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Sammanfattning

IVL Svenska Milj6institutet har pd uppdrag av Naturvirdsverket genomfort en sk screening av
adipater. Adipater dr en grupp dmnen som ofta anvinds som alternativ till ftalater och férekommer
som bl a mjukgdrare och smorjmedel i flera olika produkttyper. De adipater som ingick i studien
var foljande: dietyl-, di-iso-butyl-, dibutyl-, di-(2-etylhexyl)- (DEHA), dioktyl-, didecyl-, di-iso-oktyl-
och di-iso-decyladipat. Det finns idag inga restriktioner gillande anvindningen av adipater i Sverige,
och trots att ingen produktion férekommer inom landet si importeras stora kvantiteter, bide som
rena imnen/kemiska produkter samt sannolikt dven i from av firdiga konsumentprodukter
och/eller halvfabrikat. Adipater 4r littnedbrytbara bide i miljon och i organismer. Vissa
indikationer pé toxicitet finns dock och det 4r méjligt att omfattande anvindning kan leda till
koncentrationer som dr tillrickligt hoga for att utgdra en risk foér levande organismer och for
miljén. Det dr dirfor av intresse att kartligga férekomsten av adipater i den svenska miljon.

Huvudsyftet med studien var att bestimma koncentrationer i olika matriser i miljon, att belysa
viktiga transportvigar samt att bedoma sannolikheten for péigiende emissioner i Sverige. Ett
yttetligare syfte var att bedéma omfattningen av atmosfirisk transport samt upptag i biota. Studiens
resultat skall kunna bidra med underlag f6r beslut om vidare miljé6vervakning av dessa dmnen.

En provtagningsstrategi utarbetades utifrin dmnenas férdelningsegenskaper samt moijliga killor till
utslipp. Potentiella punktkillor, diffusa killor (reningsverk), urban miljé samt bakgrundsstationer
valdes ut, och provtagning utférdes i luft, vatten, slam, sediment och fisk. For att underséka
potentialen f6r human exponering, analyserades dven 40 prover av brostmjolk. Elva linsstyrelser
deltog i studien och bidrog med ytterligare 66 prover for analys. Det totala antalet prover som
analyserats inom studien framgar av tabellen nedan.

Program Luft Vatten Sediment Slam Biota Brostmjolk Totalt

Nationellt 12 14 17 4 12 40 99

Regionalt - 17 10 37 2 - 66
Totalt 12 31 27 41 14 40 165

DEHA var den enda adipat som kunde detekteras frekvent i proven. Detta Gverensstimmer vil
med data 6ver konsumtion inom Sverige, dir den registrerade konsumtionen av DEHA utgér 50-
90% av den totala adipatanvindningen (den registrerade anvindningen har under de senaste dren
skiftat nagot mot andra adipater). DEHA hittades i slam, sediment och fisk samt i ett enstaka
vattenprov (obehandlat lakvatten frin deponi).

Foérutom DEHA kunde di-iso-butyladipat detekteras i tvd regionala slamprover. Di-decyladipat
hittades i fyra slamprover och ett sedimentprov frin det regionala programmet.

Inga adipater kunde detekteras i luft. Inga adipater kunde detekteras i bréstmjolk.
Resultaten fran mitningarna i slam, sediment och fisk tyder pa att industriomradet i Stenungsund

samt plast/gummiindustrin i Gislaved utgdr méjliga punktkillor f6r adipater, framfor allt DEHA.
Dessa indikationer utgjordes av:
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e [ Stenungsund hittades f6rhojda halter av DEHA framfor allt i sediment utanfér
industriomradet, men dven i prover av tanglake av hankén. Koncentrationerna i
yngel och honor av tanglake var dock i nivi med uppmitta koncentrationer i sill
och strémming frin bakgrundsomraden.

e DEHA detekterades i slam fran det industriella reningsverket vid plastindustrin i
Gislaved samt i fisk frin samma omrade i koncentrationer som var upp emot 3
ganger hogre dn uppmitta koncentrationer i bakgrundsfisk. DEHA detekterades
diremot inte i sediment, men detektionsgrinserna var hdgre dn uppmitta
koncentrationer i bakgrundsprover av sediment.

Resultaten frin den regionala screeningen i slam samt de f6rhéjda halterna i urbana sediment tyder
p4 att anvindning i hushdll och konsumentprodukter ir en viktig killa f6r férekomsten av DEHA 1
den svenska miljén. Inget tydligt samband mellan koncentration av DEHA och befolkningstithet
(dvs storlek pa reningsverk) kunde péavisas. Vilka faktorer som styr férekomsten av DEHA 1 slam ér
dirmed okint.

Den generella frainvaron av adipater 1 luft bekriftar att dessa dmnen snabbt avligsnas frin
atmosfiren via sorption till partiklar f6ljt av deposition eller via atmosfirisk nedbrytning. Adipater
har dirmed ej potential f6r lingviga atmostirisk transport och lokala killor dominerar sannolikt
utslippen till milj6n.

DEHA kunde inte detekteras i vatten férutom i ett prov. De uppmitta koncentrationerna i fisk frin
bakgrundsstationer tyder dock pda att DEHA kan finnas i den l6sta vattenfasen i halter i samma
stotleksordning som detektionsgrinsen, varfér det dr mojligt att DEHA férekommer hidr, om 4n 1
koncentrationer som dr ligre dn detektionsgrinsen. DEHA har dven pavisats i vatten 1 tidigare
studier. Dessutom ger den generella férekomsten i bide fisk och sediment en tydlig indikation om
att DEHA faktiskt emitteras till den akvatiska milj6n.

