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ARTICLE INFO ABSTRACT

Handling Editor: Y Yeomin Yoon To determine the vaporization order of (the components in) crude oils, the density, the viscosity and the chemical
composition of a light and a heavy crude oil were studied as a function of the burning efficiency. An experimental
series of small scale in-situ crude oil burns on water were conducted with the two crude oils. Chemical analyses
of the burned residues showed that the components in crude oils vaporize in order of decreasing volatility and
the depletion rate of components generally decreased with increasing molecular mass. Ultimately, this means
that the burning efficiency of a crude oil burning on water can be related to fire dynamics principles, irrespective
of its chemical and physical properties. The relative abundance of pyrogenic PAHs in the burned residues
increased up to a maximum of 2600% for the light crude oil and 9100% for the heavy crude oil. Increased
abundances of the pyrogenic PAHs were caused by the formation of the pyrogenic PAHs during the burning and
not by an increase in concentration in the burned residues. Overall, the results provide relevant data for pre-
dicting the effectiveness of in-situ burning of crude oil as oil spill response method, both in terms of its burning
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efficiency and its environmental impact.

1. Introduction

In-situ burning of spilled oil is one of the main oil spill response
methods. This method removes oil from the water surface by turning the
oil into soot and other (gaseous) combustion products (Buist et al., 1999,
2013; Potter and Buist, 2008; Fingas, 2011). The two best known ex-
amples of the in-situ burning of accidently spilled oil are from the Exxon
Valdez spill (Allen, 1990) and the Deepwater Horizon spill (Allen et al.,
2011). For the Exxon Valdez spill, an estimated burning efficiency of
98-99%, in weight percentage of oil removed from the water surface,
was reported. Achieving such a high burning efficiency (>90%) is very
important because the burning efficiency is the primary aspect of in-situ
burning that determines its effectiveness as oil spill response method.
The properties that determine whether an in-situ burn of crude oil on
water will acquire the desired burning efficiency are, however, not well
understood.

One such property is the vaporization order of crude oils, which
determines the order in which the thousands of hydrocarbons of a crude

* Corresponding author.
E-mail address: 1pvg@outlook.com (L. Van Gelderen).

oil evaporate from the oil to participate in an (in-situ) fire. The fire
properties of hydrocarbons, such as the heat of combustion and the heat
of vaporization, are a function of their molecular structures (Egloff et al.,
1940; Prosen and Rossini, 1945; Bradford and Thodos, 1967; Vetere,
1979; Seaton and Keith Harrison, 1990; Rizicka and Majer, 1994; Nolan,
2011). As such, the vaporization order governs, at every stage of the fire,
the heat that is released and the heat that is needed to maintain a suf-
ficient evaporation rate that can sustain the fire. Once the fire can no
longer generate sufficient heat to sustain the fire, e.g. due to heat losses
or insufficient fuel, the fire will extinguish and any remaining crude oil
is left as a burned residue on the water surface. This means that the
vaporization order of a crude oil partly determines when an in-situ
burning fire will extinguish and thereby its burning efficiency. Under-
standing the vaporization order is therefore important when trying to
predict the effectiveness of in-situ burning as oil spill response.
Currently, conflicting theories have been published on the vapor-
ization order of multicomponent fuels, from which two main hypotheses
can be derived. The first hypothesis states that burning crude oils act like

1 Present address: Netherlands Forensic Institute, Laan van Ypenburg 6, 2497 GB, the Hague, the Netherlands.
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pure fuels, with all components evaporating simultaneously, each at a
constant rate (equilibrium flash vaporization) (Petty, 1983; Buist et al.,
2013). Depending on the evaporation rates of the component and their
respective concentrations in the crude oil, the chemical composition of
the oil may or may not change as the fire progresses (Buist et al., 1997).
The second hypothesis states that the components in multicomponent
fuels evaporate in order of decreasing volatility, with evaporation rates
of the components changing accordingly (diffusion-limited vapor-
ization) (Law, 1978, 2006; Wang et al., 1984). Starting with the highest
volatility, components with similar volatilities evaporate simulta-
neously until their concentrations in the fuel are too low to provide the
burning rate required to sustain the fire. Less volatile components then
start evaporating to feed sufficient combustible gases to the fire, while
the more volatile components are being fully depleted from the fuel.
This process continues until all components are depleted from the fuel or
until the heat generated by the remaining components can no longer
generate a sufficient evaporation rate. During in-situ burning, the
composition of the components participating in the fire and the
composition of the crude oil would thus constantly change as the fire
progresses. Fundamentally, the two hypotheses are very different and
presently conclusive evidence has not been provided for either
hypothesis.

