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ARTICLE INFO ABSTRACT

Handling Editor: Willie Peijnenburg Water is used in petroleum oil refineries in significant volumes for cooling, steam generation and processing of
raw materials. Effective water management is required at refineries to ensure their efficient and responsible

Keywords: operation with respect to the water environment. However, ascertaining the potential environmental risks

Refinery associated with discharge of refinery effluents to receiving waters is challenging because of their compositional

E:g:;?sm hydrocarbons complexity. Recent European research and regulatory initiatives propose a more holistic approach including

Effect based methods biological effect methods to assess complex effluents and surface water quality. The study presented here
SPME. investigated potential effects of effluent composition, particularly hydrocarbons, on aquatic toxicity and was a
component of a larger study assessing contaminant removal during refinery wastewater treatment (Hjort et al
2021). The evaluation of effects utilised a novel combination of mechanistic toxicity modelling based on the
exposure composition, measured bioavailable hydrocarbons using biomimetic solid phase microextraction (BE-
SPME), and bioassays. The results indicate that in the refinery effluent assessments measured bioavailable hy-
drocarbons using BE-SPME was correlated with the responses in standard bioassays. It confirms that bioassays
are providing relevant data and that BE-SPME measurement, combined with knowledge of other known non-
hydrocarbon toxic constituents, provide key tools for toxicity identification. Overall, the results indicate that
oil refinery effluents treated in accordance to the EU Industrial Emissions Directive requirements have low to
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negligible toxicity to aquatic organisms and their receiving environments. Low-cost, animal-free BE-SPME rep-
resents a compelling tool for rapid effluent characterization.

1. Introduction

Water is a critical component of petroleum oil refinery operations. It
is used in numerous applications including cooling, steam generation
and hydrocarbon/chemical processing. The levels of contaminants
found in wastewater vary due to a different factors including refinery
complexity and the application from which the wastewater originates
(Concawe, 1999). Contaminants and components of environmental
concern which can be present in refinery wastewaters include oil,
ammonia, phenols, substances responsible for oxygen depletion (as
measured by their biological oxygen demand (BOD) and chemical oxy-
gen demand (COD)), suspended solids and metals.

Refinery wastewater treatment systems are designed to remove
inorganic and organic constituents to reduce contaminant loads. To
assure treatment efficiency and environmental protection, since 1969,
Concawe' has been gathering and compiling data on aqueous effluents
from European oil refinery installations. Over this period technological
advances and the installation of increasingly sophisticated treatment
systems have led to significant reductions in the discharge of oil and of
most other refinery pollutants (Concawe, 2020a). Techniques to inves-
tigate the potential impacts of effluents have also advanced since the
first environmental and biological effects assessments of oil refinery
effluents using ecological field monitoring programmes (Concawe,
1979) and effluent toxicity case studies (Concawe, 1982) were
undertaken.

For example, whole effluent assessments (WEA) have included both
evaluations using raw effluent and organic extracts and may also include
evaluations of the effluent and in the receiving waters (Chapman, 2000;
Comber et al., 2015; Hamers et al., 2018). It is recognised that WEA are
complex and should be used in combination with other risk assessment
tools. A range of bioassays including standard methods (de Vlaming
et al., 2000; Smolders et al., 2003) and in vitro (Hamers et al., 2018) test
systems have been developed to support chemical measurement-based
assessments. It has been observed that often chemical measurements
are not sufficient to explain observed toxicity, due to the likely under
characterization of actual exposure (Hamers et al., 2018; Teodorovic¢
et al., 2009). For refinery effluents, this is further complicated by the
complex nature of petroleum substances where the specific composition
can affect the observed toxicity (Redman and Parkerton, 2015).

In response, Concawe has continued to develop methods and data to
improve risk assessment using 1) sophisticated chemical analyses (e.g.
2-dimensional gas chromatography (Redman et al., 2012; Redman et al.,
2017a), 2) biological based tools including whole-effluent toxicity
(WET) assessments (Comber et al., 2015) and mesocosm studies (Cail-
leaud et al., 2019) and 3) application of biomimetic extraction to
quantify the bioavailable fraction of organics in the effluent using solid
phase microextraction (BE-SPME) as described by Leonards et al.
(2011), Redman et al. (2017a), Redman et al. (2018a). The BE-SPME
method has particular applicability to refinery WEA because it pro-
vides measurements of the total bioavailable hydrocarbons thereby
providing broad analytical coverage of the relevant chemical exposure.
Further, BE-SPME has been correlated with acute and chronic aquatic

! Concawe was established as CONCAWE (CONservation of Clean Air and
Water in Europe) in 1963 by a small group of leading oil companies to carry out
research on environmental issues relevant to the petroleum refining industry.
Its membership has broadened and currently includes most oil companies
operating in EU-27, UK, Norway and Switzerland, representing approximately
99% of petroleum refining capacity in those countries. In 2014, it became the
Scientific Division of the European Petroleum Refiners Association.

toxicity for hydrocarbons (Redman et al., 2018a), and therefore pro-
vides a mechanistic basis for evaluating potential toxicity observed in a
WEA.

Concawe’s recent activities have included assessing whether mem-
ber company oil refinery discharges are meeting pollutant emissions
criteria laid down in the Industrial Emissions Directive 2010/75/EU
(IED) (EU, 2010), as well as providing data to support other risk
assessment requirements and initiatives. The IED aims to achieve a high
level of protection of human health and of the environment taken as a
whole by reducing harmful industrial emissions across the EU, in
particular through better application of Best Available Techniques
(BAT). Under the IED, the BAT Reference document (BREF) for the
refining of mineral oil and gas (REF BREF) describes the BATs (EU-JRC,
2015). Further, effluent parameters that refineries are obliged to
monitor and control are described by BAT Associated Emission Levels
(BAT-AELs) mentioned in the associated Commission Implementing
Decision 2014/738/EU (EU, 2014).