Trots att adipater inte dr sdrskilt persistenta, kan den omfattande anvindningen innebira att de
lokalt kan uppnd héga koncentrationer 1 miljén. D4 det inte finns ndgra restriktioner gillande
anviandningen, dr det inte sannolikt att utslippen kommer att minska under den nirmaste tiden.
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Summary

As an assignment from the Swedish Environmental Protection Agency, IVL has performed a
screening study of adipates. Adipates are group of chemicals commonly used as alternatives to
phthalates and occur as plasticizers, lubricants etc. The adipates included in the study were diethyl,
di-iso-butyl, dibutyl, di-(2-ethylhexyl) (DEHA), dioctyl, didecyl, di-iso-octyl and di-iso-decyl adipate.
There is no restriction on the use of adipates in Sweden, and although there is no production within
the country, they are imported in large quantities, both as pure chemicals and most probably also
within consumer products. The adipates are fairly reactive substances, which readily degrade both
in the environment and in organisms. However, there are indications of toxicity of these chemicals
and it is possible that extensive use may result in concentrations high enough to pose a risk to living
organisms and the environment. Thus, it is of interest to map the present occurrence of adipates in
the Swedish Environment.

The overall objectives of the screening were to determine environmental concentrations in a variety
of environmental media in the Swedish environment, to highlight important transport pathways,
and to assess the possibility of current emissions and/or human exposure in Sweden. A further aim
was to investigate the likelihood of atmospheric transport and uptake in biota. The outcome of the
study is aimed to serve as a basis for decision-making regarding monitoring activities of these
chemicals.

A sampling strategy was set up based on the partitioning properties and possible sources of these
compounds. Potential point sources, diffuse sources (sewage treatment plants), urban sites as well
as background sites were selected, and sampling was performed in air, water, sludge, sediment and
fish. In order to investigate human exposure, 40 breast milk samples were also analysed. Eleven
county administrative boards participated in the study and provided 66 additional samples for
analysis. The total number of samples analysed in the study are shown in the table below.

Air Water Sediment Sludge Biota Breast Total
Programme ;
milk
National 12 14 17 4 12 40 99
Regional - 17 10 37 2 - 66
Total 12 31 27 41 14 40 165

DEHA was the only adipate frequently detected in the samples. This is consistent with information
on usage in Sweden, where the registered DEHA consumption represents 50-90% of the total use
(the registered consumption has shifted towards other adipates in the last few years). It was found
in sludge, sediment and fish and in one single water sample (untreated landfill leachate).

Besides DEHA, di-iso-butyl adipate was detected in two regional sludge samples, and di-decyl
adipate was found in four sludge samples and one sediment sample from the regional programme.

No adipates were detected in air. Adipates were not detected in human breast milk.
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The results from sludge, sediment and fish, however, point out two potential point sources; the
industrial area in Stenungsund and the plastics/rubber production plant in Gislaved. The
indications for these two sites as point sources were:

e In Stenungsund, elevated concentrations of DEHA were mainly found in
sediments outside the industrial area, but also in male eelpout samples. The
concentrations in female and young eelpout were, however, comparable to
background concentrations in herring.

e DEHA was detected in sludge from the industrial STP at the plastics/rubber
production plant in Gislaved and in fish from the same area in levels up to 3 times
higher than background concentrations. It was not detected in sediments but
detection limits were higher than the concentrations found in background
sediments.

Results from the regional screening in sludge as well as the observed elevated concentrations in
urban sediment samples indicate that diffuse domestic usage in household products is an important
source for the environmental occurrence of DEHA. No clear correlation with population density
was observed, thus the factors governing the occurrence of DEHA in sludge remain unclear.

The general lack of adipates in air confirms that these substances are quickly removed from the
atmosphere both via sorption to particles followed by deposition or via atmospheric degradation.
Thus, adipates have no potential for long-range atmospheric transport and local sources are likely
to dominate the release into the environment.

It is surprising that DEHA was not generally found in water. The measured concentrations in fish
from background stations indicate that DEHA could be present in the dissolved water phase in
concentrations compatable to the detection limit. It has also been found in water samples in other
studies. In addition, the general occurrence in both fish and sediments gives a clear indication that
DEHA does enter the aquatic environment.

Despite that adipates are not very persistent chemicals, their high usage and their occurrence in
sediments and fish indicates that they locally may reach high levels. Considering that there are no
restrictions of their usage, the environmental releases of adipates are not expected to cease in the
near future.
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1 Introduction

As an assignment from the Swedish Environmental Protection Agency, IVL has performed a
"Screening Study". This screening, which was catried out during 2004/2005, includes the following
substances: adipates, octachlorostyrene, limonene, siloxanes, mirex, endosulfan and isocyanates.
The different substances or groups of substances are emitted to and spread in the environment via
a variety of sources, e.g. point sources and use in products. Some of the chemicals are commonly
used internationally and/or in Sweden.

The seven chemicals or chemical groups studied have been identified as potentially toxic,
bioaccumulative and/or persistent. Some ate also included on different international/national
priority lists. Table 1 shows an overview of the chemicals included and the main reasons for their
concern.

Table 1. Overview of chemicals included in the screening 2004 and the reason for their concern
(Loh et al., 2003; Andersson, 2004; OSPAR, 2005; UNEP, 2005). The chemicals
considered in the current report are written in bold/italic letters.

. . Banned/ a Indications Evidence Internationa
Chemical Chemical type Restricted HPV of toxicity for B/P® | Priority List
Adipates Additive No X X

Candidate
Octachloro- Unintentional PRIO- X x for the
styrene by-product substance® Stockholm
convention
Cleaning agent
Limonene (also naturally X
occurring)
Lubricant,
Siloxanes mdmuigzlalraw PRIO- X X X OSPAR
L substance® (HMDS)
chemical
additive
Mirex Pesticide Banned X X Stockho_lm
convention
WFD,
OSPAR,
Endosulfan Pesticide Banned X X Candidate
for the
Stockholm
convention
Isocyanates Industrial raw Regulated X X OSPAR‘

material

@ High Production Volume

®) Bioaccumulation/Persistence

9 The chemical is included on Swedish Chemicals Inspectorate’s PRIO-list, and is identified as a “phase-out-chemical”
9 Concerns 3,3'-(ureylenedimethylene)-bis-(3,5,5-trimethylcyclohexyl) diisocyanate

