.19 
Geosmin 0.03 0.04 0.44 0.73 
2-MIB 0.02 0.04 0.27 0.55 
Min and max are the minimum and maximum taste and odour threshold concentrations identified, respectively.  conv and adv are conventional and advanced water treatment technology trains, 
respectively.  River half life = 24 h if readily biodegradable and 240 h if not (see Table 4.3).
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Table 4.7  Chemical loads required to generate taste and odour threshold concentrations for various compounds assessed using inverse risk 
modelling for the Specific Scenario (5th percentile flow condition: Q95).   
 
Chemical 
 

Load_min_conv 
(kg/d) 

Load_max_conv 
(kg/d) 

Load_min_adv (kg/d) Load_max_adv (kg/d) 

EGBE 20455.40 20455.40 136369.34 136369.34 
bornyl acetate 46.59 857.18 931.72 17143.70 
Galaxolide 3.62 3.62 90.58 90.58 
Xylene 3874.13 34867.16 48426.61 435839.50 
Phenol 8716.79 8716.79 108959.88 108959.88 
TAME (methyl-tert-amylether) 132.83 7355.31 664.14 36776.55 
2-methylphenol (o-cresol) 7.55 40.68 94.43 508.48 
p-xylene 10266.44 19370.64 128330.52 242133.06 
o-xylene 8716.79 34867.16 108959.88 435839.50 
diphenyl ether 0.01 0.52 0.43 17.39 
3-methylphenol (m-cresol) 0.44 23.24 5.45 290.56 
ETBE (ethyl-tert-butylether) 16.60 1759.96 83.02 8799.81 
p-cresol 0.08 5.81 0.98 72.64 
iso-propylbenzene 0.05 0.07 0.85 1.21 
MTBE (methyl-tertiary butyl ether) 116.22 3519.92 464.90 14079.69 
Dicyclopentadiene 0.01 0.16 0.06 1.55 
2-ethyl-4-methyl-1,3-dioxolane (2-EMD) 0.01 0.01 0.03 0.03 
2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) 0.01 0.01 0.03 0.03 
Geosmin <0.01 0.01 0.07 0.12 
2-MIB <0.01 0.01 0.05 0.09 
Min and max are the minimum and maximum taste and odour threshold concentrations identified, respectively.  conv and adv are conventional and advanced water treatment technology trains, 
respectively.  River half life = 24 h if readily biodegradable and 240 h if not (see Table 4.3).
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4.4 Discussion 
4.4.1 General Points 
 
Of the prioritised taste and odour compounds, eleven (xylene, phenol, TAME, o-cresol, p-
xylene, o-xylene, m-cresol, ETBE, p-cresol, iso-propylbenzene and MTBE) are components 
of fuel or are used as fuel additives. In all cases, it is instructive to estimate the magnitude of 
pollution event needed to generate taste and odour thresholds in drinking water (e.g. the 
volume of fuel lost from spills at petrol stations or via loss from a tanker involved in a road 
traffic accident). As an example, gasoline ether oxygenates (GEOs) are used here. These 
substances include MTBE, TAME and ETBE which have minimum predicted loads of 0.504, 
0.576 and 0.072 kg d-1 respectively, for the generic scenario, and 71, 81 and 10 kg d-1 
respectively, for the specific scenario (mean flow), assuming conventional treatment. There 
are currently about 8600 petrol stations in the UK 
(http://www.ukpia.com/industry_information/industry-overview.aspx) which is equivalent to 
approximately 1 petrol station per 7,300 people.  The population in the Great Ouse catchment 
at Bedford was approximately 487,400 in 2007 (Fred Worrall, Durham University, derived 
from Census data) which implies that there would be expected to be about 67 petrol stations 
in the catchment area. If it is assumed that each fuel-derived taste and odour compound were 
leaching equally from all petrol stations, this would imply a loss of approximately 1.05, 1.2 
and 0.15 kg station-1 d-1 for MTBE, TAME and ETBE respectively, in the Ouse catchment.   
 
The typical amount of GEOs added to fuel is 1-4%, which suggests a total loss of 
approximately 2.4 kg station-1 d-1. At 1%, this implies a loss of 240 kg of fuel station-1 d-1 and 
at 4%, it implies a loss of 60 kg of fuel station-1 d-1 (or 21.9 tonnes of fuel station-1 yr-1). In 
other words, relatively large amounts of fuel would need to be lost from each station in order 
for there to be a risk of exceeding the taste and odour concentration thresholds for these 
substances at Bedford. According to a study by Deloitte LLP (2012) conducted on behalf of 
the Department of Energy and Climate Change (DECC), the total filling station storage 
capacity in 2011 was 600 - 800 million litres or 450 – 600 kt, assuming a density of          
0.75 kg l-1. This works out at 52 – 70 tonnes per station. Thus, the fuel loss required to trigger 
the exceedence of the taste and odour threshold in drinking water (21.9 tonnes of fuel    
station-1 yr-1 on average) would, therefore, typically represent about 31-42 % of the petrol 
station fuel storage capacity in the catchment. Such high losses to water from operational 
spills are considered to be unlikely. Moreover, given that precautionary containment 
measures (e.g. bunded drainage areas) are now mandatory at petrol stations and given that 
advanced drinking water treatment will be in place in most catchments draining highly 
urbanised areas, we can conclude that there is little likelihood that taste and odour thresholds 
of GEOs will be exceeded as a consequence of fuel spills from petrol stations. However, it is 
acknowledged that there remains still the potential for local point-source contamination of the 
river, water pipes or storage reservoirs (e.g. in relation to a catastrophic failure of 
containment) to cause problems. Such eventualities are however very difficult to anticipate or 
to assess at a generic level. 
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4.4.2 Down-the-drain chemicals 
 
Those substances which have potential origins from home and/or personal care products 
(such as galaxolide, diphenyl ether and EGBE) have loads in the generic scenario that range 
from <0.01 to 591 kg d-1 after sewage treatment (Table 4.5) and that range from <0.01 to 602 
kg d-1 before sewage treatment (Table F.1, Appendix F). These values equate to between <1 
mg cap-1 d-1 and 59 g cap-1 d-1 after sewage treatment and between <1 mg cap-1 d-1 and 60 g 
cap-1 d-1 before treatment.  
 
For the specific scenario, pre-STP treatment loads required to exceed taste and odour 
thresholds range between 0.02 kg d-1 and 139 t d-1 depending on the compound and flow 
scenario. These equate to per capita consumption figures of between 41 µg cap-1 d-1 and 0.29 
kg cap-1 d-1 before treatment (based on a population in the Great Ouse catchment at Bedford 
of 487,400 in 2007: Census data). 
 
All these loads can be compared with per capita consumption estimates for these compounds.  
Taking galaxolide, as an example 328 mg cap-1 d-1 would need to be used to trigger a taste or 
odour threshold under conventional water treatment. However, this is much larger than the 
typical per capita consumption of fragrance materials. Simonich et al., (2002) for example 
reported maximum waste water treatment plant input concentrations for several fragrance 
materials of 63 mg l-1, equating to use rates of about 12 mg cap-1 d-1. The risk of exceeding 
the taste and odour threshold for diphenyl ether, on the other hand, appears to be higher when 
there is no advanced treatment and under low flow conditions. However, we do not currently 
have typical usage figures to hand to assess whether these estimates are close to the 
thresholds or not.  

4.4.3 Spillages and emission from waste 
All of the prioritised anthropogenic taste and odour compounds considered in detail in this 
study could potentially pass into drinking water supplies as a consequence of a spillage from 
a containment facility or during transport (e.g. due to spillage during a road traffic accident).  
The magnitude and nature of spills from inadequate waste disposal or from accidental leaks 
in storage tanks etc. are difficult, if not impossible, to predict.  However, it is relatively 
straightforward to envision the scenario of the loss of a tanker load in an accident either 
directly to a water course or into the sewer network via road drains. Fuel tankers typically 
have a volume of between 25,000 and 34,000 litres. Thus, for any of these taste and odour 
prioritised compounds, we can calculate the mass released should a tanker carrying the pure 
substance (i.e. not as an additive or mixture) spill its entire load into a river or the sewer and 
compare this with the critical loads shown in Tables 4.5, 4.6 and 4.7.  
 
For simplicity, if we assume a density of 1,000 kg m-3 (i.e. 1 kg l-1), we get an emission of 
between 25,000 and 34,000 kg. In the generic scenario (see Table 4.5), this would result in 
taste and odour thresholds being exceeded for all substances considered, even if advanced 
water treatment is in place. In the specific scenario and under mean flow conditions (Table 
4.6), taste and odour thresholds would be exceeded again for all compounds under 
conventional treatment, as well as for all compounds except for the xylenes and phenol under 
advanced treatment (minimum threshold) conditions and for all compounds except for the 
xylenes, phenol, and EGBE under advanced treatment (maximum threshold) conditions. In 
the case of low flow conditions for the specific scenario, removal during conventional 
treatment would be sufficient to avoid triggering a taste or odour issue in the case of xylene 
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for the maximum threshold scenario. However, a tanker spill would be predicted to result in 
concentrations greater than the minimum taste and odour threshold for all substances. Again, 
a tanker spill in a catchment with advanced water treatment would not trigger taste and odour 
problems in the case of the xylenes, phenol and EGBE. 
 
Similar sized spills into the sewer network would trigger taste and odour issues for somewhat 
fewer substances in the specific scenario under either flow conditions although thresholds 
would be exceeded for all substances under the generic scenario (Appendix F).  Assuming a 
mean flow under the specific scenario (Table F.2), xylene spills would probably not result in 
taste and odour issues for drinking water even under conventional water treatment. In 
addition, under advanced treatment, spills of phenol, 2-butoxyethanol and TAME would 
probably not trigger issues at the higher taste and odour threshold. 
 
It should be noted that although significant accidental spills are always possible, their 
occurrence is unlikely to go unrecorded and their potential influence on water resources will, 
thus, be scrutinised and monitored carefully by both environmental regulators  (The 
Environment Agency in England and Wale and the Scottish Environment Protection Agency 
in Scotland) and water supply companies. Any issues relating to drinking water quality are, 
therefore, likely to be identified early and appropriate remedial measures put in place.    

4.4.4 Chemicals produced by algae 
 
The loads generated in Tables 4.5, 4.6 and 4.7 and in Appendix F are not relevant for the two 
compounds in the list which have their origins in algae (geosmin and 2-MIB). For these 
substances, it is feasible that water could be sources from a reservoir containing an algal 
bloom where there is no riverine attenuation or dilution between source and receptor. The 
aqueous odour threshold concentration for geosmin is approximately 7 ng l-1 (Simpson and 
McLeod, 1991). Similar thresholds and removal rates in water treatment (Table 4.4) appear to 
be valid for 2-MIB and so the two compounds will be considered here by consideration of 
geosmin alone. 
 
Raw water concentrations of 12 and 233 ng l-1 would be required to exceed the lower 
threshold, assuming removal rates of 46% (conventional treatment) and 96% (advanced 
treatment), respectively. An obvious question is:  “What level of algal bloom is likely to 
generate raw water concentrations within this range?” Peak geosmin concentrations 
measured in Lake Ontario have been reported to be as high as 200 ng l-1 whilst peaks in a 
reservoir outside Tulsa of as high as 2,000 ng l-1 have been reported. This suggests that algal 
sources may easily generate the concentrations required to cause a taste and odour problem – 
and such instances have indeed been observed. 
 
Durrer et al. (1999) have reported that measured geosmin concentrations can typically be as 
high as 8.6 fg cell-1 (8.6 x 10-6 ng cell-1). Cell sizes vary markedly with species. Taking 
Anabaena circinalis as an example, a cell volume of 250 µm3 has been estimated in a 
spreadsheet produced by the Environmental Health Unit, Department of Human Services, 
Victoria, Australia (unpublished). If we assume a dry cell biomass density of 1 g cm-3 (i.e. 1 x 
10-3 g mm3) and a cell porosity of 0.9, a biomass estimate per cell of 2.5 x 10-11 g cell-1 is 
established. 
 
Saadoun et al. (2001) report geosmin concentrations in Anabaena sp. of between 150 and 300 
ng mg-1. This suggests, respectively, 3.75 and 7.5 fg geosmin cell-1 (3.75 x 10-6 ng cell-1 and 
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7.5 x 10-6 ng cell-1). Note that the typical dry mass per cell for cyanobacteria is 265 fg µm-3 
(Mahlmann et al., 2008), which yields a porosity of 0.735, given a dry biomass density of 1 g 
cm-3. This porosity would result in an increase in geosmin concentrations by a factor of 
approximately 2. 
 
Wu et al. (1991) report typical geosmin contents of between 1 and 3 ng µg-1 protein.  
Assuming a dry weight protein content of approximately 250 µg mg-1 (Yan et al., 1997), 
gives between 250 and 750 ng geosmin mg-1 dry biomass. Again taking Anabaena circinalis 
as an example (cell volume = 250 µm3) and, again, assuming a dry cell biomass density of 1 
g cm-3 (ie. 1 x 10-3 g mm3) and a cell porosity of 0.9, gives a biomass estimate per cell of 2.5 
x 10-11 g cell-1 and results in, for 250 and 750 ng geosmin mg-1 dry biomass, 6.2 and 18.75 fg 
geosmin cell-1 respectively. Thus three estimates of the geosmin concentration per cell can be 
made, these being 8.6 (Durrer et al., 1999), 3.75 – 7.5 and 6.2 – 18.75 fg geosmin cell-1.  
These values can be used to estimate the number of algal cells per unit volume (Ccells) that 
would be required to generate a raw water threshold concentration (Cthresh) range of 12 – 233 
ng l-1: 
 

           (8) 
 
where Cgeo is the concentration of geosmin per cell. For the range 3.75 - 18.75 fg geosmin 
cell-1, this yields cell densities of 3.2 and 0.64 x 106 cells l-1 for Cthresh = 12 ng l-1 and 62 and 
12 x 106 cells l-1 for Cthresh = 233 ng l-1, respectively.   
 
There is no widely agreed threshold cell density that may be used to define an algal bloom.  
Bloom definitions vary between a few hundred to thousands of cells per millilitre, depending 
on the causative species. Indeed, blooms can potentially reach levels of millions of cells per 
millilitre, and Glibert et al. (2001) have reported densities for a single algal species 
(Aureococcus anophagefferens) as high as 0.3 x 106 cell l-1.   
 
It should be noted that the above calculations, and the assumptions on which they are based, 
are extremely tentative. However, the resultant estimates suggest that threshold 
concentrations of these substances in treated drinking water might be reached when the cell 
density of particular algal species in the source reach levels of between 0.6 and 62 x 106 cells 
l-1 (640 – 62,000 cells ml-1). Such concentrations are not believed to occur very frequently but 
certainly cannot be regarded as being uncommon. 
 
 
  

geo

thresh
cells C

CC =
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4.5 Conclusions 
Inverse modelling methodologies have been applied to assess the approximate magnitude of 
contaminant sources of the prioritised compounds that might potentially result in 
contamination levels occurring in treated drinking waters in England and Wales that are 
sufficient to trigger taste and odour concerns. The compounds were definable as falling under 
four principal source types:   
 

(i) Fuel additives (and associated spillage etc.);  
(ii) Down-the-drain chemicals;  
(iii) Algal blooms;  and  
(iv) General industrial chemicals.   

 
The potential pathways leading to the contamination of drinking water are fairly clear in the 
case of down-the-drain chemicals and algal compounds although usage patterns and exposure 
levels are highly uncertain in some instances. For the other categories, pathways of concern 
are probably dominated by accidental spillages and leaks. Attempts have been made to 
interpret the predicted sizes of sources under both a generic scenario (built around the 
assumptions embodied in the EU technical guidance document for the risk assessment of 
chemicals) and for a specific scenario (which considers the Great Ouse to Bedford) that was 
selected as a case study; two flow conditions (mean flow and Q95) were considered for each 
scenario. 
 
The risk posed by each prioritised compound principally depends on the taste and odour 
threshold itself; these vary by several orders of magnitude (see Table 4.4). The extent to 
which the compound can be removed in water treatment is also influential (see Tables 4.1 and 
4.2). Indeed, some compounds can be removed very efficiently (e.g. >98% under advanced 
treatment) whereas others are poorly removed if at all. In most cases, events causing taste and 
odour concerns would be anticipated to be episodic and mainly to arise from accidental 
events such as spillages, the arrival of pollutant plumes at water abstraction points or severe 
algal blooms rather than arising from regular on-going diffuse source pollution (e.g. 
pesticides) or from releases of down-the-drain chemicals.   
 
Of the prioritised taste and odour compounds, eleven find use as fuel additives. These could 
theoretically pose a significant risk to water sources because there are many potential sources 
for accidental spillage and leaks (e.g. petrol stations). However, in this respect, it should be 
recognised that the petroleum-supply industry has in recent years continued to develop more 
stringent technologies to contain and to monitor for leakages.  
 
Based purely on a combination of taste and odour threshold and extent of removal by 
advanced treatment predicted, the compounds considered have been ranked (1-lowest to 20-
highest) in terms of their risk for a similar sized release (Table 4.8). 
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Table 4.8  Rank order for candidate taste and odour compounds assessed using inverse risk 
modelling for the Specific Scenario (5th percentile flow condition: Q95) based on the minimum 
taste and odour threshold concentrations and an assumption of advanced treatment.   

Compound Rank 

EGBE 1 

p-xylene 2 

o-xylene 3 

Phenol 4 

Xylene 5 

bornyl acetate 6 

TAME (methyl-tert-amylether) 7 

MTBE (methyl-tertiary butyl ether) 8 

2-methylphenol (o-cresol) 9 

Galaxolide 10 

ETBE (ethyl-tert-butylether) 11 

3-methylphenol (m-cresol) 12 

p-cresol 13 

iso-propylbenzene 14 

diphenyl ether 15 

Geosmin 16 

Dicyclopentadiene 17 

2-MIB 18 

2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) 19 

2-ethyl-4-methyl-1,3-dioxolane (2-EMD) 20 

Note - no account taken of sewage treatment. 
 