However, in addition to the analytical focus on chemicals the
implementation of the EU Water Framework Directive (WFD - 2000/60/
EC) has led to increased attention being paid to biological effects. This is
because the WFD regulates both the ecological and chemical status of
surface water bodies. Good ecological status is defined in Annex V of the
WEFD, in terms of the quality of the biological community, the hydro-
logical characteristics and the chemical characteristics (EC, 2000).
Furthermore, there have been recommendations from the EU Solutions
project to integrate effect-based methods (EBMs) to improve the moni-
toring of water quality (Brack et al., 2019).

Due to their compositional complexity, oil refineries are on occasions
required to use effluent toxicity tests in addition to chemical analytical
methods to monitor their effluents. Although the predominant reason
for performing toxicity testing was to satisfy permit/regulatory condi-
tions, a number of refineries voluntarily performed toxicity assessments
(Comber et al., 2015; Concawe, 2018a) and mesocosm studies (Cail-
leaud et al., 2019). A summary of WEA using various types of
biological-based effect methods and their value to provide additional
relevant data to assess oil refinery effluent discharges and surface water
monitoring have been reported (Concawe, 2012; Comber et al., 2015).
The current study was undertaken to provide additional confidence that
WEA tools might be used to complement traditional analytical ap-
proaches to improve the environmental impact assessment of oil refinery
wastewaters and effluents.

In a companion study to the research reported here, investigations
were undertaken to provide information regarding contaminant re-
movals from refinery wastewaters as these pass through various treat-
ment steps (Hjort et al., 2021). The refineries used in that study were
shown to operate according to BAT expectations, as almost all values
from spot sample analysis were observed to be within BAT-AEL ranges.
Removal factors of total petroleum hydrocarbons (TPH) in the waste-
water treatment plants (WWTP) of the 13 refineries varied from 97% to
>99.8% (Hjort et al., 2021). These same samples were used in the pre-
sent study for WEA. By undertaking both studies the effectiveness of
wastewater treatment could be assessed using both chemical and bio-
logically based parameters. To our knowledge this is the first time such a
combined systematic approach has been applied to assess petroleum
refinery effluents.

The specific objectives of the biological assessments were to perform
WEAs on refinery effluents using both raw effluent and organic extracts
from the effluent. The aquatic toxicity assessment of organic extracts
enabled the focus to be primarily on the organic contaminants present in
the wastewaters. This was justified because the concentrations of metals
and confounding factors (e.g. nitrite, ammonium and conductivity) were
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relatively low (Hjort et al., 2021).

For each toxicity bioassay, responses of the organisms were
compared to TPH (i.e. oil in water), BE-SPME measurements and pre-
dicted toxicity. The predicted toxicity, expressed as Toxic Units (TU),
was calculated by PetroTox (Redman et al 2012, 2014b; Concawe,
2020b). The latter required advanced analytical characterization to
support mechanistic modelling, used within PetroTox, to explain the
observed toxicity with respect to the specific composition of the organic
material found in the refinery effluents.

In addition, BE-SPME measurements were taken to provide a direct
measurement of bioavailable hydrocarbons for comparison to the
observed toxicity. These comparisons were used to evaluate the poten-
tial of using BE-SPME to support WEA due to its potential to simplify
WEA by providing a measurement of total bioavailable hydrocarbons.
The relationship between aquatic toxicity and BE-SPME was specifically
investigated to assess if this could be used as a suitable indicator of
effluent toxicity because this technique has already proven to be useful
in assessing the hazard of petroleum substances (Leonards et al., 2011;
Redman et al., 2014b, 2017b, 2018a; Concawe, 2020c¢). Furthermore,
the data generated using EBMs, including in vivo bioassays, provided an
opportunity to evaluate 1) whether these could help elucidate factors
responsible for toxicity in refinery effluents and 2) improve assessment
of potential for refinery effluents to impact on receiving surface water
quality.

2. Material and methods
2.1. Background

The investigations were undertaken as a companion study to an
analytical investigation to assess the efficacy of oil refinery wastewater
treatment systems. Toxicity tests were performed on a combination of
whole (raw) effluents and reconstituted samples derived on XAD®-ex-
tracts which effectively removed metals and other confounding factors.
Chemical analyses, including Total Petroleum Hydrocarbons (TPH) and
biomimetic solid phase micro extraction (BE-SPME) were performed to
estimate exposure levels and measure bioavailable concentrations as
described by Letinski et al. (2014). BE-SPME is a specific application of
SPME and is considered a proxy for toxicity as has been described by
Parkerton et al. (2000); Redman et al. (2018a). This has previously been
used to assess the toxicity of both oil refinery effluents (Comber et al.,
2015), oil sand process waters (Redman et al., 2018b), produced waters
from oil and gas operations (Worden et al., 2021) and can be used to
assess potential toxicity of oil spills (Letinski et al., 2014).

In essence, traditional analytical methods fail to characterize the
bioavailability of individual hydrocarbon components because TPH are
very often not related to bioavailable fractions due to variable compo-
sitions (Letinski et al., 2014; Redman and Parkerton, 2015; Redman
et al., 2017a; Hedgpeth et al., 2019). Also, hydrocarbons act by a
common narcotic mode of action and ecotoxicity occurs when their
corresponding molar concentration in an organism’s lipid exceeds a
critical threshold known as the target lipid model (Di Toro et al., 2000).
Since the ecotoxicity of narcotic mixtures appears to be additive
(McGrath et al., 2005; McGrath and Di Toro, 2009; Redman et al.,
2017a), ecotoxicity will depend upon the partitioning of individual
hydrocarbons from the environment to lipids and the total molar sum of
individual hydrocarbons in lipids. This has led to the development of the
concept of ‘biomimetic’ extraction as a novel analytical tool for assessing
narcosis-type or ‘baseline” toxicity. The BE-SPME method is an opera-
tional measurement of bioavailable hydrocarbons and is intended to
represent the accumulation of constituents at the sensitive tissues, e.g.,
target lipid. See Letinski et al. (2014) for additional mechanistic
discussion.