The overall objectives of the screening were to determine concentrations in a variety of media in
the Swedish environment, to highlight important transport pathways, and to assess the possibility
of current emissions in Sweden. A further aim was to investigate the likelihood of atmospheric
transport and uptake in biota. The outcome of the study is aimed to serve as a basis for decision-
making regarding monitoring activities of these chemicals.
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Due to the variety in emission sources and use as well as differences in chemical properties, the
screening has been carried out in seven sub-projects. This report concerns the results for adipates.
Results for the other chemicals are presented in subreports 2-6.
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2 Physical-chemical properties, fate and
toxicity

Adipates belong to a group of substances formed through esterification of adipic acid with various
alcohols. The adipates included in this study are diethyl, di-iso-butyl-, dibutyl-, di-(2-etylhexyl)-
(DEHA), dioctyl-, didecyl-, di-iso-octyl- and di-iso-decyl adipate (Table 2). Di-iso-octyl and di-iso-
decyl adipate are isomeric mixtures, all others are single substances. All commercial adipates are
brightly coloured, oily and odoutless substances and have physical-chemical properties according to

Table 3.

Table 2. Adipates included in the study.

Name CAS # Structure
0
Diethyl adipate 141-28-6 —~0 )W\W O —
o]
i \)\
Di-iso-butyl adipate 141-04-8 \(\OJ\N\[{O
o]
o]
Dibutyl adipate 105-99-7 MOMOW
o]
o
Di(2-ethylhexyl) adipate oa. OM(/V\
o)
Di-n-octyl adipate 123-79-5 /VVV\OMOVV\/V
o
0]
Didecyl adipate 105-97-5 /\/\/\/\AOMO\/\/\/\/\/
o]
Di-iso-octyl adipate o

isomeric mixture MOM
The structure presented is 1330-86-5 YWO
one isomer only

Di-iso-decyl adipate o]
isomeric mixture MOM
The structure presented is 27178-16-1 Wo s

one isomer only
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Table 3. Physical-chemical properties of adipates (HSDB 2004, Chemfinder 2004).

" Wsol mg/L Ve (Mmm H (atm BCF

Amne MW °C) Hg) m¥moly P9 Kew | g Koe
Diethyl adipate 202.25 4230 (20°) 0.058 (25°) 3. 6x10° 6 45
Di-iso-butyl 258.36 Insoluble

adipate

Dibutyl adipate 258.36

Di-(2-ethylhexyl) Insoluble 8.5x107 7 5.7x10
_adipate (DEHA) 370.57 0.78 (22°) (20°) 4.34x10 >6.11 27 2
Di-n-octyl o 8.5x1077 5
adipate 370.57 0.78 (22°) (20°) 27 5x10
Didecyl adipate 426.68

Di-iso-octyl 2.6x10° "

adipate 370.57 (20°) 5.2x10 8.1 60
D|—-|so-decyl 426.68

adipate

Explanations: Wsol is the solubility of phthalates in water. V, is the vapour pressure. H (atm m3*/mol) is the Henry’s
law constant. K, is the octanol-water partition coefficient. BCF is the bioconcentration factor. K, is the organic carbon
normalised solid-water partition coefficient in L/kg.

The vapour pressures (Table 3) show that DEHA, dioctyl adipate and diisooctyl adipate in the
atmosphere may exist both in the gas- and particle phases. Diethyl adipate, which has the highest
vapour pressure, is expected to exist mainly in the vapour phase. Adipates ate removed from the air
via dry and wet deposition or via degradation, which mainly takes place through reactions with
hydroxyl radicals. Direct photolysis is also a possible degradation route, because of functional
groups that absorb UV-light. Diethyl adipate is the most stable (Table 4) and is the only adipate that
has potential to be transported long distances in the atmosphere (HSDB, 2004).

Except for the diethyl adipate, the adipates generally have high Koc-values (Table 3) and may sorb
to organic carbon. When released to soil, DEHA, dioctyl adipate and diisooctyl adipate are
considered to be immobile, whereas diethyl adipate is expected to have a high mobility. Some
adipates may vaporise from soil, in particular diethyl adipate, which has a high vapour pressure and
a high Henry’s law constant. Biodegradation is expected to be an important route of removal from
soil for most adipates (HSDB, 2004).

In the water environment DEHA, diisoctyl adipate and dioctyl adipate will to a large extent sorb to
particles and end up in the sediment. The transport of these adipates via water is thus expected to
be limited (HSDB, 2004). However, all adipates are esters which enable them to undergo hydrolysis,
thus increasing their water solubility and enhancing transport in water (Table 4). Final hydrolysis
products of DEHA are 2-ethylhexanol and hexanedioic acid and for dioctyl adipate, octanol och
adipic acid (HSDB, 2004). Adipates are readily degraded by microorganisms (HSDB, 2004).

10
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Table 4. Half-life (t1,2) of adipates when reacting with hydroxyl radicals in air and
for hydrolysis in water (HSDB, 2004).
t1/2:Water
Adipate ti/2,air
pH 7 pH 8
Diethyl adipate 2 days 1.7 years 64 days
Di-(2-ethylhexyl) adipate 0.63 days 3 years 120 days
Dioctyl adipate 0.67 days 5 years 170 days
Di-iso-octyl adipate, 16 h 75 days 2 years

(isomeric mixture)

A modelling exercise was performed using the Equilibrium Criterion (EQC) model (Mackay et al.,
1996) in order to highlight the likely fate and partitioning behaviour of adipates. Based on data on
consumption and environmental occurrence in Sweden, DEHA was used as a model substance for
the fate assessment. Physical-chemical properties were taken from Table 3. The degradation half-
lives used were as follows; air: 17 h, water 170 h, soil 550 h and sediment 1700 hours. These half-
lives were based on degradation (chemical and biological) data obtained from various sources (e.g.
HSDB 2004; US EPA, 2005), as well as estimated data using the EPIWIN software (Meylan, 1999)
and classified according to Mackay (2001). Emission rates were set to 1000 kg/h, only for
illustrative purposes. The outcome of the modelling exercise is shown in Table 5.