In a previous study (Van Gelderen et al., 2017), we showed through
small scale experiments that the diffusion-limited vaporization model
could best explain the observed fire behavior of crude oil burning on
water. This conclusion was, however, derived from indirect (physical)
measurements of the flames and the burning oil. The study also included
a chemical analysis of the fresh crude oil and of a burned residue, but
only after the fire naturally extinguished. Analysis of the chemical
composition of a burning crude oil as a function of the burning pro-
gression would provide more conclusive data on which vaporization
order is followed by burning crude oils. In this study, burned crude oil
residues from different stages of in-situ fires were therefore sampled and
analyzed using gas chromatography and mass spectrometry to deter-
mine their chemical compositions. The vaporization order of the crude
oils was then determined from the observed changes in the chemical
composition of the burned residues as a function of the burning
progression.

Analyzing the chemical composition of burned residues is also rele-
vant from an environmental perspective. For example, in a recent review
on residues from the in-situ burning of oil spills, Fritt-Rasmussen et al.
(2015) showed that there are still many unanswered questions regarding
the formation, fate and environmental impact of burned residues.
Among others, heavy polycyclic aromatic hydrocarbons (PAHs) are
known to increase in concentration in burned crude oil residues. These
PAHs “have a higher potential for bioaccumulation and, in addition,
may include mutagens and carcinogens such as benzo[a]pyrene” (Frit-
t-Rasmussen et al., 2015, p. 9). Stout and Payne (2016) showed quali-
tatively, through comparison of heavy PAH concentrations in burned
residues, that heavy PAH concentration increases had to be due to for-
mation of these PAHs during combustion. The current study provides
complementing quantitative data on which heavy PAHs are formed
during in-situ burning, independent of the changes in other components
in the crude oils. The results presented herein thus also support assess-
ments of the environmental impact of in-situ burning by providing
quantitative data on the removal and the formation of analyzed PAHs.

2. Materials and methods
2.1. In-situ burning setup

The burning experiments were conducted in a modified version of
the previously used Crude Oil Flammability Apparatus (COFA) (Van
Gelderen et al., 2015). The modified COFA setup features a short Pyrex
glass cylinder with a height of 50 mm and an inner diameter of 163 mm,
placed on a metal stand in the middle of a water basin of 1.0 x 1.0 x
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0.50 m® (Fig. 1). A propeller is fixed on the middle of one of the walls of
the basin and is used to create a current in the water body. On the water
surface inside the Pyrex glass cylinder, the crude oil is contained and
burned. Because of the low height of the cylinder compared to the
original COFA setup, the water layer below the burning oil can be
continuously refreshed, and thus cooled, by the current in the water
body. This is a significant modification from the original COFA setup, in
which the water layer below the burning oil would superheat, ultimately
causing a boilover (Arai et al., 1990; Garo et al., 1994). A boilover is an
explosive burning state that, once initiated, rapidly extinguishes fire.
This phenomenon is typically not observed during in-situ burning op-
erations on sea (Buist et al., 2013) and is mostly an artifact of laboratory
experiments. The modified COFA setup is thus more representative of
full scale in-situ burning operations than the original COFA setup.

In order to determine whether the proposed vaporization order
theory is applicable to any crude oil, a light crude oil from the Danish
Underground Consortium (DUC) and a heavy crude oil from the Grane
oil field were studied. For the same purpose, DUC crude oil was tested
for initial slick thicknesses of 5 and 20 mm. Because of supply limita-
tions, Grane crude oil was only tested for an initial slick thickness of 5
mm. The relevant chemical and physical properties of these crude oils
are shown in Table 1. More detailed information on the hydrocarbon
fractions of the two crude oils is included in the Supplementary
Materials.