The BE-SPME measurements were collected on the 100% effluent
samples (or equivalent 100% loading with the XAD® extracts), and
measurements were not collected for dilutions in the bioassays described
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below. Based on the past several years of research there are several BE-
SPME-based critical thresholds, e.g. when the exposure is lethal to 50%
of the studied population (LCsg), for a variety of aquatic organisms, for a
variety of test substances and effluents (Redman et al., 2014a, 2017b,
2018a, 2018b; Redman, 2015; Redman and Parkerton, 2015 and Hansen
et al., 2019). Therefore, the thresholds for acute and chronic toxicity are
relatively well understood thus providing a strong basis for interpreting
the results of the bioassays.

2.2. Sample collection

To align with the companion analytical project (see Hjort et al.,
2021) this study was also undertaken in two phases. The first phase
assessed mid-treatment (wastewater) as well as final effluent spot sam-
ples from four refineries. The second phase encompassed nine additional
refineries in which final effluents were assessed. A fuller description
regarding treatment trains and sample collection can be found in Hjort
et al. (2021) with a brief description of the samples, together with
toxicity tests undertaken and recipient environment, summarised in
Table 1. Note that due to competition law restrictions, the refineries are
coded and not represented by their names and locations.

To reduce errors sampling kits for sample collection were prepared
and provided with a sampling protocol to the refineries. The approach
was for single spot samples, which were taken in 2015 and 2016, was
based on previous Concawe experience of collecting and ensuring
integrity of oil refinery effluent samples (Concawe, 2010). Operators
were asked to ensure that the sample line or collection device was
flushed so that the effluent quality (visual, olfactory) was stable prior to
sample collection. Sampling could not be aligned with the water
retention in the full wastewater treatment train. Therefore, some results
are not directly comparable. Nevertheless, a snapshot of refinery
wastewater treatment is obtained.

Samples for bioassays were collected in 20 L stainless steel con-
tainers, which were completely filled with sample, leaving no headspace
and then securely capped.

Samples for other analyses were effectively conserved using 500 mL
of 4% nitric acid added to 20L stainless steel containers prior to the
addition of the sample. The samples were shipped as soon as possible
after collection using express couriers to the Vrije Universiteit Amster-
dam (the Netherlands) where they were stored at 4 °C prior to XAD®
extraction or use in toxicity tests.

2.3. Sample preparation

2.3.1. Raw (untreated) samples

These samples were taken directly from the sample container and
gently warmed up to the appropriate test temperature prior to use.
Where appropriate adjustments were made (e.g. by the addition of salts/
nutrients) to the untreated effluent to ensure the media were appro-
priate for the test organisms. For example, in the Microtox® and algae
tests, salts and nutrients were added corresponding to the standard test
medium. However, D. magna were tested in the raw effluent.

2.3.2. XAD®-extracts

XAD®-extracts were prepared according to Struijs and van de Kamp
(2001). The XAD®-extraction procedure was undertaken to ensure that
the organic compounds could be extracted from the sample to remove
these from other components of the sample, such as metals, ammonium
and nitrate, therefore excluded possible confounding toxicity factors.
The XAD®-extraction method has been validated for 27 chemicals by
Struijs and van de Kamp (2001). Struijs and van de Kamp showed that
the average recovery of 27 chemicals, with a wide range of
physico-chemical and biological properties, was 62% including surfac-
tants. The average recovery of 11 pesticides was for instance 70%, and
for anionic LAS and nonionic glycol ethers they varied between 40% and
80%, respectively. Volatile compounds were also extracted with
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Table 1
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Overview of sampling codes and toxicity tests performed (Phase 1 samples are shaded - For more details on refinery treatment

steps and codes see Hjort et al., 2021).

Sample Effluent | Treatment step Microtox® | Algae Daphnia | Zebrafish | Receiving
refinery type environment
D(23) Raw Final effluent X X X X River
A(4) Raw Final effluent X X X X River
C(16) Raw Final effluent X X X X River
B1(7) Raw Mid treatment X X X X uWWTP
wastewater before
polishing step
Control - XAD X X X na
D(18) XAD Mid treatment X X River
wastewater after
floatation
D(22) XAD Mid treatment X X X X River
wastewater after
biological
treatment
A(2) XAD Mid treatment X X X X River
wastewater after
floatation
A(3) XAD Mid treatment X X X X River
wastewater after
biological
treatment
D(23) XAD Final effluent X X X X River
A(4) XAD Final effluent X X X X River
C(16) XAD Final effluent X X X X River
B1(7) XAD Mid treatment X X X X uWWTP
wastewater before
polishing step
E(26) XAD Final effluent X X X nt River
F(28) XAD Final effluent X X X nt uWWTP
G(31) XAD Final effluent X X X nt River
H(33) XAD Final effluent X X X nt Estuary
11(37) XAD Final effluent X X X nt River
K(45) XAD Final effluent X X X nt River
12(39) XAD Final effluent X X X nt River
L(49) XAD Final effluent X X X nt Sea
J(42) XAD Final effluent X X X nt River
M(51) XAD Final effluent X X X nt Sea

Notes: Final effluents are those from the oil refinery wastewater treatment plant (WWTP) and may be subject to further off-site
treatment. uWWTP = Urban wastewater treatment plant na = not applicable, nt = not tested (the Zebrafish test was not

conducted due to lack of observed toxicity in initial tests).

efficiencies from 28% (dichlorobenzene) to 64% for
pentachlorobenzene.

In this study, organic compounds from the samples were extracted
with a mixture of resins XAD®-4 and XAD®-8. After extraction the resins
were dried and eluted with acetone. The bulk of the acetone was sub-
sequently removed by Kuderna-Danish distillation. The distillation res-
idue was then stored and added to demineralised water just before
toxicity testing was initiated. The final concentration of substances in
the demineralised water was equal the concentration (based on the
initial amount of water extracted with the XAD®) in the original sample
and acetone concentration was on a non-toxic level. Each XAD®-extract

was subsequently divided into separate sample fractions for each
toxicity test. Salt solutions were then added according to the standard-
ized test medium specified by the test guidelines. As a procedure blank
(XAD® control), demineralised water was extracted in a comparable
manner and simultaneously tested with the XAD®-extracts of the
effluent samples.