Table 5. Results from EQC modelling of DEHA, using emission rates of 1000 kg/h

Emission Percentage Percentage Percentage Percentage in Persistence
medium in air in water in soil sediment (h)
Air 6 2 83 9 224
Water <0.001 17 <0.01 83 811
Soil <0.01 <0.01 100 <0.01 794
All three <1 8 54 38 609

The numbers in the table should be regarded as indicative, as they are dependent on model
structure as well as chemical property data. However, the results indicate that the persistence of
DEHA is generally low (<30 days when emitted to all media), and it is efficiently removed from the
system through degradation. DEHA is predicted to partition mainly to soil and sediments. When
emitted to air or water, a larger proportion is predicted to partition to these particular
compartments, and DEHA may thus be available for advection out of the system.

This exercise emphasises the short residence time of DEHA in the environment and its low
mobility when released to soils. As DEHA and other adipates are used in a large variety of
products, emissions are likely to occur via different pathways; i.e. via air, water or even directly to
soil.

There is only limited information about the toxicity of adipates available. Two adipates that have
raised concern for environmental effects are DEHA and diethyl adipate. DEHA has structural
similarities to other chemicals, which have proven carcinogenic properties and DEHA is therefore
considered to be a potential carcinogen (HSDB, 2004). U.S. EPA has a limit for DEHA in drinking
water of 0.4 mg/L and an oral reference dose (RfD) of 0.6 mg/kg/day (US EPA, 2004). Diethyl
adipate is irritating at dermal exposure and has shown reproductive effects in laboratory
experiments. Di-iso-octyl adipate and dioctyl adipate are considered slightly acute and chronically

11
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toxic, but there is still limited data to support these findings. Dioctyl adipate is also irritating to skin
and eye. Di-iso-butyl adipate is moderately toxic at intra-peritoneal (IP) exposure, mildly toxic when
ingested with food and has experimentally shown teratogenic effects (HSDB, 2004). Ecotox data
are according to Table 6 (US EPA, 2004).

Table 6. Ecotoxicity data (US EPA, 2004).

. . . . . Conc
Adipate Endpoint Scientific name Duration (ug/1)
Diethyl- LC50 Pimephalis promelas 48 h 17300
Diethyl- EC50 Behaviour  Pimephalis promelas 48 h 16900
Dibutyl- LC50 Pimephalis promelas 96 h 3640
DEHA LC50 Daphnia magnha 48 h 660
DEHA LC50 Pimephalis promelas 96 h 780
DEHA LC50 :leglzg;astrum capricornutum, (green 96 h 780
DEHA Reproduction Daphnia magna (zooplankton) 21d 24-52
DEHA Growth Daphnia magna 21d 24-52

Bioconcentration factors (BCF) are generally low for adipates despite rather high log Kow-values
(e.g. 8.1 for di-iso-octyl adipate; HSDB, 2004). The low bioconcentration is presumably due to
degradation by organisms that absorb them. The strong sorption capacity of adipates (see above)
also reduces their bioavailability. DEHA only has the potential to bioaccumulate in aquatic
organisms, which lack the ability to degrade the molecule (HSDB, 2004).

12
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3 Production, use, emissions and regulation

Adipates are not produced in Sweden, but they are imported and used in large amounts. (Figure 1).
They are commonly used as alternatives to the well-studied phthalate esters as plasticizers. The
adipates with the largest use are DEHA, di-iso-decyl adipate och di-iso-butyl adipate. DEHA is
used as a plasticizer and in lubricants, glue, scotch-tape, and sealants. Di-iso-butyl adipate is mainly
used in paint, laquers and fernish. Di-iso-octyl adipate and di-iso-decyl adipate are used in e.g.
hydraulic liquids, lubricants and as chemical additives.
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Figure 1. Use of adipates in Sweden (including export; SPIN, 2005).

The group “others” (Figure 1), does not include diethyl adipate nor didecyl adipate as their uses are
confidential. The export of different chemical products containing adipates was limited in 2002;
thus the majority of adipates registered in SPIN is used within Sweden (SPIN, 2005). Adipates are
used in a large amount of products and application areas (Table 7).

Table 7. Number of chemical products containing adipates in Sweden (SPIN, 2005)

vear Diputyl Di—isp—butyl Di(_2—ety|hexy|) Dipctyl Di—is_o—octyl Di—isp—decyl Total
adipate adipate adipate, DEHA adipate adipate adipate

1999 11 14 128 3 6 19 181

2000 9 13 115 4 6 20 167

2001 7 15 135 4 9 24 194

2002 7 16 141 9 10 26 209

2003 7 20 158 8 9 12 214

As evident from Figure 1 and Table 7, DEHA is the adipate most commonly used in Sweden, but
di-iso-decyladipate is also becoming increasingly important. The equivalent of DEHA in the
phthalate group is di-(ethylhexyl)-phthalate (DEHP), for which the consumption has decreased
from 12000 tonnes (201 preparations) in 1999 to 1600 tonnes (149 preparations) in 2003 (SPIN,
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2005). The consumption of phthalates is thus still larger than the adipate consumption, although
the phthalate use is decreasing.

The large number of products and application fields indicate that apart from import of adipates as
pure chemicals and chemical products, they may also to a large extent be imported in consumer
products. The vast occurrence in consumer products may also result in diffuse emissions from
products during use as well as in the “waste stage”. The amount of adipates reaching the
environment is therefore presumably larger than estimates based on data from the SPIN database.
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4 Previous measurements in the environment

Adipates have mainly been measured in water. Swedish studies of adipates are rare (Loh et al.,
2003), but Paxéus (1996) found DEHA in sewage water from three Swedish STPs. Table 8 shows a

summary of previous measurements of adipates in different matrices in the environment.

Table 8. Measured concentrations of adipates in various matrices in the environment.