It should be stressed, however, that individual taste and odour events will be situation specific 
and, with the possible exception of algal blooms, are very difficult to predict a priori. 
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5. Toxicological risk assessment 

5.1 Introduction 
Toxicological profiles were produced for the substances identified as medium, high or very 
high risk in the prioritisation process; in some instances closely related substances have been 
considered together. The profiles presented below have been based upon information from 
assessments conducted at the UK or European level by authoritative bodies (e.g. European 
Commission, Environment Agency etc.), reviews by authoritative agencies (e.g. World 
Health Organisation, International Agency for Research on Cancer) and from data drawn 
from a number of online toxicity information databases (e.g. Hazardous Substances Data 
Bank, Integrated Risk Information System, and European Chemicals Agency Registration 
Database), as well as other published scientific literature available to the project team. A 
short summary of information on environmental fate is included with respect to 
understanding exposure routes for humans and this complements information in section 3 that 
was concerned with identifying pathways to drinking water.  
 

5.2 Risk Assessment 
5.2.1 2-Ethyl-4-Methyl-1,3-Dioxolane (2-EMD) and 2-Ethyl-5,5-
Dimethyl-1,3-Dioxane (2-EDD) 
 
5.2.1.1 Introduction 
 
2-Ethyl-4-methyl-1,3-dioxolane (2-EMD; CAS: 4359-46-0; Figure 5.1) and 2-ethyl-5,5-
dimethyl-1,3-dioxane (2-EDD; CAS: 768-58-1; Figure 5.2) are used as solvents in resin 
manufacture.   

                                            
Figure 5.1 – Structure of 2-EMD    Figure 5.2 – Structure of 2-EDD 
 
5.2.1.2 Environmental Fate 
 
No studies examining the environmental fate of 2-EDD or 2-EMD were found. However, a 
number of reports have indicated the presence of these compounds in UK water supplies 
Fowle et al., 1996; Bruchet et al., 2007). 
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5.2.1.3 Exposure routes 
 
No studies examining 2-EED or 2-EMD exposure routes were identified. 
 
5.2.1.4 Toxicokinetics 
 
No studies examining the toxicokinetics of 2-EDD or 2-EMD were identified. 
 
5.2.1.5 Toxicology 
 
Acute dose toxicity 
 
Following an incident in 1994 in which the water supply of Worcester, UK was contaminated 
by 2-EMD and 2-EDD, Fowle et al. (1996) undertook an epidemiological analysis of the 
relationship between consumption of contaminated water and reporting of a range of 
symptoms (diarrhoea, nausea, vomiting, headache, stomach pains, skin irritation, tiredness, 
itchy eyes, sore throat, sore mouth, dizziness, shivers and joint pains). One week after the 
incident individuals living in the affected area were asked about their water consumption 
habits and symptomology by questionnaire. In addition to the affected area, two non-affected 
areas were selected to act as ‘controls’. 1000 households in each area were sent 
questionnaires (4/household) and an average response rate of 59% was obtained (total of 
3861 individuals).  
 
Greater reported consumption of ‘contaminated’ water was found to be associated with an 
increased probability of reporting at least one of the monitored symptoms. Individuals in the 
highest consumption category (≥10 cups/day) were twice as likely as individuals not drinking 
the contaminated water to report at least one of the monitored symptoms. 62% of the 
population of the sampled Worcester population reported noting taste and odour issues with 
their water after the contamination incident. The association between water consumption and 
exhibiting symptoms was less pronounced and statistically insignificant in individuals not 
noticing abnormal drinking water taste or odour. The authors propose two possible 
hypotheses to explain the finding; there exists sub-populations with diferent susceptibilities 
and secondly that symptoms may be associated with noticing an unpleasant taste or odour 
rather than drinking the contaminated water. There was a dose response relationship between 
the amount of water consumed by subjects reporting one or more symptoms. However of the 
seven symptoms associated with drinking contaminated water in a dose-response relationship 
only nausea was associated for subjects who did not notice an unpleasant taste or odour. This 
study therefore suggests that controlling 2-EMD and 2-EDD at the taste and odour threshold 
is sufficient to prevent adverse symptoms but there is a possibility of nausea linked to higher 
water consumption.  
 
Repeat dose toxicity 
 
No studies examining the repeat dose toxicity of 2-EMD or 2-EDD were identified. The 
European Chemicals Agency Classifications and Labelling database does not list any health 
risk associated with exposure to 2-EMD or 2-EDD (ECHA, 2013). 
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Reproductive and developmental toxicity 
 
No studies examining the reproductive or developmental toxicity of 2-EMD or 2-EDD were 
identified. 
 
Carcinogenicity 
 
No studies examining the carcinogenicity of 2-EMD or 2-EDD were identified. 
 

5.2.2 Bornyl Acetate 
 
5.2.2.1 Introduction 
 
Bornyl acetate (Borneol acetate, (1S,2R,4S)-1,7,7-Trimethylbicyclo[2.2.1]hept-2-yl acetate; 
CAS: 76-49-3; Figure 5.3) is used as a fragrance compound in the personal care industry and 
as a plasticiser. 

 
Figure 5.3 – Structure of Bornyl Acetate 
 
5.2.2.2 Environmental fate 
 
No studies examining the environmental fate of bornyl acetate were identified. 
 
5.2.2.3 Exposure routes 
 
No studies examining bornyl acetate exposure routes were identified. 
 
5.2.2.4 Toxicokinetics 
 
No studies examining the toxicokinetics of bornyl acetate were identified. 
  
5.2.2.5 Toxicology 
 
No published toxicity data in humans or any other vertebrates were identified for bornyl 
acetate. The European Chemicals Agency Classifications and Labelling database doesn’t list 
any health risk associated with exposure to bornyl acetate (ECHA, 2013). 
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5.2.3 Galaxolide 
 
5.2.3.1 Introduction 
 
Galaxolide (4,6,6,7,8,8-hexamethyl-1,3,4,6,7,8-hexahydrocyclopenta[g]isochromene, HHCB; 
CAS: 1222-05-5; Figure 5.4) is a synthetic polycyclic musk used in a number of beauty 
products. 

 
Figure 5.4 – Structure of galaxolide 
 
5.2.3.2 Environmental fate 
 
Galaxolide exhibits a low vapour pressure (5.45 x 10-4 mm Hg) and is somewhat insoluble in 
water (1.75 mg l-1). As such, it is likely to volatilise easily from damp soil although sorption 
to soil particles may limit this process (HSDB, 2007a). In a biodegradation test, galaxolide 
released 0% CO2 in a 4 week period and, hence, it is unlikely to be rapidly removed from soil 
through biological degradation (Balk and Ford, 1999). 
 
Estimated volatilisation half-lives from modelled stationary and flowing water sources were 
10 days and 18 hours respectively. Galaxolide’s propensity to sorb onto suspended particulate 
material may increase this period in static water sources by a factor of 90 (HSDB, 2007a). 
 
5.2.3.3 Exposure routes 
 
Occupationally exposed individuals are primarily exposed through dermal contact with 
galaxolide, although inhalation was also thought to account for a portion of exposure (HSDB, 
2007a). Galaxolide’s use in beauty products would suggest the potential importance of 
dermal exposure in non-occupationally exposed individuals. 
 
5.2.3.4 Toxicokinetics 
 
In a study examining galaxolide distribution in vivo by Ford et al. (1999), rats were dermally 
exposed to 14C labelled galaxolide (4.5 mg/kg) for 6 hours. 0.1% of applied galaxolide was 
retained systemically, primarily in the skin. The majority of excreted galaxolide was shown 
to be in urine (Ford et al., 1999). 
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5.2.3.5 Toxicology 
 

Acute toxicity 
 
Three studies on galaxolide’s toxicity in humans were identified; all studies examined 
toxicity in response to dermal rather than oral or inhalation exposure; these comprised studies 
by de Groot et al. (1985), Meyandier et al. (1986) and Frosch et al. (1996). Volunteers were 
exposed to galaxolide though impregnated patches; galaxolide concentrations ranged between 
1% and 25%, the longest tested exposure period was 4 days. All three studies reported no 
observable toxicity under any of the test conditions.   
 
The HSDB records a rat oral LD50 of greater than 5 g/kg body weight (HSDB, 2007a). 
However, the European Union’s Risk Assessment Report established that the rat oral LD50 
was between 3,000 and 3,250 mg/kg body weight (EU, 2008a). 
 
Repeat dose toxicity 
 
A recent Human and Environmental Risk Assessment on Ingredients of Household Cleaning 
Products (HERA) noted that exposure to galaxolide was not associated with any acute or 
chronic health effects in rats or mice at doses relevant to human exposure scenarios. HERA 
identified a no observable adverse effect level (NOAEL) of 50 mg galaxolide/kg bw/day 
following prolonged oral administration in rats (at this level no chronic, developmental or 
carcinogenic effects were observed) and suggested that this may be a suitable value for use in 
human risk assessment (HERA, 2004). Reproductive and developmental toxicity was found 
to be the limiting endpoint when determining acceptable exposure levels, with animals orally 
exposed to galaxolide (at dosages up to 150 mg/kg/day) exhibiting no non-reproductive 
adverse effects after 13 week exposures (HERA, 2004).   
 
A European Union Summary Risk Assessment Report examining galaxolide toxicity reports 
the findings of a 13-week oral toxicity study in which rats were exposed to galaxolide (at 5.4, 
15.7, 51.8 or 155.8 mg/kg/day). Whilst minor alterations to haematological characteristics 
were observed between treatment groups, no clear dose-response relationship could be 
established, indicating that no significant toxicity was elicited (ECB, 2008a). 
 
Developmental and reproductive toxicity 
 
As described above, a recent review of galaxolide toxicity which included an in vivo 
assessment of reproductive and developmental toxicity in rats established a NOAEL of 50 
mg/kg/day. Above this dose, reductions in maternal and foetal body weight were observed 
(HERA, 2004). The European Union Summary Risk Assessment Report for galaxolide also 
cite a developmental oral NOAEL of 50 mg/kg/day in rats, with studies noting reduced body 
weight, skeletal malformations and decreased ossification in pups born to mothers exposed to 
galaxolide at dosages above this (ECB, 2008a). 
 
Carcinogenicity 
 
No studies examining galaxolide carcinogenicity were identified other than those discussed in 
the HERA review. HERA concluded that available human, animal and in vitro evidence 
suggested that galaxolide is not carcinogenic (HERA, 2004).   
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5.2.3.6 Guidelines and external TDI 
 
A recent examination of galaxolide toxicity in a peer reviewed journal has suggested a TDI 
(Tolerable Daily Intake) of 0.5 mg/kg (Slanina et al., 2004). 
 

5.2.4  EGBE 
 
5.2.4.1 Introduction 
 
EGBE (2-Butoxyethanol, butyl cellosolve, butyl glycol, ethylene glycol monobutyl ether; 
CAS: 111-76-2; Figure 5.5) is a polar solvent present in a number of household products 
(including paints and varnishes) and is also used industrially as a component of cutting oils. 

 
Figure 5.5 – Structure of EGBE 
 
5.2.4.2  Environmental fate 
 
EGBE exhibits a Koc (Soil Organic Carbon-Water Partitioning Coefficient) value of 8. As 
such, it is likely to be highly mobile in soil. However, EGBE has a somewhat low vapour 
pressure (0.88 mm Hg) which is likely to limit volatilisation from dry soil (HSDB, 2012a). 
Examination of biodegradation in an activated sludge inoculum demonstrated 96% of the 
predicted biochemical oxygen demand indicating that the compound is readily biodegradable 
(CHRIP, 2010). EGBE biodegradation in domestic sewage indicated that 75 to 100% of the 
chemical was removed within 28 days (Staples et al., 1998). 
 
It is believed that volatilisation from water surfaces represents the primary mechanism by 
which EGBE is removed from the aquatic environment. Volatilisation half-lives of 17 and 
185 days have been postulated for modelled river and lake water sources respectively 
(HSDB, 2012a). EGBE is not expected to sorb to suspended particles in an aquatic 
environment (HSDB, 2012a).  
  
5.2.4.3 Exposure routes 
 
The primary routes of occupational exposure are through inhalation or dermal contact with 
EGBE-containing products and cutting oils (HSDB, 2012a). 37% of occupationally exposed 
individuals are understood to work in metal manufacturing (Brandorff et al., 1995) whilst 
non-occupational exposure may arise through consumption of contaminated water (Lucas, 
1984) or exposure to a range of consumer or cosmetic products such as paints, varnishes, 
cleaning solutions and cosmetics (HSDB, 2012a). 
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5.2.4.4 Toxicokinetics 
 
In a study, male F344/N rats were exposed to 14C labelled EGBE in their drinking water for a 
24 hour period. Results indicated that 50-60% of the consumed EGBE 14C was excreted in 
the rodent’s urine as butoxyacetic acid and 8-10% as exhaled CO2. A further 10% was 
excreted as ethylene glycol in the urine (Medinsky et al., 1990). These results are in line with 
a previous assessment of rodent radiolabelled EGBE excretion which indicated that 
approximately 75% of excreted EGBE was present in the urine (Ghanayem et al., 1987). 
 
5.2.4.5 Toxicology 
 
Acute toxicity 
 
A European Union Summary Risk Assessment Report indicates a lowest observed effect 
level (LOEL) of 400 mg/kg bw for human acute oral toxicity. This LOEL was derived from 
studies examining intentional human ingestion of EGBE, with exposures above this level 
being associated with CNS depression and metabolic acidosis (ECB, 2008b). In humans, a 
minimum lethal dose of 1300 mg/kg bw has been estimated based upon the outcome of 
exposure incidents (Klassen, 2001). 
 
The HSDB records a rat oral LD50 of 470 mg/kg (HSDB, 2012a). 
 
Repeat dose toxicity 
 
The Summary Risk Assessment Report for EGBE prepared by the European Union provides 
details of a study examining administration of EGBE to rats for 13 weeks in their drinking 
water. The results show a lowest observed adverse effect level (LOAEL) of 69 and 82 
mg/kg/day, for male and female rats respectively (EU, 2008b). Animals exposed to higher 
dosages showed haemolytic changes. Rats orally exposed to EGBE (225, 450 or 900 
mg/kg/day) by gavage for 90 days exhibited hepatic toxicity at all these dosages (Siesky et 
al., 2002).  
 
Although not a route of direct relevance, subcutaneous inoculation with EGBE (0.25, 0.50, 
0.75 or 1.25 mM/kg/day), 5 days / week for 4 weeks resulted in dose dependant changes in 
haematology; no lower threshold was observed (Starek et al., 2008). Importantly, a review by 
Boatman et al. (2004) indicates that the mechanisms by which EGBE exerts toxic effects in 
rodents aren’t applicable to humans, and as such humans are likely to be several orders of 
magnitude more resistant to EGBE toxicity than rodents. 
 
Reproductive and developmental toxicity 
 
Exposure of female CD-1 mice to EGBE (1180 mg/kg/day) by oral gavage between days 6 – 
13 of pregnancy resulted in a 20% mortality rate in exposed dams but did not appear to affect 
the health of delivered offspring (HSDB, 2012a). 
 
Weir et al. (1987) exposed pregnant mice orally to EGBE (1000, 1800, 2600, 3400 or 4200 
mg/kg/day with assessment of foetal abnormalities, or 800 or 1200 mg/kg/day for post natal 
assessments) between days 8 and 14 of gestation. No foetal abnormalities were found in 
animals exposed to 1000 mg/kg/day. However, exposure to 1800 mg/kg/day resulted in an 
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increased incidence of abnormalities and decreased body weight. Decreased litter size and 
mean pup weight were observed following exposure to all doses of EGBE (Weir et al., 1987). 
  
Carcinogenicity 
 
A number of studies have indicated that rats and mice exhibit hepatic and forestomach 
cancers following exposure to EGBE vapour at concentrations of 125 ppm or above (but not 
62.5 ppm or below) for 2 years (Boatman et al., 2004).   
 
An analysis of short term vapour inhalation carried out by Green et al. (2002) indicated the 
presence of a number of cancer biomarkers in the forestomach of rats exposed to EGBE but 
concluded that these markers are likely to be due to a particular distribution of metabolic cells 
in the rodent digestive system which is not seen in humans (Green et al., 2002). This 
conclusion is supported by a recent review by the International Agency for Research on 
Cancer (IARC), which concluded that insufficient evidence was available to classify EGBE 
as a human carcinogen and as such it was “not classifiable as to its carcinogenicity to humans 
(Group 3)” IARC (2006).   
 

5.2.5 Ortho-xylene, Meta-xylene and Para-xylene 
 
5.2.5.1 Introduction  
 
o-Xylene (ortho-xylene, 1,2-xylene, 2-methyltoluene, 1, 2-dimethyl benzene; CAS: 95-47-6; 
Figure 5.6), m-xylene (meta-xylene, 1, 3-xylene, 3-methyltoluene, 1,3-dimethyl benzene; 
CAS: 1330-20-7; Figure 5.7) and p-xylene (para-xylene, 1, 4-xylene, 4-methyltoluene, 1,4-
dimethyl benzene; CAS: 106-42-3; Figure 5.8) are organic solvents derived from petroleum 
distillates. 

 
 
Figure 5.6    Figure 5.7      Figure 5.8 
Structure of o-Xylene    Structure of m-Xylene      Structure of p-Xylene 
 
5.2.5.2 Environmental Fate 
 
Xylene species are likely to exhibit moderate to very high mobility in soil with individual 
xylene species exhibiting Koc values of between 39 and 365. Vapour pressures in the 6.61-
8.80 mm Hg range suggest that xylenes are able to readily volatilise from dry soil, and 
Henry’s law constants of 5.18 x 10-3 to 7.18 x 10-3 atm cu m/mol indicate high solubility in 
water and as such suggest rapid volatilisation of xylenes from damp soil (HSDB, 2009). 
Under oxygenated conditions it is probable that biodegradation of xylenes represents a major 
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removal mechanism from soil. However, biotransformation occurs more slowly under 
anaerobic conditions (HSDB, 2009). 
 