Prior to conducting the experimental series, the flow velocity of the
propeller and its vertical distance to the Pyrex glass cylinder were
optimized. The flow in the water body of the COFA has to cool the water
layer below the burning oil sufficiently in order to prevent boilover, but
should at the same time not cause disturbances at the fuel surface. The
initial location of the propeller was chosen to result in minimally
observable waves on the water surface opposite of the cylinder. Then,
starting with a 5 mm thick DUC slick, an experiment was run where the
oil either burned until natural extinction or until boilover. If the fire
ended in a boilover, the experiment was repeated with a higher flow
velocity or with the propeller closer to the cylinder. If the fire extin-
guished naturally, the time was noted until extinction and the residue
was sampled and collected as described above. This process was
repeated for a 20 mm thick DUC slick and a 5 mm thick Grane slick, each
starting with the propeller setup of the previously tested oil type. For
reference, in this study the propeller was located approximately 20 cm
below the Pyrex glass cylinder and had a flow velocity of 1000 L/h for
DUC and 2500 L/h for Grane. Grane, being heavier than DUC, burns at
higher temperatures and thus the water layer below the burning Grane
requires more cooling through a higher propeller velocity to prevent
boilover from occurring.

2.2. In-situ burning experimental procedure

For each crude oil (5 mm DUC, 20 mm DUC and 5 mm Grane), it was
aimed to obtain burned residue samples as a function of the burning
progression in burning efficiency intervals of 10% (i.e. 10%, 20%, 30%,
etc.), up until their maximum burning efficiency. Monitoring the
burning efficiency during a fire and taking residue samples from a
burning crude oil are, however, practically unfeasible. Every burned
residue sample with a specific burning efficiency therefore required its
own experiment. As such, multiple experiments had to be conducted for
each oil, with the experiments being manually extinguished at different
burning times that corresponded with the required burning efficiency.
The maximum burning efficiency for each crude oil, for the used
experimental setup, was obtained by letting the fire extinguish natu-
rally. The exact correlation between the burning time and the burning
efficiency was not known prior to conducting the experimental series
though and had to be determined as the series was conducted. The
methodology for this process is explained in the Supplementary
Materials.

In a typical experiment, the COFA was filled with water until the
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Fig. 1. Schematic of the modified COFA setup, adapted and modified from Van Gelderen and Jomaas (2018).

Table 1
Physical and chemical characteristics of DUC and Grane.
oil Density (g/ Boiling point Flashpoint Viscosity Wax content (wt Asphaltenic content (wt Total sulfur (wt Vanadium Nickel
mb)* 0 o’ ()"’ 9%) %) %) (ppm) (ppm)
DUC 0.853 >230 7 6.750 4.2¢ <0.05¢ 0.261°¢ <1°¢ 6°
Grane  0.934 >380 20-21 268.7 7.0¢ 0.9¢ 0.62¢ 9.5¢ 3.1¢

@ Measured at 25 °C using an Anton Paar SVM 3000 viscometer.
b Measured using a Pensky-Martens Flash Point Tester: PM 4 (closed cup).
¢ Maersk Maersk Oil, 2005.

4 Statoil (2017), different values have been reported for the wax and asphaltenic content in Fritt-Rasmussen et al. (2012).

water level was approximately 10-30 mm below the Pyrex cylinder
edge. A known quantity of crude oil (m,y), corresponding to a slick
thickness of 5 or 20 mm, was then carefully poured onto the water
surface inside the Pyrex glass cylinder. Care was taken during the
pouring process that any resurfacing oil would not resurface outside of
the cylinder. Additional water was then slowly added to the basin until
the oil surface was 1-2 mm below the edge of the cylinder. The tem-
perature of the water body was measured to be able to assess the in-
fluence, if any, of the initial water temperature on the burning
efficiency. Then, the propeller was turned on and the oil was ignited
using a butane torch blower, at which point a stopwatch was started.