Bis(2-
metyl- Mono(2- Di-octyl
Matrix Country Site Y DEHA ethylhexyl-) octy Reference
propyl) . adipate
. adipate
adipate
Indoor USA Office building 2.0 HSDB, 2004
air ng/m
Tap water, Tobata-
Japan ku, Kitakyushu 77 ug/L HSDB, 2004
Philadelpiha 0.002
USA treatment plant ug/L HSDB, 2004
Drinking New Orleans,
water USA treatment plant 0.1 ng/L HSDB, 2004
Evansville, pilot Detected,
USA ot P not HSDB, 2004
P quantified
USA Miami 20 pg/L HSDB, 2004
Delaware river, 0.02-0.3
USA 1976.77 ug/L HSDB, 2004
Monatiquot river, 1-30
USA 1973 ng/L HSDB, 2004
Lake Itasca,
Surface USA Minnesota, 1984 130 ng/L HSDB, 2004
water Mississippi ri
ississippi river,
USA New Orleans,1984 35 ng/L HSDB, 2004
. - Nd — 86
USA 14r:\r;gfzt;':i‘r'1'zed ng/L HSDB, 2004
(n=204)
Henriksdal STP .
. Sweden Stockholm 3 pg/L 12 pg/L 3 pg/L Paxéus, 1996
ewage
GRYYAB STP
water Sweden Goteborg - 20 pg/L 2 ug/L d.o.
Sweden  Sjélunda STP Malmoé - 9 pg/L 3 ug/L d.o.
Percolate Sweden Hyllstofta Landfill 3.3 pg/L HSDB, 2004
water
Detected,
Sediment USA Boston not
quantified

DEHA has also been detected in human tissues. It was found in 1 out of 8 samples from humans at
the age of 1-14, 4 out of 8 samples from humans between 15 and 44 years and in 3 out of 8 samples

from people older than 45 years (HSDB, 2004).
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5 Sampling strategy and study sites

5.1 National

A national sampling strategy was developed in order to determine the concentrations of adipates in
different environmental matrices in Sweden. An additional aim of the sampling was to identify
major emission sources as well as important transport pathways. The sampling programme was
therefore based on identified possible emission sources and use of the chemicals as well as on the
behaviour of the substances in the environment. The programme included both measurements in
background areas and close to potential point sources. Measurements of diffuse emission pathways
from the society such as sewage systems and urban areas were also included. Human breast milk
samples were analysed in order to investigate the potential for human uptake. The sampling
programme is summarised in table 9.

Table 9. National sampling programme

Site Air Water Sediment Sludge Fish Brﬁ?lft Total

Background
R&6 3 3
Various 5 6 40 51

Point source

Stenungsund (various
industries)

Gislaved (plastic and rubber
plant)

Diffuse sources

STP Henriksdal 3 1
STP Eslov 3 1
STP Floda

Stockholm 3 6

Landfill leachate from
Hoégbytorp, Upplandsbro

Compost leachate, Borlange 1

Total 12 17 18 4 12 40 102

R N © W » b

Two industrial sites were selected as possible point sources for adipates; one with plastics and
former rubber production (Gislaved) and one with various industries such as chemical and plastics
production (Stenungsund). As diffuse sources, three wastewater treatment plants were selected,
which are all included in the Swedish Environmental Protection Agency’s monitoring programme
for environmental pollutants in sludge (Naturvirdsverkets miljéovervakningsprogram av miljogifter
i1 slam). In addition, three samples of percolate water were taken; two from a landfill in
Upplandsbro (one untreated and one treated) and one from a compost in Botlinge. Diffusive
pathways were also studied in an urban area in Stockholm, where air and sediment samples were
collected.
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In order to determine background levels; air, sediment and biota samples were collected. The
locations of the sampling sites are shown in Figure 2. The sampling station Ra6 is also a part of the
national monitoring programme for air pollutants and included in the EMEP network. The
sediment samples were collected at off shore stations in the Baltic Sea (SGU, Ingemar Cato). The
biota samples were collected at background sites used within the national monitoring programme
of contaminants in biota (NRM, Anders Bignert).

e @ggf é}?"iﬁ Vet S
ks
&

&
=
#

At

Sampling

biota
4 air %
e sediment i~ fur

Figure 2. Geographical distribution of background and urban sampling stations

5.2 Regional

A regional screening programme was carried out by different Swedish county administrative boards
that had the possibility to collect and send samples to IVL for analysis. Different counties have
chosen different strategies for their regional sampling scheme.

The selection of the "regional" samples was meant to increase the number of samples for
substances connected to their environmental programmes i.e. substances that have been regulated
or included in the national priority database. Another strategy was to choose substances where
environmental levels are expected to differ from national levels because of intensive use within the
county i.e. local industrial areas or because of geographic proximity to European industrial areas.
Furthermore, the aim of the regional sampling was to identify major emission sources as well as
important transport pathways.

Eleven county administrative boards participated in the regional sampling programme with
a total of 66 samples consisting of two fish samples, ten sediment samples, 37 sludge
samples and 17 water samples.
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6 Methods

6.1 Sampling

A manual was developed as a guideline for adequate and consequent sampling. This manual was
used both in the national and in the regional screening programme. Detailed instructions for
sampling, storing and transport were given. Sampling protocols for all sample types were included
in the sampling manual. The overall aim of the sampling protocols was to:

1. Guide the personnel responsible for sampling on how to avoid contamination of the samples.

2. Ensure documentation of the sampling procedure, quality of the sample and environmental
and physical circumstances during the sampling.

All samples from the regional county administrative boards were sent to IVL Swedish
Environmental Research Institute for analysis.

6.1.1Air

Air samples were collected by pumping air through two adsorbent tubes in series containing

Tenax™. The airflow was between 50 and 100 ml/min. Sampling proceeded for 24 hours. An
additional adsorbing tube used as a field blank was sent back to the laboratory unexposed.

6.1.2 Water

Water samples wete collected in pre-heated (400°C) glass bottles fitted with aluminium foil lined
screw caps and stored in a refrigerator until analysed. A bottle with ultra pure water (Milli-Q),
which was exposed to the surrounding environment during the sampling time, was used as a field
blank. The samples were acidified with phosphoric acid (3 M) immediately after collection in order
to avoid biodegradation of the adipates.