Xylene loss from water sources is likely to be rapid, volatilisation half-lives of 4 days and 3 
hours are estimated from a modelled lake and river respectively (HSDB, 2009). Henry’s law 
constants for xylenes indicate that sorption of xylenes to suspended solids in an aqueous 
environment is unlikely.   
 
5.2.5.3 Exposure Routes 
 
Occupationally exposed individuals include those working in the manufacture or processing 
of petrochemicals and petrochemical derived products. Exposure in these industries is 
commonly through dermal contact or inhalation. As xylenes are commonly found in the 
petroleum distillates of crude oil, individuals may be exposed through fuelling and operating 
vehicles. Xylene levels in the air within petrol fuelled cars in the USA have been recorded at 
4.5 parts per billion (Riediker et al., 2003).   
 
5.2.5.4 Toxicokinetics 
 
Inhaled xylenes are rapidly taken up from the respiratory tract. However, xylenes present as 
vapour are not readily absorbed through the skin (HSDB, 2009). Irrespective of exposure 
route, all forms of xylene will be rapidly distributed through the body and preferentially taken 
up by adipose tissue (HSDB, 2009). Xylenes are metabolised by hepatic cytochrome P450 
enzymes to form methylbenzene alcohol and dimethyl phenol metabolites (Day and Carlson, 
1992). In humans over 90% of absorbed xylenes are excreted in the form of methylhippuric 
acid in the urine (DHHS, 2007). 
 
5.2.5.5 Toxicology 
 
Acute dose toxicity 
 
Acute toxicity in humans generally occurs at xylene vapour concentrations at or above 10,000 
ppm, common symptoms of xylene inhalation include neurological symptoms (EEG 
alterations, confusion, coma, and nystagmus), gastrointestinal effects and impaired renal and 
hepatic functions (HSDB, 2009). It is noteworthy that whilst a number of acute health effects 
have been observed in humans following xylene exposure, these are often temporary and 
abate after elimination of xylene from the body (Kandyala et al., 2010).  
 
Rat oral LD50 values of 3,608 mg/kg body weight, 4,029 mg/kg and 5,011 mg/kg have been 
determined for o-, p-, and m-xylene respectively. Corresponding oral LD50 values in mice 
were somewhat higher, being 5,627 mg/kg body weight for males and 5,251 mg/kg for 
females (HSDB, 2009).  
 
Repeat dose toxicity 
 
Rats exposed to xylene vapour at 620, 980 or 1,600 ppm for 18-20 hr/day for 7 days, 
exhibited instability, loss of coordination and CNS depression at the two highest exposure 
levels (WHO, 1997). Rats and mice (strain not stated) given  xylene so as to achieve dosages 
of 125, 250, 500, 1,000, or 2,000 mg/kg in rats and 250, 500, 1,000, 2,000, or 4,000 mg/kg in 
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mice) for 14 days showed treatment-related respiratory symptoms at their respective highest 
dosages (HSDB, 2009). 
 
Mice and rats (strain not stated) were given water containing a xylene mixture (composed of 
60% m-, 14% p-, 9% o-xylene with 17% ethylbenzene) for 5 days/week for 103 weeks so as 
achieve dosages, in the mice of 500 or 1000 mg/kg body weight or, in the rat, 250 or 500 
mg/kg showed no evidence of treatment-related non-neoplastic macro- or histo-pathological 
lesions. Neither was there any evidence of carcinogenicity observed (HSDB, 2009).   

Reproductive and developmental toxicity 
 
Males occupationally exposed to benzene, toluene and xylene exhibited lower sperm quality 
following periods of high exposure (Xaio et al., 2001). However, in the absence of detailed 
information on dosimetry or which agent might be contributing to the change and given that 
studies on the rates of spontaneous abortion and foetal malformation in the offspring of 
workers occupationally exposed to xylenes have reported no association with pregnancy 
outcome (Taskinen et al., 1989), the significance of this finding is unclear.  
 
A recent review of xylene toxicity suggested that insufficient evidence existed to establish 
any reproductive or developmental toxic effects of the xylenes (Kandyala et al., 2010). 
 
Carcinogenicity 
 
Xylenes are not classifiable as to its carcinogenicity to humans (Group 3) according to IARC 
(IARC, 1989). As described above rats and mice exposed to an xylene mixture in their 
drinking water for 103 weeks did not exhibit any evidence of treatment related 
carcinogenicity (HSDB, 2009). Xylenes are not classified as a carcinogen under the global 
harmonised system on the ECHA chemical safety database (ECHA, 2013).   
 
5.2.5.6. Guidelines and external TDI 
 
The UK Environment Agency and the WHO recommend a TDI of 0.18 mg/kg/day for oral 
exposure to xylenes based upon decreased body weights observed in exposed rats (EA, 2009; 
WHO, 2011). 
 

5.2.6 Phenol 
 
5.2.6.1. Introduction 
 
Phenol (phenylic acid, phenic acid, hydroxybenzene, benzenol, carbolic acid; CAS: 108-95-2; 
Figure 5.9) is a volatile organic solvent used as a precursor in the manufacture of a number of 
products including polymers, pharmaceuticals, pesticides and detergents.   
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Figure 5.9 – Structure of phenol 
 
5.2.6.2 Environmental Fate 
 
Measured Koc values for phenol range between 16.1 and 91 depending upon soil type; these 
values indicate that phenol is likely to be highly mobile in soil (HSDB, 2003). A low Henry’s 
law constant (3.33 x 10-7 atm cu m/mol) and a vapour pressure of 0.35 mm Hg indicate that 
phenol is unlikely to be volatilised from wet or dry soil (HSDB, 2003). Phenol degradation in 
soils is estimated to be completed within 2 to 5 days irrespective of soil depth (Baker et al., 
2007).   
 
The Henry’s law constant of phenol also makes volatilisation from water surfaces unlikely to 
represent a major source of removal of phenol from water (HSDB, 2003). Phenol is expected 
to sorb to suspended solids in an aqueous system, further reducing the probability of 
volatilisation from water surfaces (HSDB, 2003). Phototransformation is thought to represent 
an important mechanism by which phenol may be removed from water sources, with the 
phototransformation half-lives of phenol in estuarine water reported as 39 and 94 hours in 
summer and winter respectively (Hwang et al., 1986). As discussed in section 2.2.4 phenol in 
source water can react during water treatment to form disinfectant by products which have 
low taste and odour thresholds and have been associated with consumer complaints. 
 
5.2.6.3 Exposure Routes 
 
Occupationally, individuals are primarily exposed to phenol through dermal contact and 
inhalation, for instance during the manufacture of artificial resins, pharmaceuticals and dyes 
(HSDB, 2003). Phenol is present in a number of household products. Consumers will be 
primarily exposed to these through dermal contact though non-occupational exposure may 
also occur through inhalation of phenol in ambient air or ingestion of contaminated food or 
drinking water (HSDB, 2003).   
 
5.2.6.4 Toxicokinetics 
 
Volunteers exposed to phenol through inhalation or dermal contact exhibit a clearance half-
life of approximately 3.5 hours (USEPA, 1980); the authors noted that following exposure 
the participant’s bodies could be modelled as a single compartment system.   
 
Humans orally exposed to 14C labelled phenol (0.01 mg/kg) excreted the phenol primarily via 
urine, with 90% of the dose being eliminated in this manner. The majority of that excreted 
was present as phenol-sulphate (77%) or phenol-glucuronide (16%), with traces of 
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conjugated-hydroquinones (Gosselin et al., 1984). Elevated doses of phenol are associated 
with a greater proportion of phenol excreted as phenol- glucuronides rather than phenol-
sulphates (Que Hee, 1993). 
 
5.2.6.5 Toxicology 
 
Acute dose toxicity 
 
Consumption of phenol contaminated drinking water is associated with gastrointestinal 
distress, upper GI sores and burns and discoloured urine (HSDB, 2003). Oral exposure to 
phenol at a dose of 14 mg/kg bw has been observed to induce GI (gastrointestinal) effects in 
humans (Cleland et al., 1977), while high exposure may result in CNS effects, hepatic, renal 
and cardiovascular toxicity and, potentially, death. An estimated minimum lethal dose of 140 
mg/kg bw has been estimated in humans (Bingham et al,. 2001).   
  
Mice, rats and rabbits orally exposed to phenol show similar symptomology to humans, with 
effect including CNS depression and hepatic and renal toxicity (HSDB, 2003). Rat oral LD50 
values of 317 mg/kg and 530 mg/kg are recorded on the HSDB (HSDB, 2003). The European 
Union’s Risk Assessment report for phenol established a rat oral LD50 value of 340 mg/kg 
(EU, 2006). 
 
Repeat dose toxicity 
 
Following contamination of the River Dee in North Wales with phenol in 1984 and the 
resultant contamination of drinking water supplies, a study by Jarvis et al. (1985) considered 
two exposure groups (defined on the basis of the dilution of contaminated water in reservoir 
water;) and a  third unexposed control group. Individuals at 250 households were approached 
for each group and a total of 541 responses were obtained. Consumption of contaminated 
water strongly associated with increased incidence of reports of gastrointestinal symptoms, 
nausea and headache. Insufficient data were available to determine whether this was due to 
the intake of phenol or the complex mixture of phenol and chlorophenols (formed during 
water chlorination). A comparison of sub-groups of respondents who reported bad tasting 
water and those who had not noticed a bad taste found that the presence of bad taste did not 
significantly increase the incidence of reporting symptoms. 26.2% of the exposed group not 
noticing taste in the water reported gastrointestinal symptoms which was significantly higher 
(P<0.0003) than the unexposed group (5.9%). The symptoms reported are in line with those 
reported in Kim et al.’s examination of a similar contamination incident in South Korea in 
1991 (Kim et al., 1994). They report the phenol concentration in the contaminated source 
water to be below taste and odour thresholds but suppose (as no measurement data) that 
mono and / or dichlorophenol were formed by water treatment and these accounted for the 
reports of peculiar taste or odour by 92% of subjects in the exposed areas (compared with 
34% in an unexposed area). These studies of incidents suggest therefore that concentrations 
of phenol in source water below taste and odour thresholds may not be free from symptoms 
of gastrointestinal disturbance although the relative importance of phenol and disinfection by 
products formed by chlorination during water treatment are uncertain. 
 
Rats given  phenol by oral gavage at 4, 12, 40, and 120 mg/kg/day for 14 days showed  
degeneration of the kidneys, liver or spleen at 12 mg/kg/day and above; a NOAEL of 4 
mg/kg/day was established (EU, 2006). Exposure of rats and mice to phenol in drinking water 
at 2,500 or 5,000 ppm so as to achieve estimated consumptions of 200 or 450 mg/kg/day for 
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rats and 281 or 375 mg/kg/day for mice, for 103 weeks did not significantly affect the health 
of the animals (NIH, 1980). Whilst phenol consumption did decrease weight gain in treated 
animals, this was attributed by the authors to decreased water consumption by these groups 
(NIH, 1980).  
 
The findings of the 14 day and 103 week study are obviously conflicting. As the NIH (1980) 
study examined phenol toxicity in two species, with a greater number of animals in each 
treatment group (50 animals/group in the NIH study versus 8 animals/group in the study 
described by the EU), it appears that the NIH should provide the most robust evidence, based 
on the available information. However, the reason for the marked discrepancy remains  
unclear.   
 
The European Union Risk Assessment Report for phenol presents findings from a number of 
studies assessing neurotoxicity in rats, cats and primates (EU, 2006). The majority of these 
studies were conducted using non-oral exposure routes and as such are not directly relevant to 
the current exercise. However, a study in which rats were given phenol in drinking water at 
200, 1,000 or 5,000 ppm (equivalent to dosages of 18, 83 and 308 mg/kg bw/day for males 
and 25, 107 and 360 mg/kg bw/day for females) for 13 weeks, showed those given phenol at 
1000 or 5000 ppm exhibited dehydration and minor behavioural changes. However, this was 
believed to be the consequence of dehydration due to non-palatability of the water (EU, 
2006). Importantly, this study provided no evidence of frank neurotoxicity. 
 
In a study, Hoffman et al. (2001) exposed Fischer 344 rats to phenol vapour (at 0.5, 5.0, or 25 
ppm) for 6 hours/day, 5 days/week for 2 weeks. Histopathology (of nasopharyngeal tissues, 
larynx, trachea, lungs with main stem bronchi, kidney, liver, and spleen) on samples taken at 
the end of the exposure period and after a two week period of withdrawal of treatment 
showed no adverse changes. 
 
Reproductive and developmental toxicity 
 
Ryan et al. (2001) exposed male and female rats to phenol in drinking water at 200, 1000, or 
5000 ppm (equivalent to 4.7, 70.9 or 301 mg/kg/day in males and 20, 93 or 320.5 mg/kg/day 
in females) for 10 weeks prior to mating, and during gestation and lactation periods, and for a 
further two weeks during weaning. Vaginal cytology and male reproductive function were 
unaffected by phenol. However, litter survival was adversely effected at 5000 ppm; a  
reproductive toxicity NOAEL of 71 mg/kg/day in males and 93 mg/kg/day in females was 
reported. 
 
Carcinogenicity 
 
Phenol was not classifiable as to its carcinogenicity to humans (Group 3) according to IARC 
(2000). Subsequently, it has been reported that mice and rats exposed to phenol in drinking 
water at 2500 or 5000 ppm for 103 weeks displayed increased incidences of leukaemia and 
lymphomas in male rats at 2500 ppm only (HSDB, 2003). However, no clear dose/response 
relationship was found and this finding is not considered to challenge the conclusions reached 
by IARC. 
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5.2.6.6 Guidelines and external TDI 
 
The European Food Standards Agency (EFSA) recently established an oral TDI of 0.5 
mg/kg/day for phenol (EFSA, 2013). 
 

5.2.7  Methyl-tert-amylether (TAME), Ethyl-tert-butylether (ETBE) 
and Methyl tertirary butyl ether (MTBE) 
 
5.2.7.1 Introduction 

 
TAME (methyl-tert-amylether, 2-Methoxy-2-methylbutane, 1,1-Dimethylpropyl methyl 
ether; CAS: 994-05-8; Figure 5.10), ETBE (ethyl-tert-butylether, 2-ethoxy-2-methylpropane; 
CAS: 637-92-3; Figure 5.11) and MTBE (methyl tert-butyl ether, 2-methoxy-2-
methylpropane; CAS: 1634-04-4; Figure 5.12) are gasoline ether oxygenate (GEO) additives 
produced at fuel refineries and added to gasoline to improve combustion.  

   
 

Figure 5.10            Figure 5.11        Figure 5.12 
Structure of TAME            Structure of ETBE         Structure of  MTBE 
 
5.2.7.2 Environmental Fate 
 
Koc values for GEOs range from 9 (lowest recorded value for ETBE) to 160 (highest 
recorded value for TAME) indicating very high mobility in soil. In general GEOs exhibit low 
vapour pressures (<250 mm Hg) and thus may be readily volatilised from dry soils. Henry’s 
law constants of less than 1 X 10-3 indicate that volatilisation from wet soil is likely to also be 
a major process in determining environmental fate. No evidence indicating rapid 
biodegradation of GEOs in soil was found, suggesting that this is not an important fate 
process (HSDB, 2012b-d). 
 
Volatilisation of GEOs from water sources is expected to take 3 to 4 days from a modelled 
lake and 3 to 4 hours from a modelled river (HSDB, 2012b-d). GEO Koc values suggest that 
sorption of GEOs to suspended solids in an aqueous environment is unlikely. Microorganism 
based degradation studies indicated little to no biotransformation of TAME or MTBE after 28 
and 232 days incubation respectively, indicating that biodegradation is not an important 
removal process for GEOs in water sources (HSDB, 2012b-d). 
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5.2.7.3 Exposure Routes 
  
Occupational and environmental exposures to GEOs occur primarily through inhalation or 
dermal contact with gasoline (HSDB, 2012b-d). Individuals working in the production or 
transportation of gasoline and those whose occupation involves extensive road travel may be 
more exposed to GEOs than individuals not working in these fields. 
 
5.2.7.4 Toxicokinetics 
 
Intraperitoneal exposure to MTBE at 50, 100 or 500 mg/kg body weight in mice indicated 23, 
38 and 69% of delivered MTBE was excreted from the lungs within 3 hours of exposure 
(Yoshikawa et al., 1994). 
 
Volunteers given  5 or 15 mg of GEOs in drinking water  showed  elevated  urinary levels of 
tert-butyl alcohol, 2-methyl-1,2-propanediol and 2-hydroxyisobutyrate after MTBE or ETBE 
treatment, and of tert-amyl alcohol, free and glucuronidated 2-methyl-2,3-butanediol (a 
glucuronide of TAA), 2-hydroxy-2-methyl butyrate and 3-hydroxy-3-methyl butyrate after 
TAME treatment (Dekant et al., 2001). Additionally, the blood ETBE concentrations of 
individuals exposed to airborne ETBE at 0.18 or 1.65 mg/kg body weight for 4 hours rapidly 
returned to baseline following cessation of exposure. Blood EBTE fell below the limit of 
detection within 4 or 24 hours for those exposed to 0.18 mg/kg and 1.65 mg/kg respectively 
(Dekant et al., 2001). It is probable that the hepatic cytochrome P450 enzyme CYP2A6 
activity is responsible for the biotransformation of GEOs in humans (Hong et al., 2001).   
 