2.4. Toxicity assessments

Selection of the bioassays (toxicity tests) was based on past experi-
ence with the testing of similar samples, the types of tests which oil
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refineries had been required to undertake; feasibility (i.e. resource and
sample volumes) and types of tests being currently considered under the
WEFD. For the latter, this considered the outcomes of a review (Concawe,
2018b) of potential tests being considered by the Sub Group working on
the “Proposal for Effect-Based Monitoring and assessment in the Water
Framework Directive” (Carere et al., 2019).

An overview of the types of tests which have been undertaken as
elucidated from the 2010 and 2013 surveys indicate that the predomi-
nant ecotoxicity tests were with Daphnia and fish embryos (fertilised fish
eggs and unspecified fish tests). Bacterial bioluminescence tests were
also used as these have been shown to be a useful toxicity screening tool
(Concawe, 2012). Apart from the fish tests (where fish cell lines had
been proposed due to ethical considerations) all of these tests were
deemed to be appropriate in the EBT review (Concawe, 2018b).

Whole effluent toxicity tests were therefore carried out using the
bioluminescent bacteria Aliivibrio fischeri (referred to by its trade name
Microtox®), algae (Raphidocelis subcapitata), daphnids (Daphnia magna)
and zebrafish embryos (Danio rerio). Toxicity tests were performed on
samples from mid-treatment wastewater, final effluents or XAD®-ex-
tracts for refineries as summarised in Table 1.

As such these biological effect methods included a rapid acute
screening test (Microtox® test), an acute (5 day) fish embryo test
(zebrafish) and two chronic (algae and daphnids, 3 and 21 day respec-
tively) toxicity tests. Furthermore, these included representatives of
several key trophic/functional levels notably degraders (bacteria), pri-
mary producers (algae), primary consumers (Daphnia) and secondary
consumers (fish).

Toxicity tests were performed in open test vessels with the results
expressed as lethal/adverse effect (effluent/sample) concentrations
observed in x% of the test organisms (LCy/ECx values) after a defined
exposure period.

All tests were started within one week after preparing the XAD®-
extracts, but typically within four days. For semi-static test procedures
(e.g. chronic test with D. magna and tests with early life-stages of
zebrafish), test solutions were stored in the refrigerator at 4 °C. To
determine if changes in toxicity occurred during storage, Microtox®-
tests were conducted on three final effluents and one mid-treatment
wastewater sample on arrival at the laboratory and after these had
been stored for 4 weeks.

2.4.1. Microtox® assay with marine bacteria Aliivibrio fischeri

In the Microtox®-test, bioluminescence of the bacterium A. fischeri
(formerly known as Vibrio fischeri and Photobacterium phosphoreum) is
used to assess possible acutely toxic effects. The test was performed
according to the ISO 11348-3 guideline (ISO, 2007) in which the
bioluminescence is determined after a short exposure period (typically
5, 15 and 30 min) to a range of test concentrations (in this study effluent
dilutions). As the bacterium is a marine species, in line with the ISO
guidance, salt (molarity adjustment) solutions were added to each test
solution which therefore lowered the maximum concentration to be
tested to 45 vol% of the original sample. Each effluent concentration was
tested at 15 °C in duplicate. All toxicity tests were valid based on the
validation criteria described in the luminescent bacteria test ISO
11348-3 guidelines. The ECyo and ECsq values, including confidence
limits, were subsequently calculated using the Microtox Omni Software
by the decrease in bioluminescence in the samples relative to the
controls.

2.4.2. Algae Raphidocelis subcapitata

Chronic growth inhibition was determined with the freshwater algae
species Raphidocelis subcapitata (formerly known as Selenastrum capri-
cornutum and Pseudokirchneriella subcapitata) based on the test proced-
ures specified in the international guideline ISO 8692:2012 (ISO, 2012).
All samples were tested in triplicate for 72 h (with six control replicates)
in unsealed glass Erlenmeyer flasks. Additional blank controls (i.e.
without the addition of algae) were prepared for all concentrations
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assessed to check for background noise (i.e. influence of particulates in
raw samples).

Algal growth was measured on an approximately 24 h basis with
tests conducted at 23 °C (+1 °C) in open glass vials, under continuous
light and stirring. The observed growth rates were compared to the
growth rates of unexposed (control) algae. Validity of the toxicity test
was confirmed by comparing the growth rate (1.5-1.7 d™1) and varia-
tion coefficients (0.3-2.4%) in the controls with the criteria mentioned
in the ISO 8692 guideline (growth rate >1.4 d~!; variation coefficient
<5%). Before the start of the toxicity tests, pH, ammonium concentra-
tion and conductivity were measured to check for possible confounding
factors in the raw wastewater and effluent samples only. Lowest effect
(ECy0) and fifty percent effect concentrations (ECsp), including confi-
dence limits, were determined for all toxicity tests using the intrinsic
growth rates after 72 h. These concentration-response relationships
were calculated with the ToxCalc software for Excel.

2.4.3. Daphnia magna reproduction test

Daphnia magna chronic toxicity assessments were undertaken in
accordance to the OECD 211 guideline (OECD, 2012). The primary
objective of this test was to assess the effect of toxicants in the effluents
on the reproductive output of daphnids. Juvenile daphnids, aged less
than 24 h at the start of the test, were individually exposed for 21 d. At
the end of the test, the total number of living offspring produced per
parent animal alive at the end of the test was assessed. Juveniles pro-
duced by adults that died during the test were excluded from the cal-
culations. In addition, survival and the time to production of first brood
were determined. Tests were performed with ten replicates at 20 °C and
a light-cycle of 16 h/8 h (light/dark). All daphnids were fed daily with
algae (Chlorella) and observed for any abnormalities, mortality, or the
presence of juveniles. The amount of food increased with the age of the
organisms. Test medium were refreshed twice a week. Before the start of
the toxicity tests, pH, ammonium concentration, oxygen saturation level
and conductivity were measured to check for possible confounding
factors (in the raw wastewater and effluent samples). Validity of the
toxicity tests was confirmed by comparing mortality (0-10%) and
reproductive output (101-153 juveniles) in the controls with the criteria
mentioned in the OECD 211 guideline (mortality <20%; reproductive
output >60 juveniles/female). Lowest effect (L(E)Ci) and fifty percent
effect concentrations (L(E)Csp), including confidence limits, were
determined for all toxicity tests using the survival and reproductive
output after 21 days. These concentration-response relationships were
calculated with the ToxCalc software for Excel.