6.1.3Sediment

Sediment samples from lakes or sites close to the coast were collected by means of a Kajak sampler.
The sediment core was sliced and transferred into pre-heated (400°C) glass jars fitted with
aluminium foil lined screw caps and stored in a refrigerator until analysed. A glass jar containing
modified diatomaceous earth (Isolut HM-N) was used as field blank. The field blank was exposed
to the surrounding environment during the sampling time.

The four marine sampling sites (O Gotlandsdjupet, O Oland, Norrkdpingsdjupet, O
Landsortsdjupet) were chosen from areas with continuous deposition of fine-grained sediment.
These sites were identified with hydroacoustic methods (shallow seismic, sub-bottom profiler and
chirp side-scan sonar). Prior to sampling, the bottom at the sampling site was inspected with a
submarine video camera. Furthermore, a sediment-core from the site was X-rayed with a sediment-
scanner (Cato et al. 2000) in order to detect unwanted physical disturbances as strong bioturbation,
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anchoring, trawling, etc. Sites, which fulfilled the sedimentological demands set up, were then
sampled with a Gemini corer and the cores were sliced in vertical position with a core-cutter
onboard. Surface sediments (0-1 cm) from four cores taken at each site were mixed in order to
neutralise sediment inhomogenities. The samples collected were stored dark and frozen in pre-
cleaned and burned glass bottles.

6.1.4 Sludge

The staff at the different sewage water treatment plants collected the sludge samples from the
anaerobic chambers. The sludge was transferred into pre heated (400°C) glass jars fitted with
aluminium foil lined screw caps and stored at 4°C or -18°C until analysed. A glass jar filled with
modified diatomaceous earth, which was exposed to the surrounding environment during the
sampling time, was used as a field blank.

6.1.5 Fish

The fish samples were collected by means of fishing net, a hoop net or a fishing rod. Samples of
herring from background stations were supplied from The Environmental Specimen Bank at the
Museum of Natural History. Fish samples were individually wrapped in aluminium foil and stored

in a freezer (-20°C).

6.1.6 Breast milk

Human breast milk samples were provided by The University Hospital of Lund (Department of
Occupational and Environmental Medicine). The sampling strategy and methodology have been
described elsewhere (Appelgren 2005, in prep.).

The samples were acidified with phosphoric acid (1 M; 125 pl/ml) immediately after collection in
order to avoid enzymatic hydrolysis of the adipates (David and Sandra 2001; Calafat et al., 2004).
The chemicals added to the samples, phosphoric acid, heparin and EDTA, were checked for
contamination prior to use by means of GC-MS. The samples were stored in a freezer (-80°C) and
were transported to the IVL laboratory in Stockholm on dry ice. The obtained samples were
marked with numbers and carried no personal information or medical history.

6.2 Analysis

6.2.1 Chemicals

The solvents (HPLC-quality) acetone, hexane, metyl-zr#butylether (MTBE) were delivered from
Rathburn Chemical Ltd. (Peeblesshire, Scotland). Solid phase columns containing modified silica
sorbent (octadecyl and aminopropyl) were delivered from International Sorbent Technology Ltd.
(UK). Sodium sulphate and silica gel was delivered from Merck and pre-heated (400°C) prior to
use. All solvents, chemicals and equipment were checked by GC-MS before use. Ultra pure water
was produced by a Milli-Q plus equipment (Millipore Corporation, Bedford, MA, USA). Surrogate
standards used for quantification were di-#-propyl-, di-zso-propyl-, di-allyl- and di-#-nonyl adipate
(delivered by TCI Europe, Belgium). The analytes diethyl-, diisobutyl- and di-n-butyl- were
delivered by Aldrich. DEHA was obtained from Fluca and finally di-iso-octyl-, di-n-nonyl- and di-
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n-octyl adipat from Chiron (Trondheim, Norway). The volumetric standard biphenyl was delivered
from AccuStandard.

6.2.2 Extraction

The Tenax™ column used to trap adipates in air was eluted with hexane:MTBE. Before GC-MS
analysis, the eluate was concentrated to a final volume of 0.5 ml and spiked with a volumetric

standard (biphenyl).

Sludge and sediment samples were centrifuged prior to extraction, in order to separate the water
from the solid material. Surrogate standards and phosphoric acid were added and mixed carefully.
The sample was extracted with (a) acetone, (b) acetone:MTBE and c) acetone:pentane:MTBE. The
pooled extract was diluted with the pore water and ultra pure water to obtain 25 % acetone in
water. The extract was mixed carefully. After phase separation the organic extract was safeguarded.
The water phase was extracted once more with a mixture of pentane and MTBE. The combined
extract was subjected to clean-up prior to GC-MS analysis (described below).

Each water sample (750 ml) was spiked with surrogate standards and extracted twice with
pentane:MTBE (100 + 50 ml). The extracts were combined, dried over sodium sulphate and
concentrated with a gentle stream of nitrogen. This extract was subjected to clean-up (described
below).

Fish samples (muscle, 10 g) were homogenised in acetone and agitated for 30 min. The acetone was
safeguarded and the samples were extracted twice with hexane:MTBE. The extracts where
combined and the acetone was removed by shaking with water for 5 min. The extracts were dried,
concentrated and the solvent changed to hexane prior to clean-up.

Breast milk samples (10 ml) were thawed and mixed with acetonitrile (20 ml). Sodium chloride (10
@) was added and the samples were agitated for 5 min. The acetonitrile was safeguarded after
centrifugation. Ultra pure water (60 ml) was added to the acetonitrile extracts and the mixture was
extracted twice with hexane:MTBE. Blanks (ultra pure water) were included for each batch of
samples extracted, following the same analytical procedure as the samples. The extracts were
subjected to clean-up prior to GC-MS analysis.