5.2.7.5 Toxicology 
 
Acute toxicity 
 
Exposure to GEO vapours is known to irritate the eyes, skin and respiratory tract of humans. 
CNS effects (including headache, dizziness and nausea) and kidney damage are also 
associated with high exposures (HSDB, 2012b-d).   
 
The European Commission (EC) European chemical substances information system report an 
ETBE rat oral LD50 of >2 g/kg bw (EC, 2000) whilst TAME has an oral LD50 of 2.1 g/kg in 
rats (Daughtrey and Bird, 1995).  
 
A European Union Risk Assessment Report on TAME predicted rat oral LD50 values of 2147 
and 1602 mg/kg for males and females respectively (combined LD50 of 2152 mg/kg; ECB, 
2007). 
 
Repeat dose toxicity 
 
A recent review by McGregor (2007) indicated that ETBE is unlikely to represent a 
neurotoxic hazard to humans nor to have carcinogenic, reproductive or developmental 
effects. A review by the Organisation for Economic Cooperation and Development (OECD) 
reported the lowest observed adverse effects level LOAEL to be 125 mg/kg/day based upon 
increased adrenal weights seen in male rats given TAME orally for 90 days (OECD, 2005a).    
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Reproductive and developmental toxicity 
 
Reproductive health was assessed in male and female rats given ETBE orally at 500 or 1000 
mg/kg/day for 10 weeks prior to mating, and during the mating period, gestation and 
lactation. No evidence of reproductive toxicity was observed in parents or offspring at any 
ETBE exposure level (OECD, 2005a). 
 
Carcinogenicity 
 
MTBE was not classifiable as to its carcinogenicity to humans (Group 3) according to IARC 
(1999). In a latter study, Belpoggi et al. (2006) gave rats TAME orally at 250 or 750 
mg/kg/day for 4 days/week for 74 weeks. It was reported that 750 mg/kg/day associated with 
a two-fold increase in cancer incidence though no effects were noted at 250 mg/kg/day. This 
study, though worthy of note, was clearly not conducted to acceptable guidelines and is 
therefore considered to be unreliable.   
 

5.2.8 ortho-Cresol, Meta-cresol and Para-cresol 

5.2.8.1 Introduction 
 

o-Cresol (2-Cresol, 2-Methylphenol, 2-hydroxy-1-methylbenzene, 2-hydroxytoluene; CAS: 
95-48-7; Figure 5.13), m-cresol (3-Cresol, 3-Methylphenol, 1-Hydroxy-3-methylbenzene, 3-
Hydroxytoluene; CAS: 108-39-4; Figure 5.14) and p-cresol (4-Cresol, 4-Methylphenol, 1-
Methyl-4-hydroxybenzene, 4-Hydroxytoluene; CAS: 106-44-5; Figure 5.15) are organic 
compounds commonly used as intermediates in chemical synthesis.

 
Figure 5.13                                                  Figure 5.14  Figure 5.15 
Structure of o-Cresol                                 Structure of m-Cresol                             Structure of p-Cresol 
 
 
5.2.8.2 Environmental Fate 
 
Cresol species exhibit a Koc of between 22 and 49, indicating high mobility in soils (HSDB, 
2006a-c). Henry’s Law constants of 1 x 10-6 to 8.6 x 10-7 atm-cu m/mole and vapour 
pressures of 0.11 to 0.299 mm Hg indicate slow volatilisation from wet and dry soil (HSDB, 
2006a-c). Measurement of cresol persistence in agricultural soils under experimental 
conditions indicated maximum measured half-lives of 5.1, 1 and 11.3 days for o-, p- and m-
cresol respectively (USEPA, 1989).   
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Low Henry’s law constants indicate that volatilisation of cresols from water surfaces is likely 
to occur only slowly and is not likely to represent a major mechanism of removal (HSDB, 
2006). Volatilisation half-lives of 327 to 235 days from a modelled lake and 21-29 days from 
a modelled river are predicted (HSDB, 2006a-c). Estimated biodegradation half-lives are 
however somewhat smaller, with a range of 2-29 days under aerobic and 15-49 days under 
anaerobic conditions (HSDB, 2006a-c). Cresol Koc values indicate that sorption to suspended 
solids is unlikely in an aqueous environment (HSDB, 2006a-c). 
 
5.2.8.3 Exposure routes 
 
The two primary routes of exposure to cresols are through inhalation of vapours and dermal 
contact. Occupationally exposed individuals include those employed in the manufacture of 
disinfectants, dyes, metals, enamels, creosote, resins and paints, involving exposure of an  
estimated 600,000 to 1.2 million people each year (HSDB, 2006a-c). Consumer products 
containing cresols have been largely discontinued (OECD, 2005b) and it is considered that 
this route is unlikely to still be significant in Europe. 
 
5.2.8.4 Toxicokinetics 
 
Cresols are readily absorbed through the skin and through the mucous membranes. Dogs 
given cresols orally showed an initial uneven distribution (with elevated levels in the blood, 
liver and brain) but over time the distribution became more even (WHO, 1995). Cresols are 
primarily metabolised in the liver to form sulphate or glucuronide conjugates which are then 
subject to renal excretion (HSDB, 2006a-c). In rabbits, 60-72% of absorbed cresols are 
excreted via urine as glucuronides, with a further 10-15% as sulphates (HSDB, 2006a-c; 
ATSDR, 2008). Whilst renal clearance is the primary route of excretion, they may also be 
eliminated in the breath and bile (HSDB, 2006a-c). 
 
5.2.8.5 Toxicology  
  
Acute dose toxicity 
 
Human consumption of cresols is known to result in pulmonary oedema, inflammation, 
heamorrhagic nephritis, myocardial degeneration, vomiting, diarrhoea, headache, fainting, 
and dizziness. Prolonged contact with skin may cause serious burns (HSDB, 2006a-c). 
 
Rat oral LD50 values of cresols range from 121 to 242 mg/kg body weight (o-cresol: 121 
mg/kg, p-cresol: 207 mg/kg and m-cresol: 242 mg/kg). The World Health Organisation 
(WHO) note that o-cresol is the most toxic isomer, followed by p-cresol and then m-cresol, 
and that cresols administered in oil show greater toxicity than if administered in water 
(WHO, 1995); this latter observation presumably reflects differences in the kinetics of 
absorption.   
 
Repeat dose toxicity 
 
Mice tolerate brief exposure to saturated cresol vapour without significant adverse effects. 
However, repeat does exposure for 1 hour/day for 10 days results in irritation of exposed 
mucous membranes and death in some animals (HSDB, 2006a-c).  
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A rat oral repeat dose NOAEL of 50 mg/kg body weight/day has been reported for o-cresol 
(OECD, 2005c). 
 
Reproductive and developmental toxicity 
 
CD-1 rats fed a diet containing o-cresol at 0.05, 0.2 or 0.5% (resulting in dosages of 
approximately 60, 220 or 550 mg/kg body weight/day) showed no significant change in 
reproductive health. However, a statistically insignificant prolongation of pregnancy and 
reduction in pup body weight was observed (Heindel et al., 1997). In a contemporaneous 
study by the same research group, CD-1 rats given m/p-cresol in the diet at 0.25, 1 and 2.5% 
(approximately 370, 1500 and 2100 mg/kg/day) showed a significant, dose dependant 
reduction in F0 survival, in F1 and adjusted kidney and liver weights, and F2 body weights; a 
no effect level was not established. These results are consistent with the study by Heindel et 
al. (1997). Offspring of pregnant rats and rabbits given cresols orally are also reported to 
have shown indicated skeletal malformation and delayed ossification. However, the exposure 
levels used are unclear (ATSDR, 2008). 
 
Carcinogenicity 
 
Evidence of carcinogenic effects in humans is anecdotal; two cases of bladder cancer in 
individuals occupationally exposed to creosols (working in creosote processing) were 
reported by Garrett (1975).   
 
The United States Environmental Protection Agency (US EPA) has designated o-, m- and p-
cresols as Class C carcinogens (possibly carcinogenic to humans, limited or no human 
evidence) citing initiation-promotion studies showing increases in skin papillomas in mice 
exposed to polycyclic hydrocarbons prior to dermal application of cresols (USEPA, 2002). 
 
m-Cresol has given a positive response in a morphological transformation assay using Syrian 
hamster ovary (SHO) cells, suggesting that m-cresol might be capable of causing  
carcinogenic effects (Yamaguchi et al., 2003). Furthermore, SHO cells exposed to m-cresol 
(at 100, 300, or 1000 µM) for 24 hours exhibited significant increases in sister chromatid 
exchange rates, suggesting possible clastogenic or anugenic activity (Miyachi and Tsutsui, 
2005). Such a finding is in line with a study showing a significant increase in chromosome 
aberrations in SHO cells in response to  m-cresol at >400 µM (Hikiba et al., 2005).   
 
5.2.8.6 Guidelines and external TDI 
 
The Dutch National Institute for Public Health and the Environment (RIVM) has suggested a 
TDI of 0.05 mg/kg (RIVM, 2000). 
 

5.2.9 Diphenyl Ether 
 
5.2.9.1 Introduction 
 
Diphenyl ether (1,1’-oxydibenzene, Biphenyl oxide; CAS: 101-84-8; Figure 5.16) is an 
organic compound used as a heat transfer agent, a chemical intermediate in the synthesis of 
lubricants and as a scented component of personal care products. 
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Figure 5.16 – Structure of Diphenyl Ether 
 
5.2.9.2 Environmental Fate 
 
Diphenyl ether exhibits a Koc of 1950, suggesting that it is likely to exhibit low mobility in 
soils (HSDB, 2005). A vapour pressure of 0.02 mm Hg (ICSI, 1997) indicates that diphenyl 
ether is likely to be readily volatilised from soil; and is consistent with diphenyl ether’s 
common usage as a fragrance compound. Volatilisation half-lives of 8 and 89 hours for a 
modelled river and pond indicate that volatilisation is an important mechanism in the removal 
of diphenyl ether from water sources (HSDB, 2005). The Koc value of diphenyl ether 
suggests that adsorption to sediment may occur in water; a recalculation of volatilisation from 
a modelled pond suggests that absorption to sediment may slow volatilisation to give a half-
life of 27 days (HSDB, 2005). 
 
5.2.9.3 Exposure Routes 
 
Typical exposures to diphenyl ether are through dermal contact or inhalation. Occupational 
exposure may occur in industries involving the manufacture or processing of diphenyl ether, 
particularly in respect of personal care products (HSDB, 2005). Due to their presence in such 
products, it is probable that large sections of the population will also be exposed to diphenyl 
ether on a regular basis. 
 
5.2.9.4 Toxicokinetics 
 
Rats given 14C labelled diphenyl ether via oral gavage at 10 mg/kg body weight reached a 
peak blood concentration within 15 hours. The level decreased linearly over time, with a 
biological half-life of 1.5 hours. 90% of diphenyl ether was excreted as 2-hydroxy, 4-
hydroxy, 4,4'-dihydroxy, 4-methoxy-monohydroxy and 4-methoxy-dihydroxy derivatives in 
the urine or faeces within 72 hours (Law et al., 1983). These results are broadly in line with 
rabbit studies which also reported the prevalence of 4-hydroxy derivatives in urine (HSDB, 
2005). 
 
5.2.9.5 Toxicology 
 
Acute dose toxicity 
 
In humans, acute toxic effects of diphenyl ether include severe degenerative hepatic and renal 
lesions. However, the effects are transitory unless very large quantities are consumed (HSDB, 
2005).   
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Acute high dose oral exposure of diphenyl ether in rats results in hypoactivity, loss of 
appetite, weakness, congestion of lung and liver, lesions of the liver, spleen, kidneys, thyroid 
and irritation of the gastrointestinal tract, with an  oral LD50 rat of 2,450 to 3,990 mg/kg body 
weight (SCOEL, 2012). 
 
Repeat dose toxicity 
 
The American Conference of Governmental Industrial Hygienists (ACHIH) report that 
diphenyl ether was not a long-term hazard to humans under normal manufacture, handling 
and usage (ACGIH, 2001). 
 
Rats given diphenyl ether by oral gavage at 400 mg/kg/day for 2 months exhibited irritation 
of the GI-tract and reductions in hepatic and renal functions (SCOEL, 2012). In a study, 
Johnson et al. (1992) fed rats diet containing diphenyl ether at 200, 1000 or 5000 mg/kg feed 
for 13 weeks, followed by a 4 week period of withdrawal of treatment. At 1000 mg/kg or 
above, reduced body weight gain and changes in organ weights were noted; no such changes 
were seen at 200 mg/kg diet and this was suggested as a NOAEL (Johnson et al., 1992). 
 
Reproductive and developmental toxicity 
 
No studies examining reproductive or developmental toxicity of diphenyl ether in humans or 
animals were identified. 
 
Carcinogenicity 
 
No studies examining the carcinogenic effects of diphenyl ether in humans or animals were 
identified. 
 
Ames tests (using strains TA98, TA100, TA1532, TA1535, TA1537, TA1538, TA1978 and 
TA2636), mitotic recombination analysis in yeast cells, and chromosome aberrations in 
Chinese hamster ovary cells were all negative (SCOEL, 2012). 
 

5.2.10 Iso-propylbenzene 
 
5.2.10.1 Introduction 
 
Iso-propylbenzene (Cumene, methyl-ethyl-benzene; CAS: 98-82-8; Figure 5.17) is a 
constituent of crude oil primarily used in the manufacture of phenol and acetone.   
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Figure 5.17 – Structure of Iso-propylbenzene 
 
5.2.10.2 Environmental fate 
 
A vapour pressure of 4.5 mm Hg and Henry’s Law constant of 0.0115 atm-cu m/mole 
indicate that volatilisation is likely to be slow from dry soils but may represent an important 
clearance mechanism for moist soil. Iso-propylbenzene is expected to possess a Koc value of 
820 and as such is likely to exhibit poor mobility in soils (HSDB, 2005). Additionally, this 
Koc value is likely to limit soil volatilisation through sorption of iso-propylbenzene to soil 
particles. Experimental inoculation of iso-propylbenzene with wastewater indicates the 
potential for rapid biodegradation in soil (Price et al., 1974). 
 
The Henry’s Law constant of iso-propylbenzene suggests rapid volatilisation from water 
surfaces. Modelled volatilisation half-lives of 1.2 and 4.4 days have been suggested in rivers 
and lakes respectively (HSDB, 2005). Iso-propylbenzene is degraded in aquatic systems 
through abiotic processes, including reaction with hydroxyl and alkylperoxy radicals and 
mineralisation (HSDB, 2005). These processes are likely to increase the rate at which iso-
propylbenzene is lost from water systems beyond that predicted through volatilisation alone.  
Examinations of iso-propylbenzene persistence in sea waters following oil spills have 
indicated rapid elimination from water with half-lives in the order of <10 hours (Harrison et 
al., 1975; Humphrey et al., 1987); the precise interplay of factors determining these losses are 
unclear.  
 
5.2.10.3 Exposure Routes 
 
The most probable routes of human exposure to iso-propylbenzene are through inhalation or 
consumption of contaminated foodstuffs (HSDB, 2005). Occupationally exposed individuals 
include those working in the processing, refinement or usage of crude oil or oil distillates.  
Individuals involved in the production of petroleum and those employed in the road transport 
sector may be particularly exposed to iso-propylbenzene vapours (IARC, 2012).   
 
 
5.2.10.4 Toxicokinetics 
 
Oral or intraperitoneal dosing of rats and mice to 14C labelled iso-propylbenzene (Chen et al., 
2011) showed that orally dosed rats excreted 70-90% of  iso-propylbenzene via the urine, 1-
5% in faeces and 1-9% as exhaled volatiles. Exposed animals exhibited high (~20%) 
retention times in the gastrointestinal tract (when assessed 24 hours after dosing). Single 
administrations suggested retention in the liver and kidneys, with levels typically 5 to 8 times 
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greater than in the blood. Repeated dosing showed accumulation in blood, brain, heart and 
spleen. The primary urinary and biliary metabolite of iso-propylbenzene was 2-phenyl-2-
propanol glucuronide although α-methylstyrene oxide was also present in the blood (Chen et 
al., 2011). 
 
5.2.10.5 Toxicology 
 
Acute dose toxicity 
 
In humans, iso-propylbenzene exhibits anaesthetic-like CNS depression with symptoms 
including dizziness, drowsiness, loss of coordination and unconsciousness (HSDB, 2005).   
 
Iso-propylbenzene has an oral LD50 of 2.91 g/kg body weight in rats (HSDB, 2005). The EU 
RAR cites a rat oral LD50 of 1,400 to 4,000 mg/kg (EU, 2001). 
 
Repeat dose toxicity 
 
Wolf et al. (1956) orally exposed rats to iso-propylbenzene at 154, 462 or 769 mg/kg body 
weight/day for 194 days. At 154 mg/kg/day no adverse effects were seen. However, at 462 or 
769 mg/kg/day increased kidney weight was seen. The authors therefore suggest a NOAEL of  
154 mg/kg/day and an LOAEL of 462 mg/kg/day. 
 
Reproductive and developmental toxicity 
 
No changes in sperm morphology, count or development were observed in male rats exposed 
by inhalation to iso-propylbenzene vapour at 490, 2430 or 5890 mg m-3 (approximately equal 
to 100, 496 or 1202 ppm) for 6 hours/day, 5 days/week for 13 weeks (Cushman et al., 1995). 
 
Researchers at the Bushy Run Research Centre (BRRC) exposed pregnant Sprague-Dawley 
rats via inhalation to to iso-propylbenzene at 485, 2391 or 5934 mg m-3 (approximately 99, 
488, or 1211 ppm) for 6 h/day on gestational days 6 to 15. At the highest dose, decreased 
body weight and increased relative hepatic weight were noted while at 2391 ppm minor 
behavioural alterations (including hypoactivity, “twitching” and decreased appetite) occurred. 
No significant effects on reproductive health or foetal development were, however, observed 
(BRRC, 1989).   
 