2.4.4. Fish embryo acute toxicity (FET) test with Danio rerio

Fish toxicity tests were performed using the zebrafish (Danio rerio)
embryo acute toxicity test (ZFET) according to the OECD 236 guideline
(OECD, 2013). Measurements of pH, ammonium concentration and
conductivity were done before starting the tests. Zebrafish embryos were
exposed to the water samples and mortality, hatching, and abnormal-
ities (e.g. swim bladder malformation or oedema, curved column, heart
oedema) were scored daily until 5 days post fertilisation. Lowest effect
(L(E)C10) and fifty percent effect concentrations (L(E)Cso) values were
determined for all toxicity tests using the survival and frequency of
malformations after 5 days. Lethal and sublethal effect levels, including
confidence limits, were based on concentration-response relationships
calculated with GraphPad Prism software.

2.5. Biomimetic solid phase micro extraction (BE-SPME)

The BE-SPME represents an organism-free assay to measure
bioavailable organic material in the effluent, which includes hydrocar-
bons, polar organics, and ionic organics (e.g., naphthenic acids). As-
sessments of potentially bioavailable hydrocarbons were undertaken in
the effluent samples using BE-SPME combined with analysis by gas
chromatography coupled with a flame ionization detector (GC-FID)
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according to the protocol of Leslie and Leonards (2005). The BE-SPME
method represents the manual adaptation from what was previously
referred to as potentially bioaccumulating substances (PBS) and is
considered consistent with the automated method (Letinski et al., 2014;
Redman et al., 2018a, 2018b). In this approach SPME fibres (100 pm
poly-dimethylsiloxane (PDMS) fibres) were exposed to 250 ml of efflu-
ents, with agitation, for 24 h in a closed glass bottle without head space.
After 24 h exposure, the fibres were removed from the effluent solution,
dried with a tissue and then the injection was directly done into a GC
equipped with a FID. A DB1 (210 m x 0.25 mm x 0.1 pm) GC column
was used. For quantification 2,3-dimethylnaphthalene was used as
external standard. The temperature programme of the GC was designed
to sum the peaks as much as possible by using a fast temperature ramp.
The total peak area of the chromatogram was integrated (between C9
and C38) and the molar concentration was calculated by applying the
average molar response factor of 2,3-dimethylnaphthalene for convert-
ing the measured GC-FID response (total integrated area) to millimolar
(mM) of organic constituents on the PDMS fibre (Redman et al., 2018a).
The BE-SPME assessments were undertaken primarily on final ef-
fluents although some mid-treatment wastewaters were also assessed.

2.6. Chemical analysis

The chemical analyses included TPH, benzene, toluene, ethyl ben-
zene, xylenes (BTEX), phenol index, polycyclic aromatic hydrocarbons
(PAHs), (bio) chemical oxygen demand, total nitrogen, total suspended
solids and selected metals (Cd, Hg, Ni, Pb, V) before, and after, waste-
water treatment steps. In addition, detailed hydrocarbon characteriza-
tion of the wastewater samples was performed according to a GCxGC
protocol previously developed (Concawe, 2010). These analyses were all
undertaken as part of the companion study with further information
provided by Hjort et al. (2021).

3. Results and discussion

The efficiency of the XAD®-extraction was studied by analysing both
BE-SPME and toxicity before and after XAD®-extraction. Both the
toxicity (Table SD6) and BE-SPME data (Fig. SD1) showed comparable
results before (‘raw* sample) and after XAD®-extraction indicating that
the extraction procedure did not lead to a significant loss of hydrocar-
bons. Although slightly greater toxicity was observed in some of the raw
samples this is considered to be related to confounding factors as
described later in this section.

Table 2
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The analytical assessment of the effluents, as reported by Hjort et al.
(2021), demonstrated that concentrations of TPH (or Oil in Water) were
reduced substantially by treatment. This was typically in the order of
90% on average across the biodegradation steps in the treatment sys-
tems and the final effluent TPH concentrations were often less than 1
mg/L. The only two exceptions were for refinery I1 and refinery M, in
which TPH was higher in the effluent than in the influent to the bio-
logical treatment step. This could be the consequence of using spot
samples as sampling could not be aligned with the water retention in the
full water treatment train. Consequently, unless steady state conditions
prevail, the influent and effluent results are not always directly com-
parable. For refinery I1 this may be due to the very low influent con-
centrations (0.06 mg-TPH/L), whereas for refinery M there is no obvious
explanation for the observed TPH increase and we postulate that much
of the TPH was associated with the total suspended solids (TSS) that also
increased over the biological treatment step.

A similar reduction in the predicted toxicity was observed before and
after the refinery biological treatment steps (Table 2). The notable ex-
ceptions being for refineries I1 and M in which the predicted toxicity
decreased even though TPH appeared to increase. This supports our
interpretation that the increased TPH of the effluent was associated with
the increased TSS. In Table 2 the predicted toxicity results are based on
PetroTox calculations for aquatic organisms with median sensitivity
using the GCxGC and TPH measurements from the analytical studies.
These results demonstrate that the biological treatment steps were
effective at reducing both concentration and predicted toxicity. These
results will be compared to the observed toxicity in the bioassays in the
present study.