After the estimated amount of time (see the Supplementary Mate-
rials), the fire was extinguished by placing a non-combustible cover over
the Pyrex glass cylinder. A 3-5 ml sample was taken from the surface of
the burned residue with a pre-weighed syringe for measurements of the
viscosity and density of the residue. Care was taken that no water from
below the residue was sampled. If needed, any collected water in the
syringe was ejected and additional residue was sampled with the syringe
so that it contained at least 3 ml of burned residue. The residue in the
syringe was then weighed (my;s) and injected in the viscometer. Next, a
1-2 ml sample of the residue was collected with a spatula and stored in a
pre-weighed glass vial. The residue in the vial was weighed (m,;q) and
stored in a freezer prior to the chemical analysis (see below). The
remaining residue was collected with pre-weighed hydrophobic ab-
sorption pads and weighed (my.s), so that the burning efficiency could be
determined using Eq. (1). Grane residues were dried overnight to
evaporate any water taken up by the residue as Grane has a high affinity
for water because of its high asphalthenic content.

Myjse & Myjar + Myes
Myir

Burning efficiency = (1 — ) -100% (€D)]

2.3. Chemical analysis

The residues samples (43 in total) were diluted in dichloromethane
(DCM, HPLC grade — Rathburn, UK) to concentrations of 1-2 mg/ml.
The samples were analyzed with an Agilent 6890 N/5975 gas chro-
matograph — mass spectrometer (GC — MS) operating in electron ion-
isation (EI) mode. The GC was equipped with a 60 m ZB-5 (0.25 mm

inner diameter, 0.25 pm film thickness) capillary column (Phenomenex,
USA). Helium was used as carrier gas with a flow rate of 1.1 mL/min.
Aliquots of 1 pL were injected in pulsed splitless mode with an inlet
temperature of 315 °C. The column temperature program was as fol-
lows: an initial temperature of 40 °C held for 2 min, then a 25 °C min~!
increase to 100 °C followed by an increase of 5 °C min~! to 315 °C,
which then was held for 13.4 min resulting in a total run time of 60.8
min. The transfer line, ion source and quadrupole temperatures were
315 °C, 230 °C and 150 °C, respectively. A total of 55 mass-to-charge
ratios (m/z) were acquired in SIM mode. The complete description of
the GC-MS/SIM method can be found in (Gallotta and Christensen,
2012). A Quality Control (QC) sample, representative of the sample
matrix, was constructed by taking equal amounts of half of the DUC
residue samples to measure instrumental variability. The residue sam-
ples were split into two analytical batches. These batches included five
QC sample replicates and six solvent blanks (DCM), spread throughout
the analytical sequence in order to monitor the analytical quality.

2.4. Data processing

Chromatographic peak integration of 67 chemical components and
26 component groups, consisting of polycyclic aromatic hydrocarbons
(PAHs), n-alkanes and petroleum biomarkers, was performed using
Masshunter Workstation Software — Quantitative Analysis (Version
B.07.00). The selected ion chromatograms were integrated according to
the CEN/TR 15522-2 (2012) protocol in order to include only the rele-
vant peaks and peak regions of interest. The integration data (peak area)
were then exported as a.csv file into Excel where the data were pro-
cessed as described below. A complete overview of the 93 analyzed
components and component groups is shown in the Supplementary
Materials.

The relative abundance of each component or component group in a
residue sample, with respect to their corresponding fresh starting oils,
was derived by a three-step normalization procedure. First, for each
residue sample, its components and component groups were internally
normalized using the weathering resistant 17a,21f-hopane to remove
variations due to absolute concentration differences. We are aware of a
study that shows Cgg-ap hopane not to be fully resistant to thermal
degradation in burning oil (John et al., 2018). The burning experiments
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in John et al. (2018) were, however, conducted under very different
conditions than in-situ burning experiments in general and as conducted
in this study. They diluted the crude oil in hexane and dichloromethane
and burned the crude oil 16 times, igniting the residues again with
hexane, which could have caused the degradation of the C3y-aff hopane.
We therefore considered 17a,21p-hopane to still be the most viable
component for internal standardization for this study. Next, each
component and each component group was normalized to a QC
normalization factor (QCporm) (Eq. (2)). This step reduces the systematic
discrimination throughout and between the analytical sequences.
Cunoc,
__af—Hgpc,

OCuwormc,, = C o

@

Here, Cj, is the abundance of the nth component (group) and «, f— H
is the abundance of 17a,21B-hopane. The subscripts are for the replicate
QC sample nearest in the analysis sequence to the residue sample (QC;)
and the replicate QC sample nearest in the analysis sequence to the
corresponding fresh crude oil (QCp). The result is the QC normalization
factor for the nth component (group) of residue sample r (QCrorm c,,)- An
overview of the sampling sequence with an example calculation of the
QC normalization factor is included in the Supplementary Materials.