Darmer et al. (1997) exposed pregnant white rabbits to iso-propylbezene vapour at 2411, 
5909 or 11255 mg m-3 (approximately 492, 1206, or 2297 ppm) for 6 h/day on days 6 to 18 of 
gestation. Two maternal fatalities and one spontaneous abortion occurred in the high dosage 
group. The results of this study suggest that maternal toxicity may impair foetal development, 
rather than suggesting that iso-proplybenzene acts specifically as a developmental toxicant. 
 
 
Carcinogenicity 
 
The United States National Toxicology Program (NTP) undertook a series of studies (NTS, 
2009). Mice and rats were exposed to iso-propylbenzene vapour at between 125 and 1000 
ppm for 6 hours/day, 5 days/week, for 105 weeks. Respiratory tumours (alveolar, bronchial 
and nasal epithelial adenomas) were noted at all levels in both mice and rats. Additionally, 
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cancers were commonly present in the liver, kidney and blood. Interstitial cell adenomas 
were found in the testis of male rats at all tested levels but not in the mice (NTP, 2009). 
 
IARC noted that, whilst there was insufficient evidence of carcinogenicity in humans, 
sufficient evidence of carcinogenicity in animals was present. Iso-propylbenzene was 
classified ‘“possibly carcinogenic to humans’ (Group 2B carcinogen) (IARC, 2012).  
 
5.2.10.6 Guidelines and external TDI 
 
The US EPA integrated risk information system (IRIS) database lists an oral TDI of 0.1 
mg/kg for iso-propylbenzene (IRIS, 1997). 
 

5.2.11 Dicyclopentadiene 
 
5.2.11.1 Introduction 
 
Dicyclopentadiene (3a,4,7,7a-tetrahydro-1H-4,7-methanoindenem 1,3-Cyclopentadiene 
dimer, Tricyclo[5.2.1.02,6]deca-3,8-diene; CAS: 77-73-6; Figure 5.18) is an organic 
compound used in the manufacture of resins, alkyds, acrylates and latexes. 

 
Figure 5.18 – Structure of Dicyclopentadiene 
 
5.2.11.2 Environmental fate 
 
A vapour pressure of 2.29 mm Hg suggests that volatilisation from dry soils is likely to occur 
but is unlikely to be rapid. Dicyclopentadiene exhibits a Henry’s law constant of 6.2 x 10-2 
atm-cu m/mole and, hence, volatalisation from moist soil is expected to be an important 
process. Dicyclopentadiene is predicted to exhibit a Koc of 1800, indicating moderate 
mobility in soil (HSDB, 2007b). A field study by Stehmeier et al. (1999) indicates that 
degradation of dicyclopentadiene in soils is likely to be due to bacterial action and as such a 
degree of variability in degradation rates is expected due to variations in local 
microbiological characteristics (Stehmeier et al., 1999). These results are in line with a 
previous laboratory analysis of dicyclopentadiene removal rates following microbial 
inoculation (Stenhmeier et al., 1996). The results of the field and laboratory studies indicate 
that it is unlikely that biodegradation represents a major method of removal of 
dicyclopentadiene from soils. 
 
Removal of dicyclopentadiene from a modelled river and lake is likely to be rapid, with half-
lives of 3.4 hours and 4.6 days respectively. The HSDB notes that whilst no published studies 
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examine dicyclopentadiene oxidation in aqueous environments other olefins undergo rapid 
photochemically mediated reactions with reactive oxygenated compounds in water (HSDB, 
2007b). The Koc value of dicyclopentadiene indicates potential adsorption from aqueous 
solution to suspended soils in an aquatic environment (HSDB, 2007b). 
 
5.2.11.3 Exposure routes 
 
Individuals working in the manufacture or use of dicyclopentadine may be exposed through 
dermal contact or through inhalation (HSDB, 2007b). 
 
5.2.11.4. Toxicokinetics 
 
Ivie and Oehler (1980) orally dosed a lactating cow with 14C-labelled dicyclopentadine at 10 
mg/kg body weight and found that 81% of the administered dose was excreted in the urine 
and 4.2% in faeces, after 96 hours; most was excreted within 12 hours. 0.1% of the 
administered dose occurred in the milk. The rapid occurrence of dicyclopentadine and its 
metabolites in urine was taken to indicate ready uptake through the GI-tract (Ivie and Oehler, 
1980). 
 
5.2.11.5 Toxicology 
 
Acute oral exposure to dicyclopentadiene in humans is associated with abdominal pain and 
nausea (HSDB, 2007b). 
 
In a study examining the effects in cows of dicyclopentadiene exposure, Cysewski et al. 
(1981) gave 8 – 10 week old calves a single oral dose by gastric intubation at 250, 500, 1000 
or 2000 mg/kg. All exposed animals showed signs of intoxication (ataxia and excess 
salivation) with the extent of symptoms being greater at higher dosages. 25% (n=1) of 
animals exposed to 1000 mg/kg and all animals exposed to 2000 mg/kg (n=4) died within one 
week.  
 
The rat oral LD50 has been established as 0.35 mL/kg (equivalent to 0.326 mg/kg at 25°C; 
HSDB, 2007b). 
 
Repeat dose toxicity 
 
Male beagles exposed to 8.9, 23.5 or 32.4 ppm dicyclopentadiene by inhalation 7 hours/day, 
for 89 days exhibited no abnormalities in pathology (gross or microscopic) or 
electrocardiogram readings. Minor alterations in clinical chemistry were observed but only at 
the high level (OECD, 1998).   
 
OECD (1998) reports a study of rats given dicyclopentadiene orally at 4, 20 or 100 
mg/kg/day for 44 days. Histopathology showed hepatic necrosis and alteredrenal tubular 
epithelium in male rats. The authors quote sex-specific NOAEL and LOAEL levels of: 
NOAEL: 4 mg/kg/day for males and 20 mg/kg/day for females; and LOAEL: 20 mg/kg/day 
for males and 100 mg/kg/day for females (OECD, 1998). 
 
In Fischer-344 rats exposed by inhalation to 1, 5 or 50 ppm 6 hours/day, 5 days/week, for 13 
weeks, male rats showed increased production of a more dilute urine with epithelial cells 
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present in the urine for up to 92 days after treatment at 50 ppm (Bevan et al., 1992). It was 
noted that dicyclopentadiene appeared to interfere with sodium and potassium homeostasis. 
 
Reproductive and developmental toxicity 
 
After exposure of male and female SD (Sprague Dawley) rats to dicyclopentadiene at 4, 20 or 
100 mg/kg/day by gavage for 44 days no change in gross or cellular reproductive fitness 
criteria were noted at any dosage. However, pregnant animals given 100 mg/kg/day resulted 
in two dams neglecting to nurse their litters, resulting in the death of the pups. No adverse 
reproductive or developmental effects were observed in the F1 generation. Thus, the authors 
suggest a NOAEL of 100 mg/kg/day for males and 20 mg/kg/day for females (OECD, 1998).   
 
Pregnant female white rabbits were given dicyclopentadiene by oral gavage at 25, 100, 200, 
300 or 400 mg/kg/day on days 6 to 19 of gestation. At 300 and 400 mg/kg/day systematic 
toxicity was noted within 3 days of treatment. One (11% of group) and 3 (33% of group) 
animals died at 300 and 400 mg/kg/day respectively. At 100 mg/kg/day or above, a dose-
related increase in spontaneous abortion and gross deformity of pups was noted. The authors 
suggest the maternal NOAEL to be 25 mg/kg/day (USEPA, 2005a). 
 
Carcinogenicity 
 
No studies examining human or animal carcinogenicity of dicyclopentadiene were found.  
Dicyclopentadiene does not exhibit geneotoxic effects in vitro based on Ames (with or 
without metabolic activation), chromosome aberration and micronucleus assays (HSDB, 
2007b). 
 

5.3 Comparison of Toxicity Data with Recorded 
Taste and Odour Thresholds 
5.3.1 Introduction 
 
The toxicity data collated in this section has been compared with reported taste and odour 
thresholds in order to establish if it is appropriate to consider the risks posed by the 
compounds considered in this study on the basis of the impact of their taste and odour 
properties on water potability, as opposed to the potential risk to human health per se. The 
taste and odour thresholds used in this section are the highest reported values described in 
table G.1 (Appendix G). This is a precautionary approach particularly for events affecting 
more than a single property. 
 

5.3.2 Calculation of Tolerable Daily Intake values 
 
To determine the threshold of concern at which health-based concerns might exist for the 
substances considered above, exposure limits, in the form of a TDI value, were compared to 
known taste and odour thresholds. Where no authoritative TDI could be identified a project 
specific limit for each compound was calculated through the application of cumulative 
uncertainty factors to the lowest recorded NOAEL or LOAEL identified above using the 
procedure described in the 4th edition of the World Health Organisation Water Quality 
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Guidelines (WHO, 2011). The Water Quality Guidelines document recommends applying 
uncertainty or safety factors when extrapolating toxic effect levels from animal data to 
humans; these factors include considerations of the severity of the observed toxic effect, 
study quality, and inter-species variation. These three factors are scored 1 to 10 and the 
scores are multiplied to give a total uncertainty factor of between 1 and 1000. The NOAEL or 
LOAEL value is then divided by this uncertainty factor to derive a TDI.   
 
As the production of guidelines to evaluate study quality or the severity of toxic effects was 
beyond the scope of this project, the maximum uncertainty value of 10 was assumed for each 
of these criteria. In the majority of cases an inter-species variation uncertainty value of 10 
was also assumed, however as described above, it does not appear that EGBE is as toxic to 
humans as it is to rodents and in this case an uncertainty value of 5 has been assumed. The 
authors note that whilst this approach is in line with the precautionary principle it is likely to 
result in an overestimation of the toxicity of evaluated compounds. As noted above, national 
governments have proposed TDI values for a number of the evaluated compounds. Where 
disagreement was observed between project specific TDI and external TDI values the lowest 
value was used in this project. The TDI values of the compounds evaluated in this section are 
described in table 5.1. 
 

5.3.3 Modelled Exposure Scenarios 
 
As a precautionary approach the potential toxic effects of consumption of drinking water 
contaminated with the above compounds were based on being present at their highest 
reported taste and odour threshold value e.g. 1800 µg-1 for o-xylene (Table 4.4). Three 
exposure scenarios were examined, an adult exposure scenario, a child scenario and an infant 
scenario. These scenarios were derived from the WHO’s Water Quality Guidelines. 
Individuals were assumed to be consuming water contaminated with each compound at its 
specific taste and odour threshold. Adults were assumed to exhibit a body weight of 60 kg 
and to consume 2 l of water each day, children were assumed to weigh 10 kg and to consume 
1 l of water and infants were assumed to weigh 5 kg and to consume 0.75 l of water. The total 
daily consumed dose of each chemical was predicted for each of these scenarios and 
compared to the assigned TDI value to determine if consumption of water contaminated at 
the taste and odour threshold for each compound was likely to result in toxic effects. The 
results of these comparisons are presented in table 5.2. 
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Table 5.1 NOAEL and LOAEL, uncertainty, project specific TDI and externally set TDI values for 
the identified priority chemicals.   
 
Compound NOAEL / LOAEL 

(mg/kg bw/day) 
Uncertainty 
Factor 

Project TDI (mg/kg 
bw/day) 

External TDI (mg/kg 
bw/day) 
 

Galaxolide 50 1000 0.05 0.5 (Slanina et al., 2004) 

EGBE 69 500 0.14 - 

p-xylene 1000 1000 1.00 0.18 (EA, 2009) 

o-xylene 1000 1000 1.00 0.18 (EA, 2009) 

xylene 1000 1000 1.00 0.18 (EA, 2009) 

phenol 70 1000 0.07 0.5 (EFSA, 2013) 

TAME 125 1000 0.125 - 

2-methylphenol 50 1000 0.05 0.05 (RIVM, 2000) 

Diphenyl ether 200 1000 0.20 - 

3-Methylphenol 50 1000 0.05 0.05 (RIVM, 2000) 

ETBE 125 1000 0.125 - 

4 - Methylphenol 50 1000 0.05 0.05 (RIVM, 2000) 

Iso-propylbenzene 154 1000 0.154 0.1(IRIS, 1997) 

MTBE 125 1000 0.125 - 

Dicyclopentadiene 4 1000 0.004 - 

Preferred TDI values are highlighted in bold.  As no toxicity data could be located for EED/EMD and bornyl acetate these 
compounds are not present in this table.  
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Table 5.2  Modelled daily intake for each of the chemicals examined in adults, children and infants consuming water contaminated at the taste 
and odour threshold showing safety margins between TDI modelled intake (Figures highlighted in bold/red indicate that modelled daily intake 
values may exceed TDI).

  Adult Child Infant 

 
TDI 

(mg/kg/day) 
Modelled Intake 

(mg/kg/day) Safety Margin 
Modelled Intake 

(mg/kg/day) Safety Margin 
Modelled Intake 

(mg/kg/day) Safety Margin 
Galaxolide 0.05 0.00017 300 0.0005 100 0.00075 66.67 

EGBE 0.138 0.029 4.75 0.088 1.57 0.132 1.05 

p-xylene 0.18 0.033 5.4 0.1 1.8 0.15 1.2 

o-xylene 0.18 0.06 3 0.18 1 0.27 0.67 

xylene 0.18 0.06 3 0.18 1 0.27 0.67 

phenol 0.071 0.01 7.1 0.03 2.37 0.045 1.58 

TAME 0.125 0.015 8.48 0.044 2.82 0.066 1.88 

2-methylphenol 0.05 4.67 x 10-05 1071.43 0.00014 357.14 0.00021 238.1 

Diphenyl ether 0.2 1.67 x 10-05 12000 0.00005 4000 0.000075 2666.67 

3-Methylphenol 0.05 2.67 x 10-05 1875 0.00008 625 0.00012 416.67 

ETBE 0.125 0.0035 35.38 0.0106 11.79 0.016 7.86 

4 - Methylphenol 0.05 6.67 x 10-06 7500 0.00002 2500 0.00003 1666.67 

Iso-propylbenzene 0.1 3.33 x 10-06 30000 0.00001 10000 0.000015 6666.67 

MTBE 0.125 0.0071 17.69 0.021 5.9 0.032 3.93 

Dicyclopentadiene 0.004 8.33 x 10-07 4800 2.5 x 10-06 1600 3.75 X 10-06 1066.67 
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5.3.4 Results 
 
5.3.4.1 2-EDD and 2-EMD 
 
No toxicological information was identified for 2-EDD or 2-EMD; it has therefore not been 
possible to derive a TDI value for either of these compounds. As such, no comparison 
between TDI and taste and odour threshold could be carried out. An epidemiological 
examination of the health effects associated with an incident involving contamination of 
water supplies in the UK with these compounds suggests the possibility of nausea being 
experienced by some individuals at levels below the taste and odour threshold.  
 
5.3.4.2 Bornyl Acetate 
 
As no toxicological or epidemiological information relating to bornyl acetate toxicity could 
be identified no TDI could be calculated and no consideration of the utility of controlling 
bornyl acetate at taste and odour thresholds could be undertaken. Whilst no toxicological 
information could be identified, the use of bornyl acetate as a food additive suggests that 
consumption of water contaminated with this compound is unlikely to represent a hazard to 
human health. 
 
5.3.4.3 Galaxolide 
 
A NOAEL of 50 mg/kg/day was observed in rats, with pregnant dams exposed to doses 
above this level exhibiting reductions in maternal and foetal body weight. The application of 
an uncertainty factor of 1000 to this value resulted in a project specific TDI of 0.05 
mg/kg/day. Whilst a previous study has suggested a TDI of 0.5 mg/kg/day (Slanina et al., 
2004) this was greater than the project specific TDI and, as a precautionary measure, the 
project specific TDI was used for comparison with taste and odour thresholds. The modelled 
adult, child and infant exposure scenarios indicated exposures of 0.00017, 0.0005 and 
0.00075 mg/kg/day respectively, indicating that controlling galaxolide concentrations at the 
taste and odour threshold is expected to also prevent toxicity effects. 
 
5.3.4.4 EGBE 
 
Rats exposed to EGBE in their water supply exhibited a NOAEL of 69 mg/kg/day, at which 
point animals exhibited hepatic toxicity. Application of an uncertainty factor of 500 to this 
LOAEL resulted in a project specific TDI of 0.138. Modelled adult, child and infant exposure 
levels were 0.029, 0.088 and 0.13 mg/kg/day respectively. These data indicate that 
controlling EGBE concentrations at the taste and odour threshold is likely to result in no 
human health effects. 
 
5.3.4.5 Xylenes (o-xylene, m-xylene and p-xylene) 
 
WHO recommend a health based guideline for the concentration in drinking water for 
xylenes of 500 µg l-1 with the comment that lower concentrations may also be a cause for 
complaints by customers concerning the aesthetic quality. The value of 500 µg l-1 is spanned 
by the lower and upper thresholds for taste and odour reported in the literature for xylenes 
and the individual isomers (Table 4.4). The maximum threshold value exceeds the guideline 
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value therefore the absence of taste and odour is not necessarily indicative of the GV being 
met.  
 
The Environment Agency and WHO report a TDI value of 0.18 mg/kg/day and this value has 
been used in this project. Modelled adult, child and infant exposures of 0.033, 0.1 and 0.15 
mg/kg/day for p-xylene and 0.06, 0.18 and 0.27 mg/kg/day for m- and o-xylene were 
determined. This difference in modelled exposure level was due to differences in recorded 
taste and odour thresholds between the compounds. These results indicate that p-xylene is 
unlikely to represent a toxicity issue when present in water supplies at the maximum reported 
taste and odour threshold. O- and m-xylenes are unlikely to represent a hazard to adults or 
children, but infants exposed to the maximum threshold concentration may exceed the 
tolerable daily intake by a small amount. Short term exposure to levels above the TDI is not a 
cause for concern provided long term intake does not appreciably exceed the TDI. 
 