3.1. Toxicity (bioassay) assessments

An overview of the results expressed as LCs¢/ECsq values for all of
the toxicity assessments is presented in Table 3 and discussed below.
Further results are provided in the supplementary data (Table SD1
(Microtox®), Table SD2 (algae), Table SD3 (D. magna) and Table SD4
(D. rerio). No toxicity was observed in the procedural blank (XAD®
control) in any of the tests.

The criteria used to assess potentially confounding factors of nitrite,
ammonium and conductivity in the raw effluents were based on those
derived by Postma et al. (2002). These data, and where exceedance
potentially occurred in three final raw effluents and a wastewater, are
presented in Table SD5.

Effects of effluent treatment on TPH through biological treatment and predicted aquatic toxicity. (TPH = total petroleum hydrocarbons; TU = toxic units as predicted

using PetroTox).

Refinery Influent TPH Effluent TPH TPH Removal Influent TU Effluent TU TU Removal [%]
(mg/L) (mg/L) (%) [-] [-]
Refinery A 18 0.08 >99 1.98 0.059 97
Refinery B1 8.8 3 66 241 0.16 93
Refinery B2 31 3 90 2.2 0.28 87
Refinery C 5 0.06 99 0.54 0.056 90
Refinery D 1.5 0.22 85 2.01 0.049 98
Refinery E 1.9 0.41 78 0.048 0.005 89
Refinery F 6.6 <0.05 >99 1.81 0.034 98.
Refinery G 10 <0.05 >99 1.19 0.009 99
Refinery 12 13 <0.05 >99 1.61 0.051 97
Refinery I1 0.06 0.11 nc* 0.16 0.015 91
Refinery K 18 0.79 96 1.25 0.30 76
Refinery L 140 2.8 98 0.26 0.15 43
Refinery M 8.4 10 nc* 3.45 0.22 93
Refinery J 25 <0.05 >99 1.11 0.014 99
Refinery H 4.4 0.2 95 2.48 0.031 99

Notes: i) Influent is to the biological treatment step and effluent is the final refinery WWTP effluent; ii) Refinery WWTP effluent do not always represent final discharge
since some transfer to final polishing steps and others to off site (WWWTPs); iii) nc* not calculated as TPH higher in effluent than influent which could be consequence
of spot sample and/or organic suspended particles in final effluent; iv) Analytical data from Hjort et al. (2021).
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Table 3
Summary of results of all the toxicity tests (all values as % volume of effluent). Raw (unextracted) samples are shaded grey.
Sample code and D. magna (21 days) Microtox Algal growth Fish embryo (120 h)
description ECs0 Reproduction LCso Mortality 15 min ECs0 | 72 h ECso LCso Mortality ECso Malformation

XAD Control >100 >100 >45 >100 >100 >100
D(23) Final effluent >100 >100 > 45 58.9 >100 >100
A(4) Final effluent >100 >100 >45 >100 >100 >100
C(16) Final effluent 98.6 69.6 >45 >100 >100 >100
B1(7) Mid treatment 134 17.9 30 53.3 50 17
D(18) XAD Mid treatment 56.2 62.7 111 >100 >100 >100
D(22) XAD Mid treatment >100 >100 35.9 >100 >100 >100
A(2) XAD Mid treatment 46.5 349 131 >100 >100 >100
A(3) XAD Mid treatment >100 >100 >45 >100 >100 >100
D(23) XAD Final effluent >100 >100 >45 >100 >100 >100
A(4) XAD Final effluent >100 >100 >45 >100 >100 >100
C(16) XAD Final effluent >100 >100 >45 >100 >100 >100
B1(7) XAD Mid treatment >100 >100 >45 >100 >100 >100
E(26) XAD Final effluent >100 >100 422 >100 - -
F(28) XAD Final effluent >100 >100 >45 >100 - -
G(31) XAD Final effluent 80.1 >100 >45 >100 - -
H(33) XAD Final effluent >100 >100 >45 >100 - -
11(37) XAD Final effluent 84.2 >100 >45 >100 - -
K(45) XAD Final effluent >100 >100 >45 >100 - -
12(39) XAD Final effluent >100 >100 >45 >100 - -
L(49) XAD Final effluent >100 >100 >45 >100 - -
J(42) XAD Final effluent >100 >100 >45 >100 - -
M51(46) XAD Final treatment | >100 >100 38.3 >100 - -

LCs0/ECso = Lethal/adverse effect concentrations which are seen in 50% of the organisms in the defined exposure period

3.1.1. Bacteria A. fischeri (Microtox®)

Toxic effects as determined by ECy luminescence inhibition values
as shown in the supplementary data (SD) Table SD1 were observed in
64% of the samples (14 out of 22). However, evident toxicity identified
by ECyp values < 10 vol% was only found in four samples. These were all
mid-treatment wastewaters and therefore not discharged to the envi-
ronment without further treatment. Greater toxicity would be antici-
pated in these samples as contaminant concentrations were typically
higher in comparison to final effluents as confirmed by Hjort et al.
(2021). Since no obvious confounding factor such as pH and ammonium
was identified and no toxicity was observed in the corresponding ex-
tracts, the toxicity in the raw effluents could have been caused by
possible differential bioavailability of the material in the XAD® extract
relative to the raw effluent, or possible constituents that did not parti-
tion to the XAD® resins. Identification of these potential toxicants would
require a more comprehensive assessment (e.g. full suite of metals
analysis or full toxicity identification evaluation) which was outside the
scope of this project. Furthermore, this was not considered to be an
important omission as the BE-SPME measurements were associated with
the observed toxicity so further analysis was not considered a high
priority.

The Microtox® assessments of stored samples (Table SD1) indicated
that toxicity was not significantly affected by a three week storage
period under 4 °C as ECyo and ECsg values did not differ significantly
before and after storage. This provides reassurance that the sample
integrity and associated toxicity was not compromised during storage
and provides input for planning of future studies.