Finally, each component (group) was normalized to its correspond-
ing component (group) of the respective fresh oil (DUC or Grane) (Cyy)
in order to obtain the relative abundance (in %) of that component
(group) in the residue sample. This process is summarized in Eq. (3). For
the fresh oils, the QC normalization factor (QCporm.c, ) equals 1 by
definition, as the same replicate QC sample is used in the numerator and

denominator of Eq. (2).
af—Hy ap—Hr

_ QCuwomcnr QCorm,Cn
Cof Cuy
ap—Hy afp-Hy

OCrom,C,

Here, C, is the abundance of the nth component (group) and «, f— H
is the abundance of 17u,21p-hopane in the same sample, with the sub-
scripts r for the residue sample and f for the fresh crude oil.

100% = 100% 3)

Relative abundance C,

3. Results and discussion
3.1. In-situ burning experiments

The burning efficiencies as a function of the burning time for DUC (5
and 20 mm initial slick thickness) and Grane (5 mm initial slick thick-
ness) are shown in Fig. 2. The results for the repetition series of DUC
show that the experiments have a good repeatability, with deviations in
the burning efficiencies between repetitions of 1.4-11%.> In both these
experimental series, the burning rate (in g/s) decreased as a function of
the burning time, from 0.18 to 0.096 g/s for 5 mm DUC and from 0.23 to
0.12 g/s for 20 mm DUC. This difference in burning rates with varying
initial slick thicknesses is a known phenomenon for burning crude oils
on water (see e.g. (Buist et al., 1999; Buist et al., 2013)). As expected, the
burning rates for the lighter DUC crude oil were higher than the burning
rates for the heavier Grane crude oil (0.14-0.068 g/s). A more in-depth
discussion on the influence of the initial slick thickness and oil types on
the burning rate and the burning efficiency is beyond the scope of this
paper and has already been covered in the literature (see also (Garo
et al., 1994; Garo et al., 1999; Brogaard et al., 2014; Van Gelderen et al.,
2015; Van Gelderen et al., 2017)). Overall, the burning efficiency results

2 The two highest relative deviations were for the burning efficiencies of
9.0% and 8.1% for 5 mm DUC (11% deviation) and burning efficiencies of 40%
and 37% for 20 mm DUC (9.5% deviation).
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show that the collected samples provide a good selection of data points
along a reasonably predictable burning rate curve that is in accordance
with previous studies. As such, these samples were deemed appropriate
for studying the chemical composition of burning crude oil as a function
of the burning progression.

Fig. 3 shows the measured density and dynamic viscosity as a func-
tion of the burning efficiency for DUC and Grane. Both the density and
viscosity increased with increasing burning efficiency. Hydrocarbons
generally show an increase in density and viscosity with decreasing
volatility (Carmichael et al., 1964; Piacente et al., 1994; Korsten, 2001;
Chickos and Hanshaw, 2004; Yaws, 2015) and the results thus indicate
that, with decreasing volatility, crude oil components vaporize slower,
at later stages of the fire, or both slower and later. The constant
vaporization rate model, but only when lighter components vaporize
faster than heavier components, and the diffusion-limited vaporization
model both match with these results.

The results in Fig. 3 also show that there is a distinct, albeit small,
difference between the results for 5 mm and 20 mm DUC. For both the
density and viscosity, 5 mm and 20 mm DUC follow very similar
trendlines, but the values for 20 mm DUC are consistently lower. This is
caused by the 20 mm DUC residues having a slightly higher relative
abundance of the lighter components than the 5 mm DUC residues at the
same burning efficiency (see also Section 3.2.1 and the Supplementary
Materials). Such a difference in relative abundances must be caused by
either differences in the composition of the vaporizing components or
their individual vaporization rates, for different initial slick thicknesses.
Why these differences occurred could not be explained with the ob-
tained results and further research into this topic was beyond the scope
of this study. Ultimately, the results in Fig. 3 indicate that the vapor-
ization order is not solely a function of the initial chemical composition
of the crude oil. Physical parameters, such as the initial slick thickness,
clearly have an influence as well on which components, at which rate,
evaporate during which stage of the fire.