5.3.4.6 Phenol 
 
Rats orally exposed to phenol exhibited a NOAEL of 71 mg/kg/day with reproductive 
toxicity and impaired litter survival observed at higher doses. Application of an uncertainty 
factor of 1000 to this value resulted a project specific TDI of 0.071 mg/kg/day. The European 
Food Standards Agency lists a TDI of 0.5 mg/kg/day, and as the project specific TDI is the 
lower value this is used in this project as a precautionary measure. Modelled exposures to 
phenol were 0.01, 0.03 and 0.045 mg/kg/day for adults, children and infants respectively. 
These results indicate that phenol is unlikely to represent a risk to human health if present in 
water supplies at its taste and odour threshold. It is worthy of note that epidemiological 
examinations of the health effects of phenol contamination of drinking water have been 
previously conducted (Jarvis et al., 1985; Kim et al., 1994). These studies suggest that 
concentrations of phenol in source water below taste and odour thresholds may not prevent 
symptoms of gastrointestinal disturbance although the relative importance of phenol and 
disinfection by products formed by chlorination during water treatment are uncertain; it 
should also be noted that these findings are reliant on epidemiological data, which may have 
inherent uncertainities.     
 
5.3.4.7 Gasoline ether oxygenates (TAME, ETBE and MTBE) 
 
Rats orally exposed to TAME exhibited increased adrenal weights with a LOAEL of 125 
mg/kg/day. Due to the structural similarities between GEOs this LOAEL value has been 
assumed for ETBE and MTBE. A project specific TDI of 0.125 mg/kg/day was calculated 
through the application of an uncertainty factor of 1000 to this LOAEL. GEOs exhibited 
some variation in taste and odour threshold, and as such modelled exposures differ somewhat 
between compounds. Modelled adult, child and infant exposures to TAME were 0.015, 0.044 
and 0.066 mg/kg/day, modelled exposures to ETBE were 0.0035, 0.0106 and 0.016 
mg/kg/day, and modelled exposures to MTBE were 0.0071, 0.021 and 0.032 mg/kg/day 
respectively. In all cases these modelled exposures exceeded the project specific TDI, 
indicating that these GEOs are unlikely to exert any toxic effects if consumed in water at their 
taste and odour thresholds. 
 
5.3.4.8 Cresols (o-cresol, m-cresol and p-cresol) 
 
The OECD report a rat oral NOAEL of 50 mg/kg/day for o-cresol, exposures above this dose 
result in neurological symptoms including tremors and coma. Whilst no NOAEL values 
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could be determined for m- or p-cresol the authors do not believe it to be unreasonable to 
assume the o-cresol NOAEL value for m- and p-cresols due to structural similarities between 
the compounds. The application of an uncertainty factor of 1000 to this NOAEL resulted in a 
project specific TDI of 0.05 mg/kg/day; this value is in agreement with the TDI set by the 
Dutch RIVM. Modelled adult, child and infant exposures to o-cresol were 4.67 x 10-05, 
0.00014 and 0.00021 mg/kg/day respectively. Similarly exposures to m-cresol were modelled 
at 2.67 x 10-05, 0.00008 and 0.00012 and to p-cresol at 6.67 x 10-06, 0.00002 and 0.00003 
mg/kg/day. No modelled cresol exposure exceeded the project specific TDI value, indicating 
that toxic effects are unlikely as a result of consuming water contaminated with cresols at 
their taste and odour threshold.   
 
5.3.4.9 Diphenyl Ether 
 
Rats exposed to diphenyl ether exhibited a NOAEL of 200 mg/kg/day; doses above this level 
resulted in weight gain and increased organ weights. A project specific TDI of 0.2 mg/kg/day 
was calculated by the application of an uncertainty factor of 1000 to this NOAEL. Modelled 
adult, child and infant exposures to diphenyl ether were 1.67 X 10-05, 0.00005 and 0.000075 
mg/kg/day respectively, indicating that controlling diphenyl ether levels in water supplies at 
its taste and odour threshold is likely to prevent any toxic effects upon consumption. 
 
5.3.4.10 Iso-propylbenzene 
 
A rat oral NOAEL of 154 mg/kg/day was observed following iso-propylbenzene exposure, 
with increases in kidney weights observed in animals exposed to higher doses. The 
application of an uncertainty factor of 1000 to this value results in a project specific TDI of 
0.154 mg/kg/day, this figure is greater than the TDI of 0.1 mg/kg/day set by the US EPA and 
as such the EPA value will be used in this project. Modelled exposure levels of 3.33 x 10-06, 
0.00001 and 0.000015 mg/kg/day were determined for adults, children and infants 
respectively. These results indicate that no health effects are likely to occur in individuals 
consuming water contaminated with iso-propylbenzene at its taste and odour threshold. 
 
5.3.4.11 Dicyclopentadiene 
 
A NOAEL of 4 mg/kg/day was observed in rats orally exposed to dicylcopentadiene as doses 
above this level resulting in hepatic necrosis and alterations to the tubular epithelium. The 
application of an uncertainty factor of 1000 to this figure identified a project specific TDI of 
0.004 mg/kg/day. Adult, child and infant modelled exposures to dicyclopentadiene were 8.33 
x 10-07, 2.5 x 10-06, and 3.75 x 10-06 mg/kg/day respectively, indicating that consuming 
dicyclopentadiene in water at its taste and odour threshold is unlikely to result in health 
effects. 

5.3.5 Conclusions 
 
Examination of maximum taste and odour thresholds and TDI values indicated that the 
majority of compounds examined in this process are unlikely to exert toxic effects at or 
below their taste and odour thresholds. These compounds are galaxolide, EGBE, p-xylene, 
TAME, ETBE, MTBE, o-cresol, m-cresol, p-cresol, diphenyl ether, iso-propylbenzene, and 
dicyclopentadiene. Therefore control of the levels of these compounds in water supplies 
based on their taste and odour thresholds should also be protective against their human health 
effects. 
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As no toxicological or epidemiological evidence was located regarding bornyl acetate health 
effects no determination of the health risk posed by this compound relative to its taste and 
odour threshold could be conducted. Due to the low usage of bornyl acetate in the UK the 
authors consider the contamination of water supplies with a sufficient quantity of bornyl 
acetate to induce toxic effects to be improbable. No toxicological evidence examining 2-EED 
and 2-EMD was identified; however an epidemiological examination of the health effects of 
contamination of water supplies with these compounds suggests the possibility of nausea 
being experienced by some individuals at levels below the taste and odour threshold. Whilst 
the data collected examining phenol toxicity indicated that toxic effects are improbable based 
upon extrapolations from in vivo data, epidemiological assessments have suggested that some 
gastrointestinal toxicity could persist at levels below the taste and odour threshold, although 
the possible role of phenol and chlorine disinfection by-products could not be distinguished. 
These epidemiological data suggest that controlling 2-EED, 2-EMD and phenol at their taste 
and odour thresholds in water supplies may not prevent all health effects following 
consumption. It should be noted however, that due to the confounding factors in such 
epidemiological studies, including the accurate measurement of water consumption, 
differences in sensory acuity, recall bias, and post-tap treatment of water (filtration, the use of 
cordials, boiling, etc.) such studies may prove unreliable. 
 
Based on the reported taste and odour thresholds it is possible for drinking water to exceed 
the health based standard for xylenes recommended by the WHO but not necessarily be 
aesthetically objectionable. These thresholds are subject to considerable individual variability 
and are impacted by other aesthetic aspects of the water consumed. More detailed 
consideration of available information indicates that whilst water contaminated with o-xylene 
and p-xylene at the upper taste and odour thresholds are unlikely to represent a hazard to 
adults or children, infants exposed to the maximum threshold concentration may exceed the 
tolerable daily intake by a small amount. Short term exposure to levels above the TDI is not a 
cause for concern provided long term intake does not appreciably exceed the TDI. Whilst 
some evidence of carcinogenicity was found for a number of compounds examined in this 
section no examined compound has been identified as a known human carcinogen by any 
authoritative agency. The authors believe that at the time of writing insufficient evidence 
exists to conclude that any examined compound represents a carcinogenic hazard to humans, 
but this position may need to be revised in the future as further data is produced in this area. 
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6. Conclusion 
Water Companies and private water suppliers have a legal requirement to provide wholesome 
drinking water and while there are standards for maximum concentrations of a range of 
substances for the protection of health, those for taste and for odour are descriptive involving 
sensory tests by trained panellists. Problems of taste and odour are widely recognised within 
the water industry and extensive guidance and information is provided by government 
authorities (such as the DWI and Environment Agency). The origin of substances present at 
sufficient concentration at the consumers’ tap to cause a taste and odour problem can be 
considered as:  
 

I. natural sources in the water catchment; 
II. substances added and those formed during water treatment; 

III. substances formed and leached from materials during water supply; 
IV. substances released into the water catchment due to anthropogenic activities. 

 
A number of major taste and odour incidents in the UK and elsewhere involving 
contamination of drinking water by substances released into the environment due to 
anthropogenic activities, has highlighted the need for awareness of potential threats to inform 
the development of effective risk management practices. The occurrence of problems with 
EDD and EMD in the UK, for example, was preceded by major incidents reported in the 
USA and Spain. These substances have extremely low taste and odour thresholds and are not 
effectively removed during current water treatment processes. Therefore, if they enter the 
water course in sufficient amounts such that the processes of dilution, volatilisation and 
degradation combined with removal during water treatment are insufficient to reduce their 
concentration below the taste and odour threshold at a consumer’s tap, then complaints can 
be expected to occur. 
 
The first step of this study has involved literature review particularly concerning reported 
taste and odour incidents in Europe and worldwide, as well as consultation with stakeholders 
including water companies in England and Wales. It has also taken into account those 
substances which are recognised by national and international bodies as being of concern and 
for which guideline or standards for concentrations in drinking water have been established. 
The literature review informed the development of a database involving about 170 substances 
(some reported as groups such as ‘PAH’) and this was dominated by organic compounds of 
anthropogenic, natural and water treatment origin. This report (section 2) summarises the 
information about other substances (including metals), as well as the organic compounds 
formed during water treatment. A number of these substances are the subject of existing 
water quality standards and are therefore monitored routinely. Therefore these were not 
included in the subsequent risk assessment of substances with potential to cause taste and 
odour problems. 
 
This research study has sought to identify substances that may present an aesthetic risk to 
drinking water quality by considering the amount of substance required to be added to a 
water catchment to produce a concentration at the outlet of the water treatment works that 
could give rise to taste and odour problems. The assessment applied takes account of the 
expected removal during water treatment processes. It provides a methodology of assessing 
usage, environmental pathways to water and for modelling of the behaviour of substances in 
the catchment and during water treatment. In principle, it could be applied to any substance 
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for which appropriate information about usage and chemical properties is available. In the 
current study it has been applied to substances produced by anthropogenic and natural 
sources, although arguably the natural processes of interest are those strongly influenced by 
anthropogenic activities. 
 
Given the many thousands of compounds in use in an industrialised country it has been 
necessary here to select only those substances considered to present a high risk based upon a 
process of prioritisation developed as part of this study. Those initially selected for further 
consideration included all those reported as being involved in taste and odour incidents in a 
developed country whilst those excluded included those for which there was no evidence of 
UK production or import, as well as those already regulated to a limit value either lower than 
or close to the reported taste and odour threshold. Other prioritised substances were then 
categorised according to amounts used and their reported taste and odour threshold. This 
process gave a list of compounds from which substances formed during water treatment were 
excluded leaving 18 priority compounds, including EDD and EMD. Added to this list were 
the two compounds most commonly associated with taste and odour problems arising from 
natural sources (geosmin and 2-MIB).  
 
The 18 substances of anthropogenic origin associated with industrial uses were subject to 
investigation of usage and environmental fate characteristics based on literature searches and 
consultations with stakeholders (such as industry associations). The quality of information 
available differed for each substance. An ideal outcome for such a review would be a flow 
chart depicting imports and exports, amounts used through the product supply chain and the 
releases to the environment at each stage. The aim thereby would be to identify the main 
pathways and provide a quantitative estimate of pathways to water. Bornyl acetate was found 
at this stage to be associated with low usage in the UK. Reasonably comprehensive flow 
charts were possible for some compounds (such as for galaxolide) whereas for others (such as 
EGBE and DCPD) whilst there was information on the use throughout the supply chain, no 
information on production, imports or exports was identified. The understanding of source 
types and associated pathways was used to link each compound to one or more pathways and 
this information was used in the catchment and water treatment modelling. 
 
Four principal source types were identified: Fuel additives (and associated spillage etc.); 
Down-the-drain chemicals; Algal blooms; and General industrial chemicals. The potential 
pathways leading to the contamination of drinking water are fairly clear in the case of down-
the-drain chemicals, and algal compounds although usage patterns and exposure levels are 
highly uncertain in some instances. For the other categories, pathways of concern are 
probably dominated by accidental spillages and leaks. Inverse modelling has been applied to 
estimate the sizes of sources under both a generic scenario (built around the assumptions 
embodied in the EU technical guidance document for the risk assessment of chemicals) and 
for a specific scenario (which considers the Great Ouse to Bedford) as a case study, under 
two flow conditions (mean flow and Q95). 
 
Table 6.1 ranks the prioritised compounds based on the estimated amounts required to be 
released to produce a taste and odour problem. 
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Table 6.1 Rank order (highest to lowest) for prioritised compounds according to amount 
required to be released to cause a taste and odour problem (assuming advanced water 
treatment) 

Compound 

 

Rank 

EGBE 1 

p-xylene 2 

o-xylene 3 

phenol 4 

xylene 5 

TAME (methyl-tert-amylether) 7 

MTBE (methyl-tertiary butyl ether) 8 

2-methylphenol (o-cresol) 9 

Galaxolide 10 

ETBE (ethyl-tert-butylether) 11 

3-methylphenol (m-cresol) 12 

p-cresol 13 

iso-propylbenzene 14 

diphenyl ether 15 

Geosmin 16 

Dicyclopentadiene 17 

2-MIB 18 

2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) 19 

2-ethyl-4-methyl-1,3-dioxolane (2-EMD) 20 

 
It is perhaps comforting to note that the ranking shows that all the prioritised compounds 
require a source amount greater than EDD and EMD which have been associated with major 
taste and odour problems. Furthermore, the natural compounds geosmin and 2-MIB are 
among the compounds requiring the lowest released amounts and they are also well 
recognised as causing taste and odour events. This relative risk posed by each prioritised 
compound principally depends on the taste and odour threshold itself; these can vary by 
several orders of magnitude although the extent to which the compound can be removed in 
water treatment is also influential. However, the actual risk of a taste and odour event also 
depends on the likelihood of release of the required source amount. 
 
Of the prioritised taste and odour compounds, eleven find use as fuel additives; in particular, 
these include MTBE, TAME and ETBE. The modelling showed that very large amounts of 
fuel would need to be lost from each station within the catchments in order for there to be a 
risk of exceeding the taste and odour concentration thresholds. For the Gt Ouse scenario, it 
was estimated that, on average, 31-42 % of the fuel stored annually in petrol stations in the 
catchment would need to be lost. It is therefore unlikely that taste and odour thresholds for 
GEOs will be exceeded as a consequence of fuel spills. However, it is acknowledged that 
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there remains still the potential for local point-source contamination of the river, water pipes 
or storage reservoirs (e.g. in relation to a catastrophic failure of containment) to cause 
problems. Such eventualities are, however, very difficult to anticipate or to assess at a generic 
level. 
 
Those substances which have potential origins from home and/or personal care products 
(such as galaxolide, diphenyl ether and EGBE) and may therefore become a ‘down the drain’ 
pathway through product use were assessed by first determining per capita loads required to 
exceed taste and odour thresholds. These were then compared with estimated per capita 
consumption and it was found that much higher consumption figures would be required to 
exceed taste and odour thresholds. It was noted that the risk of exceeding the taste and odour 
threshold for diphenyl ether appears to be higher when there is no advanced treatment and 
under low flow conditions. However, we do not currently have typical usage figures to hand 
to assess whether these estimates are close to the thresholds or not.  
 
All of the prioritised anthropogenic taste and odour compounds considered in detail in this 
study could potentially pass into drinking water supplies as a consequence of a spillage from 
a containment facility or during transport (e.g. due to spillage during a road traffic accident).  
While the magnitude and nature of spills from inadequate waste disposal or from accidental 
leaks in storage tanks etc. are difficult, if not impossible, to predict, the scenario of the loss of 
a tanker load in an accident either directly to a water course or into the sewer network via 
road drains was assessed. For the generic scenario, this would potentially result in taste and 
odour thresholds being exceeded for all substances considered, even if advanced water 
treatment is in place. In the specific scenario, there are differences depending upon flow and 
treatment scenarios but, as an example, under mean flow conditions, taste and odour 
thresholds would potentially be exceeded for all compounds under conventional treatment, as 
well as for all compounds except for the xylenes and phenol under advanced treatment 
(minimum threshold) conditions. Similar sized spills into the sewer network would trigger 
taste and odour issues for somewhat fewer substances in the specific scenario under either 
flow conditions although thresholds would potentially be exceeded for all substances under 
the generic scenario. It should be noted that any such major incident would trigger 
implementation of emergency procedures by the Environment Agency and water companies 
to protect water supplies. 
 
For geosmin and 2-MIB, it is feasible that water could be sourced from a reservoir containing 
an algal bloom where there is no riverine attenuation or dilution between source and receptor. 
Only rather tentative information was available to assess the scale of algal bloom necessary to 
produce sufficient amount of these compounds to produce a taste and odour incident. 
However, the resultant estimates suggest that threshold concentrations of these substances in 
treated drinking water might be reached when the cell density of particular algal species in 
the source reach levels of between 0.6 and 62 x 106 cells l-1 (640 – 62,000 cells ml-1). While 
such concentrations are not believed to occur very frequently, they certainly cannot be 
regarded as being uncommon. 
 