3.1.2. Algae R. subcapitata

Overall, results indicate that hydrocarbons in refinery final effluents
will cause either no or only minor effects on the algal growth in open test
systems. Clear growth inhibition (ECsy < 100 vol% Table 3) was found
in one raw final effluent sample (D23) as well as in the one raw mid-
treatment wastewater sample (B1). In the latter the toxicity could be

partly due to relatively high ammonium concentrations (range <10-47
mg/L upper limit of which exceeds the maximum recommended value of
25 mg/L; Table SD 5).

Toxicity to algae among the XAD® extracts was only observed at low
level (ECip value = 81 vol%) and for a mid-treatment wastewater
sample (A(2)).

3.1.3. Daphnid D. magna

The toxicity of XAD®-extracts (Table 3, Table SD3) was generally
lower compared to respective raw samples which could potentially be
explained by the removal of confounding factors such as high nitrite,
ammonium or conductivity levels (Table SD 5). Toxic effects causing
>50% decrease in survival (LCsp) or reproduction (ECsp) were only
observed in two raw samples i.e. C(16) and B1(7) and four XAD®-ex-
tracts (D(18), A(2), G(31) and I11(37)). However, smaller but still sig-
nificant effects on reproduction were observed in 89% of the XAD®-
extracts (Table SD3) for which many ECjo-values fell below the lowest
concentration tested (i.e. <10 vol%).

For some tests, confidence limits could not be calculated for all
samples. This typically occurred when effects were only found in one
concentration or in the case that no partial effects (i.e. effects either O or
100%) were observed. In these instances ideally additional tests with an
extended number of concentrations should be performed but these were
not undertaken due to limitations on sample volume and concerns
regarding the age of samples. Such aspects might be considered and
minimized in future studies for example by the application of low-
volume bioassays whenever possible.

3.1.4. Zebrafish (D. rerio)

Acute toxicity to fish as assessed using the zebrafish embryo acute
toxicity assay indicate samples did not show any mortality or significant
adverse effects after 120 h exposure (Table SD 4). The only exception
was sample B1(7), a raw mid-treatment wastewater sample, for which
malformations were observed after 72 h exposure around the hatching
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period. The toxicity in this sample was not considered to be due to hy-
drocarbon components as no toxicity was observed in the corresponding
XAD® extract. Ammonium might have influenced the test results as the
preliminary criteria set for this species (Table SD 6) were exceeded in
sample B1(7).

3.1.5. Summary of toxicity (bioassay) data

Raw final effluent samples showed variable, toxic effects as observed
on Microtox®, algae and daphnids, while no effects were found on fish
larvae. Overall, the three final effluent raw samples did not present high
levels of toxicity in any of the bioassays with a dilution factor of 1.7
required to reduce the most toxic sample (D23) to below its lowest ECsg
(Table 3).

The criteria for confounding factors were potentially exceeded for
some of the raw sample bioassays. However, on the basis of the limited
observed toxicity and comparing the results for raw samples compared
to XAD® extracts (Tables SD6a and SD6b) only the mid water treatment
sample (B1(7)) indicated that these may be contributing to the toxicity
observed in the raw sample.

Also, an alternative explanation for a decreased toxicity observed in
the mid treatment sample (B1(7)) XAD® extract compared to respective
raw samples could be that the extracts did not exhibit the same level of
bioavailability as the raw effluents. This may have been due to the
change in the physical state of the test material (e.g., dispersed in the
effluents vs concentrated material in the extract). More investigations
would be required to establish if this was the case.

Microtox® was the most sensitive of the toxicity tests, even though
this is a rapid screening bioassay. The fish embryo toxicity test was the
least sensitive. This is broadly in line with previous refinery effluent
toxicity assessments where D. magna and Microtox® have been shown to
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be the most sensitive assays compared to fish and algae (Comber et al.,
2015). However, care has to be taken in making assumptions about the
sensitivity of the test organism as many other factors need to be
considered. For example, the nature of the test system may in itself lead
to loss of toxicants (and hence sensitivity) due to absorptive losses of
toxicants to the surfaces of the test exposure vessels. Considering this
aspect, the apparent sensitivity of the Microtox® test may be a conse-
quence of its rapid nature and that test dilutions are prepared in glass
cuvettes immediately prior to exposure. This minimises loss of potential
toxic components e.g. via adsorption to test vessels. Consequently,
future investigations with other species could attempt to avoid adsorp-
tion losses by e.g. using glass vessels or applying other dosing regimens
(e.g. flow through, passive dosing) and ideally whenever possible con-
firming exposure concentrations (i.e. BE-SPME measurements in test
vessels during the tests).

3.2. Influence of wastewater treatment on toxicity

The toxicity data are summarised in Fig. 1 showing the distribution
of results before and after treatment for the bioassays, together with the
BE-SPME measurements and predicted toxicity, expressed as TUs. These
demonstrate that toxicity decreased during wastewater treatment as
shown by the shifts in the plots although this shift is more obvious (due
to sensitivity) for some of the bioassays. The data from this current study
demonstrate apparent species differences where the D. rerio embryo and
algae bioassays appear to be relatively insensitive whilst the D. magna
and Microtox® bioassays appear to be the most sensitive.

There were few instances of toxicity (e.g., ECso) in the bioassays in
the final effluent where the few observed ECsq values occur at high di-
lutions, or are not observed even in the 100% effluent. In contrast, the
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mid-stream effluent samples often exhibit toxicity with multiple
observed ECsps. This empirical decline in toxicity was consistent with
the decline in the theoretical predicted TUs and measured BE-SPME
measurements (Fig. 1, Panel A and B, respectively). On average BE-
SPME and TUs declined by approximately a factor of 2-3 after final
treatment.

This factor is generally consistent between the different toxicity
metrics including predicted TU, measured BE-SPME, and the observed
toxicity in the 100% effluents for the different bioassays. There is
notable variability in the various parameters, spanning up to an order of
magnitude in all cases, including before and after treatment. This re-
flects the complex nature of a petrochemical refinery which handles
different types of crude oils, and manufactures different products
through different processes. However, it is clear that effluent toxicity is
reduced by treatment in a WWTP regardless of the assessment technique
used to measure it, and that aquatic toxicity of the final effluent is
negligible.