3.2. Chemical analysis of burned residues

3.2.1. n-Alkanes and isoprenoids

The results of the chemical analyses of n-alkanes (Cjo to C3p) and
isoprenoids (nor-pristane, pristane and phytane) in the 5 mm DUC
burned residues are shown in Fig. 4. Because of the normalization
method (Eq. (2) and (3)), each data point effectively shows the abun-
dance of a component in a residue sample relative to the abundance of
that component in the corresponding fresh oil. For example, at a burning
efficiency of 47%, the relative abundance of phytane was 34%, which
means that 66% of the phytane originally present in the fresh DUC has
been burned. The observed relative abundance of >100% for some
components is likely a result of experimental and analytical un-
certainties, rather than the actual formation of these components.
Overall, the results show good precision for sample pairs with similar
burning efficiencies (8.1% and 9.0%, 19% and 20%, 28% and 31%, 33%
and 35%, 38% and 40%, 47% and 50%, and 53% and 55%). For each
sample pair, the average of the absolute differences in relative abun-
dance per component was <5.6% (with a standard deviation of 3.8%).
An example of this calculation for the residues with burning efficiencies
of 8.1% and 9.0% is given in Eq. (4).

=32% 4

1 N 1 26
N Z}'Cn,rl - Cu,r2|7 % ;!Cn,&l% - Cn.9.0%

The components in Fig. 4 are shown in order of increasing retention
time, which is a measure for an increasing molecular mass and
decreasing volatility (Piacente et al., 1994; Chickos and Hanshaw,
2004). The resulting relative abundance profiles of straight and
branched alkanes provide a clear overview of the changes in the
chemical composition of the residues as a function of the burning effi-
ciency. In general, with increasing burning efficiency, the relative
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Fig. 3. Density and dynamic viscosity as a function of the burning efficiency for DUC and Grane.

abundancy of the lighter n-alkanes and isoprenoids (Cjo - Cag) was
reduced more compared to the heavier n-alkanes (Cg9 - C3p). For
example, at a burning efficiency of >50%, Cip - Ci4 were almost
completely removed (<5% remaining) compared to 87-99% remaining
of Cog - C32. This correlates well with the observed increase in density
and viscosity with increasing burning efficiency (Fig. 3).

More specifically, Fig. 4 show that the depletion rate from the burned
residues of the components decreased with increasing molecular mass of
the components. Thus, the more volatile a component, the faster it was

removed from the burning oil. Furthermore, the results show that the
heavier a component, the later it started to evaporate from the burning
oil to participate in the fire. At a burning efficiency of 38%, which
corresponds to a burning time of 260 s, the heaviest n-alkanes (Cgg - C32)
had not started burning, still showing relative abundances of 100% to
17a,21p-hopane. In summary, multiple components were depleted
simultaneously, with the exact composition of which components
varying as a function of the burning time. All of these results correspond
very well, and only, with the proposed diffusion-limited vaporization
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Fig. 4. Relative abundance of n-alkanes (C,Hay2) and isoprenoids in burned 5 mm DUC residues as a function of the burning efficiency. The components are sorted
in order of increasing retention time. The lighter and more volatile components participated in the fire earlier and were depleted faster from the burning crude oil

than the heavier and less volatile components.

order and provide strong experimental evidence in support of this crude
oil vaporization model.

The relative abundance results for the n-alkanes and isoprenoids of
20 mm DUC and 5 mm Grane (see the Supplementary Materials)
correspond well with the results for 5 mm DUC and confirm the
conclusion above. These matching results indicate that the general
principles of the diffusion-limited vaporization model are applicable to
crude oils in general, independent of their specific chemical and physical
properties. The actual depletion rate of each component, however, was
different for the different tested oils (5 mm DUC, 20 mm DUC and 5 mm
Grane). At 50% burning efficiency, for example, icosane (Cy) had a
relative abundance of 36% in 5 mm DUC compared to 55% in 20 mm
DUC. Also in Grane, at 20% burning efficiency, the relative abundance
of icosane was reduced to 57%, whereas for both 5 mm and 20 mm DUC,
the icosane was not yet (measurably) being depleted. Within the
diffusion-limited vaporization model, onset of vaporization and the
depletion rate of each component is thus determined by the specific

chemical and physical properties of a crude oil. This was also discussed
in Section 3.1.