The final stage of the project considered whether exposure to any substances at their taste and 
odour threshold would represent a risk to the health of consumers. The majority of 
compounds examined (galaxolide, EGBE, p-xylene, TAME, ETBE, MTBE, o-cresol, m-
cresol, p-cresol, diphenyl ether, iso-propylbenzene, and dicyclopentadiene) in this process are 
unlikely to exert toxic effects at or below their taste and odour thresholds. Therefore control 
of the levels of these compounds in water supplies based on their taste and odour thresholds 
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should also be protective against their human health effects. Available data collected 
examining phenol toxicity indicated that toxic effects are improbable based upon 
extrapolations from in vivo data. No toxicological evidence examining 2-EED and 2-EMD 
was identified. Epidemiological studies concerning these compounds provided some evidence 
for the possibility of symptoms occurring at concentrations below taste and odour thresholds. 
However, due to the confounding factors in such epidemiological studies, including the 
accurate measurement of water consumption, differences in sensory acuity, recall bias, 
presence of other contaminants and post-tap treatment of water (filtration, the use of cordials, 
boiling, etc.), such studies may prove unreliable. Water contaminated with xylenes at the 
taste and odour threshold may exceed the health based standard recommended by the WHO. 
Further, it should be noted that none of the examined compounds have been identified as a 
known human carcinogen by any authoritative agency.  
 
As outlined in the report the variability in taste and odour thresholds and gaps in usage 
information for the anthropogenic compounds are particular uncertainties in the data applied 
to the inverse modelling. The process developed can potentially be applied to assess any 
substance to inform the assessment of risk to drinking water. The prioritisation process has 
identified compounds additional to those currently regulated that could be the subject of 
further scrutiny as part of the risk management of threats to the aesthetic quality of water. For 
example the compounds could be considered with respect to taste and odour when consents 
for discharges are reviewed, any opportunities to collate information on their concentrations 
in source water and drinking water could be used to further inform assessment of risks and 
they could be included as target chemicals during investigations of any future taste and odour 
incidents. 
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Appendix A – Chemical standards in 
drinking water regulations 
Reproduced from DWI (2010). What are the drinking water standards? 
http://dwi.defra.gov.uk/consumers/advice-leaflets/standards.pdf 

 

 

170 
 

http://dwi.defra.gov.uk/consumers/advice-leaflets/standards.pdf


 

 

 

 

 

171 
 



172 
 



Appendix B – Consultation letters to Water 
Companies in England and Wales     
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Project Confirmation Letter by DWI 
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e-mail by Cranfield University requesting 
participation in consultation 
Dear XXXX, 

I am writing to request your assistance with a study we are carrying out on taste and odour in drinking 
water on behalf of the Drinking Water Inspectorate. You should have received an e-mail from them 
endorsing the project (also see attached).  

The research is being carried out by a team from the Institute of Environment and Health and the 
Cranfield Water Science Institute at Cranfield University in conjunction with Risk and Policy 
Analysts (www.rpaltd.co.uk). 

Your company should have received a letter from DWI explaining the background to the study. The 
aim of the work is to provide a national assessment of the potential problems to water supplies posed 
by low taste and odour threshold compounds. An important aspect of this work is to identify the key 
taste and odour issues for English and Welsh water companies. Our focus is not problems due to 
contamination at the client’s property but those due to contaminants entering water treatment works 
including those where the causative agent is formed by reaction with disinfection agents. 

Specifically, we are writing to ask if you would be able to provide information about the following on 
behalf of XXXX Water to understand if there are any chemical compounds you are concerned about 
in relation to taste and odour as there may be compounds that you aware of but have not been brought 
to the Inspectorates attention? 

QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

 

If so, please list these in order of priority of 
concern for your company? 

 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

 

*if unknown please state ‘not identified’. 

**these might include sources that you are aware have caused problems elsewhere or chemicals used 
for example in industry and agriculture. 

If you are not able to answer all of these questions, we would be grateful if you could pass this 
information on to colleagues in your organisation who may be able to do so. 

If you have any queries over this matter or would like to discuss this further, please do not hesitate to 
contact me by e-mail (p.jarvis@cranfield.ac.uk) or telephone (00 44 1234 750111 ext 3374). 

Many thanks for taking the time to respond to these questions. The results of our study will be 
contained in a project report to DWI and may subsequently be used for a publication in the scientific 
literature with the agreement of DWI. We will also provide feedback to water supply companies about  
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our findings and therefore we hope that all will benefit from this exercise. 

Kind regards, 
 
 

 
 
Dr Peter Jarvis, Lecturer, Cranfield University 

Peter Jarvis 
Yorkshire Water Lecturer in Water Sciences 
Cranfield University 
Bedfordshire 
MK43 0AL 

ResearcherID: A-3662-2010 

Water Programme Director 
Course Director: MTech in Water Processes 
http://www.cranfield.ac.uk/sas/water/taughtcourses/index.html 

p.jarvis@cranfield.ac.uk    
Phone: 01234 750111 ext 3374 
*Mobile: 07877024528* NOTE NEW NUMBER 
Fax: 01234 754036 
  

 
 
 
Peter Jarvis 
Yorkshire Water Lecturer in Water Sciences 
Cranfield University 
Bedfordshire 
MK43 0AL 
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Appendix C – Summary of information 
from English and Welsh Water Companies     
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Supplier A  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

 

If so, please list these in order of priority of 
concern for your company? 

 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

Phenolic type compounds produced by the 
reaction of chlorine with the material(s) in 
hoses used to feed domestic appliances such as 
dishwashers 

Supplier B  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

No major problems. 
we did have a problem back in 2001 when algal 
decomposition problems caused a T/O in the 
public supply but I can’t find any information 
as to specific compounds identified as 
contributory (we monitor Geosmin and Methyl 
Iso Borneol but it certainly wasn’t their 
descriptors our customers were using) 

If so, please list these in order of priority of 
concern for your company? 

 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

 

Supplier C  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

Our only main problems are associated with 
detectable earthy tastes and chlorinous 
taste/odours.  With regards to specific 
chemicals which can be the cause of the 
detectable earthy tastes our current laboratory 
methodology does not look at identifying 
compounds.  However, a recent laboratory 
investigation did identify 2-methylisoborneol 
(MIB) which earthy tastes/odour can be 
attributed to.  

If so, please list these in order of priority of 
concern for your company? 

As above – these are our two main concerns. 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

Water from our surface water sites are regularly 
reported to have detectable earthy/musty 
taste/odour - potential sources being those such 
as algae and bacteria.  Domestic and 
commercial fuel storage is always a potential 
risk causing detectable diesel taste/odour 
issues.   

 
Supplier D 

 

QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

None 
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If so, please list these in order of priority of 
concern for your company? 

N/A 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

N/A 

Supplier E  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

Fluoranthene 
Hydrocarbon related due to localised spills of 
petrol and heating oil in vicinity of MDPE 
service pipes. 

If so, please list these in order of priority of 
concern for your company? 

We are picking up increased numbers of issues 
due to hydrocarbon migration through MDPE 
services so this is biggest concern. 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

2EMD and 2EDD 

Supplier F  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

There are none to my knowledge. Our sources 
are all from slow response aquifers in the 
limestone so are organically pure. Our issues 
arise only beyond the customer boundary where 
there is nothing unusual to our specific supply 
area compared with others 

If so, please list these in order of priority of 
concern for your company? 

See above 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

None identified. 

Supplier G  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

 One instance of Chlorine taste from a 
villagecommunity. 

If so, please list these in order of priority of 
concern for your company? 

 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

 One water quality failure for a pencil lead taste 
from a single property . This was due to a black 
Alkathene supply pipe being installed back in 
the 1960’s   

Supplier H  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

Not identified 
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If so, please list these in order of priority of 
concern for your company? 

 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

Any quantitative T&O breach results in a water 
regulations fittings inspection of the property a 
GCMS sample is also taken to try to identify 
any compounds which may be causing the 
failure.  Non conformances in water regulations 
fittings have been identified. 
 
Customer contacts of T&O are recorded on the 
customer database and recent work has been 
undertaken to more accurately categorise these 
to aid understanding of the cause of customer 
contact. 
 
We participate in industry research and 
portfolio projects to aid our learning and 
understanding in this area. 
 
Industrial customers that pose a risk to our 
network are isolated through the use of non 
return or RPZ valves  

Supplier I  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

Yes 

If so, please list these in order of priority of 
concern for your company? 

1. Geosmin 
2. MIB 
3. Phenol 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

Unknown 

Supplier J  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

Y 

If so, please list these in order of priority of 
concern for your company? 

Chlorine 
Methyl-isoborneol 
Geosmin 
Phenol 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

Industrial solvents e.g. 2-EDD, 2-EMD 
Animal slurry from agriculture 
Eutrophication of source waters causing algal 
blooms and geosmin/MIB 

Supplier K  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

No reported problems 

If so, please list these in order of priority of  
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concern for your company? 
Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

 

Supplier L  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

No reported problems 

If so, please list these in order of priority of 
concern for your company? 

 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

 

Supplier M  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

Raw Water: geosmin/MIB (from algae and 
actinomyces),  v.low level halophenols in some 
sources (dichoro- and trichloro-) which would 
have the potential to be bio-methylated to the 
corresponding haloanisoles (v.potent T & O 
agents) by bio-films etc, also in the past we’ve 
had a couple of events caused by octatrienes 
and octadienes in lowland impounding 
reservoirs 
Dist/Customer: halophenols, rubber accelerants 
such as benzothiazole and its derivatives and 
phthalate plasticisers. These are generally 
derived from domestic plumbing of course. 
Halogenated hydroxybenzaldehydes are a group 
of compounds we frequently see in samples 
where we detect no obvious T & O compounds. 
I think they may be tainting agents but there’s 
nothing in the literature about them. Sometimes 
see trace levels of various aldehydes which can 
be produced by chlorine oxidation of amino 
compounds including amino acids. 
We regularly (5 or so per year) get one off T & 
O problems caused by the water soluble, low 
m.w. aromatics from kerosene/diesel 
permeating MDPE service pipes. 

If so, please list these in order of priority of 
concern for your company? 

Geosmin/MIB and fuel pipe issues low priority 
as I think there is a good understanding already. 
I’d really like to understand more about various 
disinfection/halogen related by products 
forming in our network. 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

T & O agents we don’t look for but maybe 
should such as iodinated THMs and 2-isobutyl-
3-methoxypyrazine and 2-isopropyl-3-
methoxypyrazine. 
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Supplier N  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

Geosmin/MIB/algae/algal degradation 
products. Hydrocarbons through permeation 
after spillages. Halogented by-products of 
reactions with plumbing equipment. 

If so, please list these in order of priority of 
concern for your company? 

Hydrocarbons 1st then plumbing by-products 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

None known at present but as industries change 
within catchments anything could happen as 
suggested with the **! 

Supplier O  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

None in recent years. 
GAC has been installed at our one surface 
water treatment works due to both pesticide 
concerns and historic issues with tastes due to 
algae. 
We chloraminate at all sites to reduce taste 
from chlorine. 
 

If so, please list these in order of priority of 
concern for your company? 

N/a 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

None identified to date through risk assessment. 

Supplier P  
QUESTION RESPONSE 
Do you know what specific chemical compounds 
are known to have caused taste and odour problems 
in your company? 

Yes 

If so, please list these in order of priority of 
concern for your company? 

Geosmin, 2-Methylisoborneol 

Are there any other potential sources of taste and 
odour that may be a concern for your company now 
or in the future?** 

not identified 
Being 75% groundwater our issues are different 
to many other companies. We are aware of the 
Thames 2 EDD event and belong to Water UK 
Networks which provide other intelligence. 

 For completeness I include examples of issues 
found at properties, although I understand that 
these are not really the object of your enquiry: 
Musty/stale - brominated phenols 
Musty/stale - anisoles, tribromo-anisole, 
tribromochloro-anisole, trichloro-anisole 
Oily/fuel - benzenes, alkylbenzenes, xylene, 
toluene etc. 
plasticizers - n-butyl benzene sulphonamide, 
Bis (2-ethylhexyl) phthalate, Propanoic acid 
esters (assoc PVC plasticizer), Diglycol 
benzoate 
gaskets/washers - phenol leachates - 
tribromophenol 
antioxidant derived - bromo-di-tert-butyl 
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phenol 
graphite/lead pencil- santonox (4,4'-thiobis (6-
tert-butyl-m-cresol) - antioxidant used in some 
plastic pipes such as alcathene 
rubber/adhesive - Styrene, Benzothiazole, 
Isopropyl dimethyl naphthalene and 
halogenated alkyl derivatives (plus a whole 
load of other things) 
TCP/antiseptic -  
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Appendix D – Extract of database 
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(T/O threshold as µg l-1) 
CAS Compound Name Compound Type Man Made, Natural or 

Water Treatment
Source Taste/Odour T/O 

Threshold 
( /l)

Solubility     
(25oC; mg/L)

Incident? Prioritisation 
Source

87-61-6 1,2,3 trichlorobenzene Individual Organic Water-treatment
0.01-0.02

18.84 WHO

526-73-8 1,2,3-trimethylbenzene Individual Organic
Man-Made

Gasoline, fracking
TBC 75.2 LIT Search

120-82-1 1,2,4 trichlorobenzene Individual Organic Water-treatment
0.005

49 WHO

95-63-6 1,2,4-trimethylbenzene Individual Organic
Man-Made

Gasoline, fracking
0.26-0.5 57

WHO, LIT 
Search

96-12-8
1,2-Dibromo-3-chloropropane Individual Organic

Man-Made
0.1-0.3 1230 WHO

95-50-1
1,2-dichlorobenzene Individual Organic

Man-Made, Water-
treatment 0.01-0.45 80-156

WHO, HC, LIT 
search

504-60-9 1,3-pentadiene Individual Organic
Man-Made

permeation of 
petrol/diesel through 
plastic pipes solvent-like

TBC 325.5
ENVA

108-70-3 1,3,5 trichlorobenzene Individual Organic Water-treatment
0.05

6.01-30 WHO

40087-61-4
1,3,5-octatriene Individual Organic

Natural
Asterionella Floral, geraniums TBC 22.01

Y
LIT Search

108-67-8 1,3,5-trimethylbenzene Individual Organic
Man-Made

Gasoline, fracking
0.003-0.7 48.2

WHO, LIT 
Search

541-73-1 1,3-dichlorobenzene Individual Organic Water-treatment
0.02-0.17

125
LIT Search

106-46-7
1,4-dichlorobenzene Individual Organic

Man-Made, Water-
treatment 0.0003-0.03 81.3

WHO, HC, LIT 
search

1825-21-4 2,3,4,5,6-pentachloroanisole Individual Organic Water-treatment
0.00041-0.004

0.3535
LIT Search

2438-88-2 2,3,4,6-tetrachloranisole Individual Organic Water-treatment
TBC

64.5
LIT Search

58-90-2 2,3,4,6-Tetrachlorophenol Individual Organic Water-treatment
0.6-47

4043 HC

54135-80-7 2,3,4-trichloroanisole Individual Organic Water-treatment waste water treatment musty odour
30.8 (air)

10.8
Y LIT Search

 group 2,3,6-mixed chlorobromoanisoles Group - Organic Water-treatment disinfection by-product musty
0.0014

TBC
LIT Search

50375-10-5 2,3,6-trichloroanisole Individual Organic Water-treatment waste water treatment musty odour
0.0074 - 
0.0245 29.73

Y LIT Search

95-95-4 2,4,5-trichlorophenol Individual Organic Water-treatment
0.011-0.35

1200
LIT Search

87-40-1
2,4,6-TCA (2,4,6-trichloroanisole ) Individual Organic

Natural
product of biological 
activity / waste water 
treatment

musty, mouldy 
odour 0.000051 - 0.0111.8

Y
WC, LIT 
Search

607-99-8 2,4,6-tribromoanisole Individual Organic Water-treatment waste water treatment musty odour
0.010 - 0.012

0.9939
Y LIT Search

118-79-6 2,4,6-tribromophenol Individual Organic Water-treatment waste water treatment
medicinal, 
hospital odour

30
70

LIT Search

88-06-2 2,4,6-trichlorophenol Individual Organic Water-treatment waste water treatment
medicinal, 
hospital odour

0.001 - 0.21
800

WHO, ENVA, 
HC

615-58-7 2,4-dibromophenol Individual Organic Water-treatment
4

1900
LIT Search

553-82-2 2,4-dichloroanisole Individual Organic Water-treatment
0.004-0.019

76.44
LIT Search

120-83-2 2,4-dichlorophenol Individual Organic Water-treatment
chlorination of phenol 
during water treatment medicinal

2
4500 WHO, HC

96-76-4 2,4-DTBP (2,4-di-tert-butyl-phenol) Individual Organic Man-Made

High-density 
polyethylene pipes, 
crossbonded 
polyethylene pipes and 

l i l hl id  i

500 5.704 LIT Search

5910-85-0 2,4-Heptadienal Individual Organic Natural
VOCs in Biofilm from 
cyanobacteria and algae

150 2805
LIT Search

608-33-3 2,6-dibromophenol Individual Organic Water-treatment
formed during 
chlorination

0.0013
118.6

LIT Search

1984-65-2 2,6-dichloroanisole Individual Organic Water-treatment
0.00004

140
LIT Search

87-65-0 2,6-dichlorophenol Individual Organic Water-treatment
chlorination of phenol 
during water treatment medicinal

3
1900 ENVA

95-56-7 2-bromophenol Individual Organic Water-treatment
formed during 
chlorination

0.024  - 0.1
2227

Y LIT Search

111-76-2 2-butoyethanol Individual Organic Man-Made
possibly from gas 
industry/hydraulic 
f

metallic? 880 64,770 Y LIT Search

766-51-8 2-chloroanisole Individual Organic Water-treatment
0.01433 (air)

490
LIT Search
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Appendix E- Literature review to inform 
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“Inverse modelling” for naturally occurring taint and odour compounds in drinking 
water e.g. geosmin and 2-MIB- Is it feasible? 