6.2.3 Clean-up of sample extracts

Large amounts of natural organic compounds are co-extracted with the analytes. Therefore, an
effective clean-up method is needed to obtain a low detection limit. Clean-up was performed on
three different columns: (a) silica gel, (b) aminopropyl and (c) aluminium oxide containing AgNOs.
Elution was carried out using the same solvents for the three columns: fraction F-1 (hexane) and
fraction F-2 (hexane: MTBE). The adipates were eluted in fraction F-2. The various types of
samples analysed in this investigation (sediment, sludge, fish and breast milk) were cleaned up with
different combinations of columns. The combinations used for the different matrices are presented
below. All fractions used for analysis by GC-MS were spiked with a volumetric standard (biphenyl)
prior to analysis.

Sludge and sediment extracts were first fractionated on a silica column. The F-2 fraction was

further fractionated on an aminopropyl column. F-2 from the latter column was analysed using
GC-MS.
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Fish extracts were fractionated on an aluminium oxide/Ag column. Fraction F-2 was further
fractionated on an aminopropyl column. F-2 from the latter column was analysed using GC-MS.

Breast milk extracts were cleaned up on an aminopropyl column. Fraction F-2, containing the
adipates, was concentrated and analysed using GC-MS.

6.2.4 GC-MS analysis

The extracts were analysed on a 6890N gas chromatograph with a 5973N mass selective detector
(Agilent). The injection was done in pulsed splitless mode at 275°C. The fused silica capillary
column (VF-5MS 30 m X 0.25 mm i.d. X 0.25 um film thickness, Varian) was held at 45°C for 1
min, ramped 15°C/min to 200°C and further 5°C/min to 300°C where it was held for 5 minutes.
Helium was used as carrier gas. The mass spectrometer transfer line temperature was 280°C. The
detector was used in selected ion monitoring mode with electron ionisation at an energy of 70 eV.
The analytes were identified by their characteristic retention times in combination with one
quantification ion and one supporting ion, which was used to increase specificity.

Quantification was based on comparison of peak abundance to the known response of the internal

standard (biphenyl). The reported analyte concentrations were corrected according to the
determined surrogate standard losses.
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7 Results and discussion

7.1 National

All results of the samples analysed in the national programme are shown in Appendix , Table A 3 to
Table A 6.

The only adipate detected in the national screening was DEHA. This is also the adipate with the
highest consumption in Sweden (Figure 1). It was only found in sediment, sludge and fish and in
one water sample. The detection limits for adipates in different matrices are shown in Table 10.

Table 10. Detection limits of adipates in different matrices.
Dw = dry weight, FW = fresh weight
Air Water Sludge Sediment Fish Br;ei?'ft
(ng/m®) (Mg/L)  (pg/kg DW)  (pg/kg DW)  (ng/g FW) (ug7L)
Diethyl adipate 1 0.01 5 5 10 2
Di-iso-buty! 2 0.05 10 10 10 1
adipate
Dibutyl adipate 1 0.05 10 10 10 1
(DEHA) 23 0.2 24 0.5, 24* 10 2
Dioctyl adipate 2 0.05 5 5 10 1
Di-decyl adipate 1 0.05 10 10 10 3
Di-iso-octyl 20 1 50 50 100 20
adipate
Di-iso-decyl 20 1 50 50 100 20
adipate

*Due to the nature of the sample, the detection limit for DEHA in sediment at Gislaved was higher than in other

samples.

7.1.1 Air and water

As mentioned above, adipates were not detected in any of the air samples. This general lack of
adipates in air confirms that these substances are quickly removed from the atmosphere via
sorption to particles and deposition, or via atmospheric degradation. Thus, adipates have limited
potential for long-range atmospheric transport, and local sources are likely to dominate the release
of adipates into the environment.

DEHA was detected in a concentration of 370 ug/L in untreated landfill leachate from Hégbytorp
but it was not found in the treated leachate from the same site. Nor was it found in any other water
sample. This is in disagreement with the findings by Paxéus (1996) where DEHA was detected in
Swedish sewage effluents in concentrations of 9-20 pg/L.
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7.1.2 Sludge and sediment

Four sludge samples were included in the national screening programme, three from municipal
sewage treatment plants and one from the potential point source in Gislaved. DEHA was only
detected in the sludge sample from Gislaved, with a concentration of 300 ng/kg dry weight (Table A

5).

DEHA was found in most of the sediment samples and the concentrations are shown in Figure 3.
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Figure 3. Concentrations of DEHA in sediments within the national sampling programme

There was a large variation in the concentrations in sediment from the different locations, with
highest concentrations in sediments collected close to the industrial area in Stenungsund and lowest
in sediments from offshore stations in the Baltic Sea. The background station Gilnan is a coastal
site, which is closer to land than the other Baltic Sea stations. A marina with a petrol station is also
situated in the area. These factors may possibly explain the higher concentrations found here.

DEHA was not detected in the sediments from the plastics/rubber industrial site in Gislaved.
However, the detection limits in these samples (24 pug/kg dry weight) were higher than the detected
levels at background stations. Increased concentrations of DEHA were found in Stenungsund
compared to the background stations. The sediment samples in Stenungsund were taken in a
gradient from the industrial area, but no decreasing concentrations with increasing distance from
the potential source were found. Currents in the bay where the samples were taken may explain the
higher concentration in sample number two compared to sample number one (Figure 3). Despite
the lack of replicates and thus lack of possibility to use statistical methods, the industrial area in
Stenungsund is suggested to be a possible point source for DEHA. DEHA also occurred in the
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sediment samples collected in the urban area, Stockholm, indicating that diffuse sources may be
important for the occurrence of DEHA in the sediments.

7.1.3 Fish and human breast milk

DEHA was found in 8 out of 12 analysed fish samples. The results are illustrated in Figure 4.
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Figure 4. Measured concentration of DEHA in fish. F=females, M= males, J=juveniles

The average concentration of DEHA in herring and Baltic herring from background stations was
14 ng/g fresh weight (using half the detection limit when the substance was not detected) with the
obsetved range <10 — 25 ng/g fresh weight. The concentrations of DEHA in fish from the point
sources were generally higher compared to the average concentration in herring collected at
background sites. The fish samples collected close to the plastics/rubber industrial site in Gislaved
showed elevated concentrations relative to background sites in two out of three samples (32 and 33
ng/g fresh weight). Even though the species analysed here, pike, represents a higher trophic level
than herring, the ready degradation of DEHA in organisms implies that concentrations in pike are
not expected to be higher than in herring, possibly even lower due to trophic dilution. Thus, the
higher concentrations observed in fish from the plastics/rubber industrial site may be a sign of local
releases from the area.