3.2.2. Polycyclic aromatic hydrocarbons

Fig. 5 shows the relative abundance results for petrogenic (occurring
naturally in crude oil) PAHs in the 5 mm DUC residues as a function of
the burning efficiency. The results for PAHs that were primarily formed
during combustion, i.e. pyrogenic PAHs, are discussed below. The pet-
rogenic PAHs data set consists of naphthalene (N), alkylated benzo-
thiophenes (BT), fluorene (F), dibenzothiophene (DBT), phenanthrene
(P), pyrene (Py), retene, chrysene (Ch) and their alkylated derivatives.
For clarity reasons, the results for pyrene and methylpyrene are included
with the pyrogenic PAHs results. In addition, only the component groups
of the alkylated PAHs are shown. For example, component group C;—-N
contains the results for both 1-methylnaphthalene and 2-methylnaph-
thalene. Because the results for the petrogenic and pyrogenic PAHs
were functionally the same for all tested crude oils, only the results for 5
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oil than the heavier and less volatile components.
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mm DUC are shown here. A detailed overview with the relative abun-
dance results for all of the analyzed alkylated PAHs, including the results
for 20 mm DUC and 5 mm Grane, can be found in the Supplementary
Materials. The full names of the abbreviated components and compo-
nent groups are also included in the Supplementary Materials.

The results for the petrogenic PAHs, shown in order of increasing
retention time, show the same trends as for the n-alkanes, and iso-
prenoids. The depletion rate of the petrogenic PAHs generally decreases
with increasing molecular mass and thus with decreasing volatility. This
trend was also observed for the omitted individual alkylated PAHs (as
shown in the Supplementary Materials). At the highest obtained burning
efficiency of 55%, the lightest alkylated naphthalenes and benzothio-
phenes were nearly fully removed from the residue (Fig. 5). The alky-
lated chrysenes, on the other hand, only just started to participate in the
fire. Notably, chrysene increased in relative abundance, while it was not
considered to be a pyrogenic PAH for the purposes of this study.
Chrysene was possibly formed more during the fire than it was removed
as fuel. Alternatively, triphenylene, which co-eluted with chrysene, may
have been formed by the fire instead (see e.g. Constantinidis et al.
(2015)) and thereby increased the measured relative abundance of
chrysene. A detailed study in the formation of either chrysene or tri-
phenylene during the combustion of the crude oils was, however,
beyond the scope of this study. Regardless, the overall petrogenic PAH
results show that the diffusion-limited vaporization order also applies to
the more complex components in a crude oil.

Fig. 6 shows the relative abundance results for a selection of pyro-
genic PAHs in the 5 mm DUC residues as a function of the burning ef-
ficiency. The shown pyrogenic PAHs all reached relative abundances of
at least 200%. The highest relative abundances were reached for benzo
[k]fluoranthene (1877%), benzo[a]pyrene (750%) and indeno(1,2,3-c,
d)pyrene (1614%). These components reached relative abundances of
respectively 2142%, 974% and 2570% in the 20 mm DUC residues, and
9108%, 482% and 680% in the 5 mm Grane residues. A complete
overview of all analyzed pyrogenic PAH components, including the re-
sults for 20 mm DUC and 5 mm Grane, is included in the Supplementary
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Materials. The most notable result in Fig. 6 is that the relative abundance
of acenaphthylene initially increased with increasing burning efficiency,
but declines after a burning efficiency of 40% is reached. This indicates
that as the burning progresses, smaller pyrogenic PAHs start to partici-
pate in the fire and shift from being mainly a combustion product to
being mainly fuel for the fire.