3.3. BE-SPME as measurement of bioavailability

This section builds on the observed association between toxicity
determined in the bioassays (section 3.1) and BE-SPME by performing
direct comparison to the observed toxicity as illustrated in Fig. 2 and
Table SD7. In the present work, BE-SPME measurements were collected
only on 100% effluent samples. The dilutions of the effluent clearly
result in reduced exposure, and toxicity, however the relationship be-
tween toxicity and exposure concentrations for petroleum substances is
often not linear (Redman et al., 2014b; Redman, 2015 and Redman
et al., 2017a, 2017b). Therefore, linear extrapolation of the BE-SPME
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measurements to the lower loadings could result in errors or
misleading trends. For this reason, direct comparison of the BE-SPME on
the 100% effluent to the ECss is likely not very informative. Despite this
limitation, the 100% effluent represents the worst case exposure.
Therefore, the comparisons were limited to effect data at the 100%
dilution, which were compared further to other existing
BE-SPME-toxicity data (Redman et al., 2018a, b).

There appears to be a reasonable association between the chronic 21
day D. magna survival data from the present study and the 2-d LCsg
values from literature data (Redman et al., 2018a) with a critical effect
concentration (LCsg) near 10 mM. The chronic data found in literature
were collected at lower exposures and show generally low effects and
the addition of the chronic aquatic toxicity data for the present study
show higher effects at higher BE-SPME measurements. These data
appear consistent with each other and appear to form a reasonable dose
response with a chronic ECsp around 10 mM. This implies an acute to
chronic ratio (ACR) around 1, which is consistent with relatively low
ACRs (median ~5) for these types of organic chemicals (McGrath et al.,
2018).

The Microtox® data in the present study (BE-SPME LCs( near 20-60
mM) appear to be offset from the literature study (LCsp 150 mM).
However, the BE-SPME LCs is consistent with the range of other critical
BE-SPME values of 15-90 mM (Redman et al., 2018a,b) so it is consid-
ered to represent typical variability observed between laboratories. It is
often necessary to understand variability so that sufficiently conserva-
tive and meaningful monitoring thresholds can be determined.

For the toxicity to algae and zebrafish embryos as summarised in
Fig. 2 plots D to F there is an apparent discrepancy at the high loading
when the results of this study are compared to those in the literature.
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One possible explanation is that this is exposure related since the BE and
toxicity data were taken from separate sources and it is possible that in
some studies, the test material did not fully equilibrate with the test
system. It is clear that these same samples produced toxicity in the
Microtox® and daphnid tests. For example, Microtox® is a rapid
bioassay (15 min) compared to the other bioassays which take several
days. The Daphnid testing employed static renewals of the test substance
in larger test vessels than the fish embryo tests. The algal test did not
employ renewals.

Despite this discrepancy the observed relationships between toxicity
and BE-SPME are consistent with other literature data (Redman et al.,
2018a, 2018b). This confirms that toxicity in these tests were mainly
from the bioavailable portion of the organic fraction in the raw effluents
or extracts. This observation further highlights the utility of this
non-animal test method for evaluating toxicity of refinery effluents.
Coupled with the existence of BE-based critical toxicity thresholds for
non-specific toxicity, BE-SPME has the potential to greatly simplify
toxicity assessments of mixtures, and effluents.

4. Summary and conclusions

The study shows that the bioassays used displayed different levels of
sensitivity but it is suspected that this may be an artefact of actual ex-
posures achieved within the test systems rather than species sensitivity.
Using XAD® resin extraction helped to remove uncertainty associated
with potentially confounding factors that can be present in oil refinery
effluents and thereby offered a viable approach for assessing toxicity of
organic fractions of oil refinery effluents. It is therefore recommended
that for future WEA undertaken on refinery effluents/wastewaters
studies should 1) be designed to assess if exposure is a limiting factor and
if so ensure bioassay procedures are modified to mitigate this problem
and 2) that bioassay studies are conducted on both raw and extracted
samples (e.g. XAD® resin) to improve understanding of the factors
governing their toxicity.

The companion analytical study by Hjort et al. (2021) demonstrated
that the refineries used in this study were typically shown to operate
according to BAT expectations with removal factors of TPH for their
whole WWTP varying from 97% to >99.8% between refineries. The
observed toxicity data and other evaluation metrics (e.g., toxic units,
BE-SPME) from the current study also show substantial reductions due
to the refinery WWTP.

The results generated in these combined studies are in line with
previous investigations providing evidence that oil refinery wastewater
treatment steps remove both contaminants and toxicity. This was
confirmed in all the assessments where predicted toxicity, BE-SPME and
actual bioassay data all demonstrated a significant drop after treatment
(i.e. when final effluents from the biological WWTPs were compared to
mid-treatment wastewater samples). Furthermore, all methods indi-
cated that the toxicity of final treated effluents can be considered to be
negligible.

Observed toxicity was correlated with BE-SPME in the present study.
In general the apparent BE-based critical toxicity thresholds were
similar to the thresholds found in open literature (Redman et al., 2018a,
2018b).

BE-SPME measurements provide a suitable basis for evaluating
aquatic toxicity of oil refinery effluents and are recommended to be used
in WEA evaluations to support mechanistic interpretation of potential
observed effects. Use of microbial toxicity screening tests such as
Microtox® can be used to support the evaluations due to the simplicity
of implementation and the rapid response. This has also been seen in
investigations of toxicity of produced waters from oil and gas platforms
(Worden et al., 2021). BE-SPME, combined where appropriate with
simple bacterial bioassays, is therefore recommended as a suitable tool
for screening water bodies and effluents to support effect-based moni-
toring and assessment of effluent discharge impact on the ecological
status of surface water bodies under the WFD.
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By utilising a range of biological effect methods, the results of this
study provide additional reassurance that oil refinery effluents treated in
accordance to EU BAT requirements are not toxic to aquatic organisms
and considered unlikely to have significant impacts on the surface water
bodies into which they are discharged.
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