The average background concentration in fish of 14 ng/g fresh weight corresponds to a
concentration of 0.5 pg/L (BCF = 27 — see Table 3) in the dissolved phase of the water (not
considering any kind of uptake via the food chain). This is in the same order of magnitude as the
detection limit for water. Thus, although DEHA was only detected in one of the water samples, the
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biota data indicate that it may be present in the water, but in levels lower than the present limit of
detection.

The general occurrence in fish from background sites also indicates that transport of DEHA may
take place in water, alternatively that diffuse emissions of adipates occur generally all along the
Swedish coastline, resulting in releases to the Baltic and the west coast.

The concentration of the adipates in the milk samples were all below the detection limits. The
detection limits were for diethyl- and DEHA 2 ug/l, for di-iso-butyl-, dibutyl- and di-n-octyl
adipate 1 pg/1 and for didecyl adipate 3 pg/l. The detection limit for the isomeric adipates (di-iso-
octyl-, di-iso-decyl adipate) was 50 pg/1.

7.2 Regional

The results for the regional programme are shown in Appendix (Table A 8). As in the national
programme, DEHA was the adipate most frequently detected, and occurred only in sludge,
sediments and fish. Other adipates were occasionally identified; they were di-iso-butyl and didecyl
adipate.

7.2.1Sludge

In the regional sampling programme, adipates were frequently occurring in sludge, but there was a
great variation in the concentrations in samples from the different STPs.

Di-iso-butyl adipate was found in Malmé and Finspang in concentrations of 11 and 13 pg/kg dry
weight, respectively. Didecyl adipate was detected in four samples from Krokom, Kristianstad,
Landskrona and Vara in concentrations of 61, 190, 93 and 54 ng/kg dry weight respectively.

DEHA was detected in all the analysed sludge samples but two (from Borlinge and Finspang). The
DEHA concentrations from the regional sludge measurements are shown in Figure 5. The phtalate
DEHP is a chemical spread in the society in the same manner as adipates and for comparison,
concentrations of DEHP are also included in the figure where applicable. DEHP has been analysed
in the same sample extract as the adipates.
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Figure 5. Concentration of DEHA (bars) and DEHP (triangles) in sludge from the regional sampling

programme. Note the different scales on the x-axes.

As evident from Figure 5, there was a great variation in DEHA concentrations in sludge samples
from the different regional sewage treatment plants (STPs). The concentrations varied between <10
and 2600 pg/kg dry weight. Only one sample was analysed per site and this was collected at one
sampling occasion, thus differences in concentration should be interpreted with caution. The
sources to the STPs with the highest concentrations of DEHA in the sludge (Are, Ostersund,
Krokom, Bricke, Amil, Lidképing, and Kristinehamn) were mainly municipal. They all have
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different treatment systems and are of varying size - from 1800 to 56 000 pe (person equivalents).
The STPs with sludge with lower DEHA concentrations, have either not specified their sources, or
are affected by a combination of municipal and industrial sources. Consequently, source type and
treatment systems do not seem to influence the observed concentrations substantially. Figure 6
shows the correlation between the DEHA concentrations in sludge and the size of the STPs.
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Figure 6. Correlation between DEHA concentration in sludge and STP size (pe).

It is evident from the figure that there is no clear relationship between the size and the DEHA
concentrations. Although a positive correlation between concentration and size (i.e. population
density) might be expected, Figure 6 indicates that the higher concentrations are randomly
distributed between STPs of different size.

7.2.2Water, sediment and fish

No adipates were detected in any of the regional water samples, while DEHA were detected in one
sediment sample from St Envittern, (11 ng/g dry weight). The concentration of DEHA was lower
than in the urban sediment samples in the national programme but higher than in the background
samples from the Baltic Sea.

Two fish samples were analysed within the regional programme, showing DEHA concentrations
similar or slightly higher than those measured at Swedish background sites (17 and 15 ng/g fresh
weight) in perch from Himmerfjirden and St Envittern respectively). No other adipates were
detected in the regional fish samples.
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8 Conclusions

DEHA was the only adipate frequently detected in the Swedish environment. This is consistent
with information on usage in Sweden, where the registered DEHA consumption represents 50-
90% of the total adipate use (the registered consumption has shifted towards other adipates in the
last few years). DEHA was detected in sludge, sediment and fish and in one single water sample
(untreated landfill leachate).

Two possible point sources have been identified; the industrial area in Stenungsund, and the
rubber/plastics production site in Gislaved. In Stenungsund, elevated concentrations were
measured in sediments outside the industrial area and also in male eelpout samples. The
concentrations in female and young eelpout were, however, comparable to background
concentrations in herring.

DEHA was detected in sludge from the STP, which treats wastewater from the rubber/plastics
industrial site in Gislaved and in fish from the same area, in concentrations that were generally
higher than the background concentrations in fish. The results of the analyses in sludge as well as
the observed elevated concentrations in urban sediment samples indicate that diffuse domestic
usage in household products is an important source for the environmental occurrence of DEHA.

None of the adipates were found in air, neither close to sources nor at background sites.
Atmospheric transport thus seems to be of minor importance for the occurrence of adipates in the
Swedish environment. Adipates were not generally found in water. However, the general
occurrence of DEHA in both fish and sediments, indicates that DEHA does enter the aquatic
environment. No adipates were detected in breast milk.

Although adipates are not very persistent chemicals, their high usage and their occurrence in
sediments and fish indicates that they locally may reach high levels. Considering that there are no
restrictions of their usage, the environmental releases of adipates are not expected to cease in the
near future.
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