Increased pyrogenic PAH abundances in crude oil residues are a well-
known effect of burning crude oils, as shown by several other studies on
in-situ burning residues (see e.g. (Fingas et al., 1994; Wang et al., 1999;
Fritt-Rasmussen et al., 2013; Fritt-Rasmussen et al., 2015; Stout and
Payne, 2016) and references therein). It is not always clear if such an
increase in abundance is due to the formation of the pyrogenic PAHs, the
depletion of other components from the burning oil, or a combination of
both processes. Because of the normalization process used in this study
(Eq. (3)), the depletion of the n-alkanes, isoprenoids and lighter PAHs
does not affect the abundance of the pyrogenic PAHs. This means that
the results shown in Fig. 6 are (primarily) because the quantity of the
pyrogenic PAHs in the burned residues was increased. Enrichment of
burned residues with pyrogenic PAHs is typically considered to be
caused by precipitation of particles that are formed during the com-
bustion reactions in the gas phase. Alternatively, pyrogenic PAHs could
also be formed in the residue itself by thermal conversion reactions
when the burning oil heats up above 350 °C (Speight, 2014). Regardless
of the exact mechanisms, the results demonstrate that pyrogenic PAHs
are created during the in-situ burning of crude oils and are taken up by
their burned residues.

Overall, our results show that n-alkanes, isoprenoids and petrogenic
PAHs all followed the diffusion-limited vaporization order. This result
was observed for both DUC (with 5 mm and 20 mm initial thickness) and
Grane. Correspondence to this vaporization order therefore seems to be
independent of the initial chemical composition or physical appearance
of the crude oil that was burned. As such, these results indicate that the
diffusion-limited vaporization order is in general an applicable model
for the in-situ burning of crude oil on water.
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4. Conclusion

Three series (5 mm DUC, 20 mm DUC and 5 mm Grane) of small scale
in-situ burning experiments were conducted to obtain a set of burned
residues with a range of burning efficiencies (8.1%-69%). The burning
efficiencies (with 10% intervals) were obtained by manually extin-
guishing the experiments at predetermined burning times, which were
based on the burning rate of each crude oil. The results showed that the
burning time was a reliable parameter to predict the burning efficiency,
as the burning efficiencies from duplicate experiments were within an
error margin of 1.4-11%. With increasing burning efficiency, the density
and viscosity of the crude oils increased, which corresponds well with a
vaporization order of the components in order of decreasing volatility.

Chemical analysis of the burned residues shows that the chemical
composition of a burning crude oil and of the components evaporating
from the oil changed constantly as the burning progressed. The deple-
tion rate of n-alkanes, isoprenoids and petrogenic PAHs generally
decreased with increasing molecular mass of the components. Further-
more, the higher the molecular mass of a component, the later it started
to evaporate and participate in the fire. These results were independent
of the initial chemical composition of the fresh crude oil or its physical
appearance. Based on the results, it is clear that the diffusion-limited
vaporization model best describes the vaporization order of burning
crude oil on water. This conclusion means that as a crude oil burns, the
energy required to maintain an evaporation rate that can sustain the fire
constantly increases as the burning progresses. The practical implication
of this conclusion is that the larger an in-situ burn is, and thus the more
heat it produces, the longer the fire can be sustained and thus the higher
the burning efficiency will be. For in-situ burning operations, the
burning efficiency can then be governed through the size of the fire,
irrespective of the chemical or physical properties of the spilled oil.
Predicting the burning efficiency of in-situ burning a crude oil on water
can thus be turned into a question of the heat balance during the fire,
rather than the properties of the crude oil that is burned. A quantifica-
tion of this heat balance will be required in order to be able to fully
predict the burning efficiency of crude oil burning on water.

Pyrogenic PAHs were demonstrated to be produced during the in-situ
burns, resulting in increased quantities of these PAHs in the burned
residues. The highest increases were observed for benzo[k]fluoranthene
(1876%, 2142% and 9108%), benzo[a]pyrene (750%, 974% and 482%)
and indeno(1,2,3-c,d)pyrene (1613%, 2507% and 680%) in 5 mm DUC,
20 mm DUC and 5 mm Grane residues, respectively. Overall, the results
highlight which pyrogenic PAHs are to be expected to form in large
quantities during an in-situ burn and even provide a quantitative mea-
sure of their increase in abundance. Such information can be helpful for
assessing the environmental impact that a burned crude oil residue may
have when applying in-situ burning as oil spill response method.
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