Juttner & Watson’s review (2007) is a comprehensive overview of geosmin and 2-MIB in 
source waters. They describe a complex range of research spanning this whole topic. Many of 
the studies reviewed, state the sources of geosmin and 2-MIB as being diverse from benthic 
and pelagic aquatic microorganism, also from terrestrial ecosystems, waste water treatment 
facilities and drinking water treatment plants. Many producers are known to be prokaryotes 
including photo and heterotrophs, although fungi can also be responsible. Their review also 
addressed the confusion between cell-bound and dissolved fractions of these compounds and 
how they respond differently to treatment. Both physical and biological processes 
interconvert these fractions and affect water quality. Tabachek & Yurkowski (1976) 
identified cyanobacteria as the most frequent source of geosmin and 2-MIB in water (rather 
than Actinomycetes), whereas Juttner & Watson (2007) in their review highlight that 
Henatsch and Juttner found an increased summer epilimnion geosmin content in eutrophic 
lake Schleinse which was associated with Streptomycetes and not cyanobacteria, but their 
overall conclusion was that cyanobacteria are the major source of geosmin and 2-MIB where 
photosynthesis is possible. 

Graham et al., (2008), in their comprehensive report providing guidelines for design and 
sampling for cyanobacterial toxins and taste and odour studies in lakes and reservoirs,  
provide a simple table that shows which cyanobacterial species are capable of producing 
which taste and odour agents. Anabaena and Aphanizomenon, are capable of producing 
geosmin, whereas Oscillatoria, Pseudoanabaena and Synechococcus are also capable of 
producing 2-MIB. Another useful study by Watson et al., (2000) concerning two eutrophic 
lakes in Alberta, gave levels of geosmin at 894 and 753 ng l-1 associated with the 
cyanobacterial species Anabaena circinalis,  Aphanizomenon flos aquae and Microcystis 
aeruginosa and levels of 2-MIB at 120 ng l-1. Their study however, although detailing a 
useful technique for quantification of volatile taste and odour compounds, confirmed that 
sample handling and treatment have profound effects on results. Variability in the range of 
concentrations of these agents found within the literature may be confounded by the variety 
of methods used in analysis as well as changes/differences in taxonomic classification and 
identification (Anagnostidis and Komárek (1988) and Komárek and Anagnostidis (1986). 

In order to address the question of the feasibility of back modelling for these compounds, 
there are perhaps five key questions that need to be addressed. These questions concern 
quantification of the microorganisms concerned with the generation of these compounds and 
quantification of elements of their physiology. While it is not possible to pull together all 
elements of information required for a definitive inverse-modelling answer, the following 
provides a useful starting point. 
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 Questions: 

1. Is there a definition of cell numbers of cyanobacteria that equates to a bloom 
situation?  
 

Correll (1999) makes the point that waterbodies from which we derive potable water in the 
UK have been through a transition from oligotrophic to eutrophic, mostly due to 
anthropogenic impacts. The result is that biodiversity is deleteriously affected, mostly by the 
genesis of cyanobacterial blooms, resultant anoxia and concurrent fish kills. Cyanobacterial 
blooms can also be associated with toxin production (Lawton and Codd, 1991). But what 
constitutes a bloom? 

WHO (2003), “Guidelines for safe recreational water environments,” states that scum 
formation becomes more likely at a cell density of 20,000 cells ml-1 and at five times that  
level  (100,000 cyanobacterial cells per ml ) equates to 50 µg chll a l-1 if cyanobacteria 
dominate. Chll a concentration is a widely used measure of cyanobacterial biomass. A peak 
chll a concentration for an oligotrophic lake is 1-10 µg l-1 and a eutrophic lake can reach 300 
µg l-1 (Zohary and Roberts 1990). 

100,000 cyanobacterial cells per ml is a guideline for a moderate health alert in recreational 
waters. At this level, a concentration of 20 µg Microcystis l-1 is likely if the bloom consists of 
Microcystis and has an average toxin content of 0.2 pg/cell or 0.4 µg Microcystin/µg chll a. 
The level of 20 µg Microcystin l-1 is two times the provisional guideline value for 
Microcystin LR in drinking water (WHO 1998). At more than 100,000 cells ml-1, scums can 
aggregate and cause an increase in the local cell density that can increase the toxin 
concentration by a factor of x1000.  

2. What size of cyanobacterial bloom would generate taste and odour? Is there a 
correlation between algal cell numbers and taint? 
 

The aqueous odour threshold concentration for geosmin has been determined as 6-10 ng l-1 
at 450C (Rashash et al., 1997)…customer complaints start at 7 ng l-1 (Simpson & MacLeod 
1991). Visible blooms (scums visible at 20,000 cells per ml) are usually considered as the 
primary source of water odour, but many of the known cyanobacterial producers are not 
planktonic, but benthic and geosmin and 2-MIB seem to come mostly from filamentous 
species (Juttner  and Watson 2007). The seasonal concentration of geosmin has been 
correlated with the abundance of both Aphanizomenon gracile and Anabaena (both 
filamentous). But, in 1999-2006 annual late summer peaks of geosmin in Lake Ontario of 5-
200 ng l-1 showed little consistent relationship with Anabaena lemmermannii in surface 
waters although this is the only likely source. Similarly, geosmin peaks of up to 2000 ng l-1 
in a reservoir outside Tulsa were poorly linked to Anabaena circinalis as reported by the  
Oklahoma Water Resources Board, 2002, in Juttner and Watson (2007). Billica et al., 
(2010) present data for Horsetooth reservoir during a monitoring exercise in 2008-2009 and 
confirm that most monitoring programmes try to establish a correlation between geosmin 
and cyanobacterial concentrations. However, their studies were unable to make such a link. 
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3. Is there data that links cell mass to Geosmin /2-MIB concentrations…how much in 

a cell or water? 
 

Juttner and Watson (2007) in their MINIREVIEW discuss how there is a general lack of 
standardized units among papers reporting production and production rates which should be 
expressed per volume/weight of cells or per unit of chlorophyll a. What information does 
exist relates to cultures which may be of little use in real environments. Environmental 
factors, such as light and temperature, affect production but these alone cannot explain 
substantial differences in concentrations observed in natural conditions. 

It is not possible to identify which species are most often implicated and there has been little 
work on specific species and Volatile Organic Compound Production (VOC) (Juttner and 
Watson, 2007). 

Journey et al. in their chapter concerning the environmental factors that influence 
cyanobacteria and geosmin occurrence in reservoirs make the point that although many toxic 
cyanobacteria can make geosmin and 2-MIB, they generally don’t do this simultaneously 
(Journey et al., 2013; Carmichael, 1994). Toxin is generally associated with a bloom. Less 
frequently, cyanobacterial releases of geosmin and 2-MIB that aren’t associated with 
cyanotoxins have been associated with seasonal periods of high transparency associated with 
heavy zooplankton grazing (Juttner and Watson, 2007).   

When cyanobacteria do produce geosmin, they do so constitutively. There are high and low 
VOC producing strains of the same cyanobacterial species, which means that morphology 
and genotypes of producers and non-producers may be the same (Juttner and Watson, 2007). 
Cyanobacterial taxonomy was thrown into a state of flux with the advent of molecular 
methodologies and the ground breaking work of Rippka et al., (1979). Subsequent changes in 
taxonomy have introduced difficulties into the field of identification that have confounded the 
issue further and made definitive identification an even more skilled art. Misidentification 
may therefore be responsible for seemingly erroneous links between some species/strains and 
geosmin and 2-MIB production. Cyanobacteria do however, only become associated with 
geosmin and 2-MIB production when cells are at a level of visibility i.e. under bloom 
conditions. So, if bloom levels are not present, then likely cyanobacteria are not responsible. 
The mere presence of a VOC producing strain at a site doesn’t necessarily mean that it is 
responsible for geosmin or 2-MIB production or odour, other organisms may be present that 
are capable of producing more. 

Rhodes et al., studying Mc Daniel lake, Missouri, found that geosmin and MIB peaked 
during 2002 when total phytoplankton abundance was highest. A Pearson correlation between 
geosmin and blue-green algae (cyanobacteria) abundance measured on the same day revealed 
a significant association. However, a Pearson correlation between 2-MIB and blue-green 
algae (cyanobacteria) abundance was not significant. Peaks in 2-MIB did however occur 
during years where blue-green (cyanobacteria) abundance was highest. 
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4. Can I find a definition of water/environmental conditions that lead to a bloom? 
 

Chorus and Bartram (1999) in a WHO publication highlight phosphorus as the major nutrient 
controlling the occurrence of water blooms of cyanobacteria in many regions although 
nitrogen compounds are sometimes relevant in determining the amount of cyanobacteria 
present (although some cyanobacteria are not affected by nitrogen limitation as they can fix 
nitrogen….the absence of nitrogen therefore favours growth of these organisms). The lack of 
nitrate therefore is an important factor in determining which species predominate. 

Environmental conditions that lead to a bloom include decreased nitrogen, increased 
phosphorus, low N:P ratio, reduced light, warm water temperatures, greater water column 
stability and longer residence times. 

 Phosphorus is likely to be a nutrient with rate limiting effects on algal growth. Levels as low 
as a few micrograms per litre are likely to lead to algal growth at a level that would support 
cyanobacterial blooms (Correll, 1998). Obviously apart from nutrient input, temperature and 
weather conditions prevail upon cyanobacterial growth and acute bloom episodes generally 
occur in the late summer/early autumnal months, when water temperature has risen and some 
degree of stratification has ensued leading to a warmer hypolimnion layer. 

5. Geosmin release from cell-  rate of release or just when cell lyses? 
 

The biological function of MIB and geosmin are not well known but they occur during active 
growth and extracellular release during stationary periods , cellular senescence or cell lysis  
(Sterner, 1989).The release may be a response to environmental stress as they may deter 
herbivore grazing by pushing grazing pressure onto other strains. 

Wu and Juttner (1988) demonstrated that particulate geosmin occurs in cyanobacteria both 
bound to proteins (membranes) and associated with the cytosol. This may affect how we view 
quantification studies that have employed different extraction protocols, and may account for 
variability in data. One method for transferring cell-bound cyanobacterial VOCs into soluble 
form may be via degradation by heterotrophic microorganisms such as fungi and 
Streptomycetes which further confound identification of causative organisms (Juttner and 
Watson, 2007). Grazing may also convert bound into free forms. Geosmin and 2-MIB are 
relatively stable to chemical and biological degradation and can persist in open water for 
some time (Peter and von Gunten, 2007). 
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Appendix F –     Inverse risk modelling; 
results 
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Loads (L*) required to generate T&O issues before estimated waste water treatment removal 
(see Table 3).  These figures were calculated as follows: 
 

 
 
where L is the mass emitted to the receiving surface water system (post-treatment) and ftreat is 
the fraction removed in sewage treatment as a consequence of the combined effects of 
biodegradation, sorption to sludge and volatilisation predicted for each compound in 
STPWIN (US EPA, 2012). 
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Table F1  Pre-treatment chemical loads required to generate taste and odour threshold concentrations for various compounds assessed using inverse risk 
modelling for the Generic Scenario.  Min and max are the minimum and maximum T&O threshold concentrations identified, respectively.  conv and adv are 
conventional and advanced water treatment technology trains, respectively. River half life = 24 h if readily biodegradable and 240 h if not (see Table 4.3). 
 
Chemical 
 

Load_min_conv (kg/d) Load_max_conv (kg/d) Load_min_adv  
(kg/d) 

Load_max_adv 
 (kg/d) 

EGBE 90.43 90.43 602.87 602.87 
bornyl acetate 6.63 121.96 132.56 2439.12 
Galaxolide 3.28 3.28 81.96 81.96 
Xylene 53.22 478.99 665.26 5987.35 
Phenol 38.54 38.54 481.79 481.79 
TAME (methyl-tert-amylether) 0.91 50.16 4.53 250.82 
2-methylphenol (o-cresol) 0.03 0.18 0.42 2.26 
p-xylene 171.14 322.91 2139.26 4036.34 
o-xylene 119.75 478.99 1496.84 5987.35 
diphenyl ether <0.01 0.07 0.06 2.41 
3-methylphenol (m-cresol) <0.01 0.10 0.02 1.29 
ETBE (ethyl-tert-butylether) 0.12 12.96 0.61 64.79 
p-cresol <0.01 0.03 <0.01 0.32 
iso-propylbenzene 0.02 0.03 0.38 0.55 
MTBE (methyl-tertiary butyl ether) 0.64 19.53 2.58 78.11 
Dicyclopentadiene 0.01 0.30 0.12 3.01 
2-ethyl-4-methyl-1,3-dioxolane (2-EMD) <0.01 <0.01 <0.01 <0.01 
2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) <0.01 <0.01 <0.01 <0.01 

Geosmin 
 

<0.01 <0.01 0.01 0.02 
2-MIB <0.01 <0.01 <0.01 0.01 
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Table F2 Pre-treatment chemical loads required to generate taste and odour threshold concentrations for various compounds assessed using inverse risk 
modelling for the Specific Scenario (Mean Flow).  Min and max are the minimum and maximum T&O threshold concentrations identified, respectively.  conv 
and adv are conventional and advanced water treatment technology trains, respectively.  River half life = 24 h if readily biodegradable and 240 h if not (see 
Table 4.3). 
 
Chemical 
 

Load_min_conv 
 (kg/d) 

Load_max_conv 
 (kg/d) 

Load_min_adv 
 (kg/d) 

Load_max_adv  
(kg/d) 

EGBE 12710.51 12710.51 84736.74 84736.74 
bornyl acetate 533.20 9810.91 10664.03 196218.17 
Galaxolide 263.73 263.73 6593.28 6593.28 
Xylene 7480.54 67324.87 93506.77 841560.90 
Phenol 5417.52 5417.52 67718.95 67718.95 
TAME (methyl-tert-amylether) 127.33 7050.89 636.65 35254.44 
2-methylphenol (o-cresol) 4.71 25.36 58.86 316.96 
p-xylene 24054.98 45386.75 300687.19 567334.32 
o-xylene 16831.22 67324.87 210390.22 841560.90 
diphenyl ether 0.15 5.82 4.85 194.07 
3-methylphenol (m-cresol) 0.27 14.49 3.40 181.10 
ETBE (ethyl-tert-butylether) 17.18 1821.24 85.91 9106.21 
p-cresol 0.05 3.62 0.61 45.27 
iso-propylbenzene 1.85 2.64 30.81 44.01 
MTBE (methyl-tertiary butyl ether) 90.62 2744.57 362.49 10978.26 
Dicyclopentadiene 0.97 24.24 9.69 242.37 
2-ethyl-4-methyl-1,3-dioxolane (2-EMD) 0.04 0.04 0.18 0.18 
2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) 0.04 0.04 0.20 0.20 

Geosmin 
 

0.05 0.09 0.88 1.46 
2-MIB 0.02 0.04 0.27 0.55 
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Table F3  Pre-treatment chemical loads required to generate taste and odour threshold concentrations for various compounds assessed using inverse risk 
modelling for the Specific Scenario (5th percentile flow condition: Q95).  Min and max are the minimum and maximum T&O threshold concentrations 
identified, respectively.  conv and adv are conventional and advanced water treatment technology trains, respectively.  River half life = 24 h if readily 
biodegradable and 240 h if not (see Table 4.3). 
Chemical 
 

Load_min_conv (kg/d) Load_max_conv 
 (kg/d) 

Load_min_adv  
(kg/d) 

Load_max_adv  
(kg/d) 

EGBE 20864.34 20864.34 139095.61 139095.61 
bornyl acetate 88.05 1620.08 1760.96 32401.62 
Galaxolide 43.55 43.55 1088.75 1088.75 
Xylene 12279.33 110513.98 153491.64 1381424.72 
Phenol 8892.87 8892.87 111160.86 111160.86 
TAME (methyl-tert-amylether) 209.01 11574.05 1045.06 57870.26 
2-methylphenol (o-cresol) 7.73 41.62 96.63 520.29 
p-xylene 39486.31 74502.48 493578.92 931280.98 
o-xylene 27628.49 110513.98 345356.18 1381424.72 
diphenyl ether 0.02 0.96 0.80 32.05 
3-methylphenol (m-cresol) 0.45 23.78 5.57 297.28 
ETBE (ethyl-tert-butylether) 28.20 2989.57 141.02 14947.86 
p-cresol 0.08 5.94 1.00 74.31 
iso-propylbenzene 0.31 0.44 5.09 7.27 
MTBE (methyl-tertiary butyl ether) 148.76 4505.21 595.03 18020.85 
Dicyclopentadiene 0.16 4.00 1.60 40.02 
2-ethyl-4-methyl-1,3-dioxolane (2-EMD) 0.01 0.01 0.03 0.03 
2-ethyl-5,5-dimethyl-1,3-dioxane (2-EDD) 0.01 0.01 0.03 0.03 

Geosmin 
 

0.01 0.01 0.14 0.24 
2-MIB <0.01 0.01 0.05 0.09 
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Appendix G –    Highest recorded taste 
and odour threshold 

198 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table G.1   Highest recorded taste and odour thresholds for the compounds examined in this 
project.   
 
 

Compound Highest Recorded T & O 
Threshold (µg l-1) 

2-EMD / 2-EDD 0.01 
Bornyl Acetate 1380 

Galaxolide 5 
EGBE 880 

p-xylene 1000 
o-xylene 1800 
xylene 1800 
phenol 300 
TAME 443 

2-methylphenol 1.4 
Diphenyl ether 0.5 
3-Methylphenol 0.8 

ETBE 106 
4 - Methylphenol 0.2 
Iso-propylbenzene 0.1 

MTBE 212 
Dicyclopentadiene 0.025 
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