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Abstract. Quantitative information on the weathering of spilled oil is essential to
a fuller understanding of the fate and behavior of oil in the environment. Such data
is also useful for spill modeling. The key to acquiring data on oil weathering is the
availability of precise and reliable chemical information. Exact quantitation of
compounds in the oil can provide this crucial data. In this study, the effects of
weathering on the chemical composition of a light crude oil, Alberta Sweet Mix
Blend (ASMB), were thoroughly investigated using GC/FID and GC/MS. Com-
plete compositional information on the ASMB oil at various degrees of evapora-
tion (0-45%) was obtained, and the composition and concentration changes of key
components and component groupings were quantitatively correlated to evapora-
tive loss. Two opposing effects during evaporation—one is the loss of il compo-
nents due to evaporation, and another is build-up of oil components due to volume
deduction—were examined. So-called “pattern recognition” plots involving more
than 100 important individual oil components and component groupings were
graphically depicted, and these permitted deduction of a best set of values for
quantitation of exposure to evaporative weathering. A “weathering index” concept
is proposed. Relatively simple and very useful mathematical equations were de-
rived which can be utilized to describe the weathering behavior of oil and to

estimate the evaporation extent of oil.
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INTRODUCTION

The weathering of spilled oil in the envi-
ronment has been the subject of many research
efforts in recent years. When crude oil or
petroleum distillate products are accidentally
released to the marine environment, they are
immediately subject to a wide variety of weath-
ering processes {1]. These processes can in-
clude: evaporation, dissolution, dispersion, pho-
tochemical oxidation, water-oil emulsification,
microbial degradation, adsorption onto sus-
pended particulate materials, sinking, and sedi-
mentation, In the short term after an oil spill
(hours to days), evaporation is the single most
important and dominant weathering process and
causes considerable changes in the chemical
composition and physical properties of the

spilied oil [2-9]. In the first few days following a
spill, the loss caused by evaporation can be up
to 75 and 40% of the volume of light and
medium crudes, respectively. For heavy or
residual oils the losses are only about 5-10% of
volume [10]. The rapid loss of low-molecular-
weight hydrocarbons (such as C, to C,y) can
greatly reduce the biological toxicity and re-
strict possible adverse effects to areas near the
spill site. Hence, a thorough understanding of
the quantitative relationship between the
weathering by evaporation and the chemical
composition changes is especially important for
studying the behavior and fate of spiiled oil in
the environment and for taking appropriate
means to restore damaged resources.

Until recently, methods did not exist for
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quantitation of the extent of oil evaporative
weathering. The key to acquiring data on oil
weathering is the availability of precise and
reliable chemical information. Exact quantita-
tion of compounds in the oil can provide this
crucial data. Since there are compounds in oil
which do or do not evaporate, dissolve, de-
grade, or photooxidize, examination of the ra-
tios of the amounts of two compounds, and /or
two compound classes, one of which does not
undergo some weathering process and one of
which does, can provide this key. This method
is probably the only way to measure the extent
of a weathering process in the case of an actual
spill, and therefore, it is the method by which
laboratory data and actual spill data can be
correlated.

In the past decade, some laboratory experi-
ments and field studies have been conducted to
determine evaporation and measure the ioss of
hvdrocarbons from oil. The variation in the
results that have been obtained appear to be
associated with different evaporation models
and experimental techniques. There have been
few studies in which more comprehensive and
complete chemistry data are correlated to dif-
ferent weathering degrees.

In this report, ASMB, oil was used to study

the effects of weathering on the chemical com-

position and concentration changes of the oil.
This oil was chosen because its chemical com-
position has been extensively characterized and
-guantified [11,12], and the oil is often used by
other laboratories in Canada as a reference

material for use in the comparison of analytical .

methods and results. The analytes include not
only the toxic constituents such as alkyl ben-
zenes, polynuclear aromatic hydrocarbons
(PAH), and their alkyl homologues (which are
an environmental concern), but also the major
oil constituents—n-alkanes (n-C, to n-C,,) and
acyclic isoprenoids, which are useful as indica-
tors of the weathering of oil in environment,
and minor {but extremely valuable in tracing
and evaluating the fate of oil) constituents,
such as biomarker compounds (triterpanes and
steranes).

The main objectives of this study were: 1)
to obtain more complete compositional infor-
mation about ASMB cil at various degrees of
weathering; 2) to quantitatively determine the
concentrations of all monitored components at
different weathering degrees, and, therefore, to
compute, tabulate, and compare the composi-
tion changes and concentration changes of cor-
responding compounds; 3) to quanfitatively ex-
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amine the ratios of the amounts of compounds,
and /or compound classes, which do not un-
dergo weathering processes with those that do;
and 4) to quantitatively correlate weathering
percentages by evaporation with the concentra-
tion changes of the target analytes by mathe-
matical equations, that is, to firmly base the
modeling effort on complete analytical data.

The information obtained from this study
will be useful for evaluating the weathering
behavior and predicting the composition and
concentration changes of oil in the short term
following a spill. It will also be valuable for
assessing the possible biological effects and the
spill’s damage to the environment and natural
resources. This study is undertaken as part of a
large effort in the Emergencies Science Divi-
sion of Environment Canada and the U.S. Min-
erals Management Service to investigate vari-
ous counter-measures in responding to oil spills
and to investigate the fate and behavior of oil
for both the short and long term in the environ-
ment. Further studies of the weathering effects
on the chemical composition and concentration
of various oils (such as medium and heavy
crudes, and petroleum products as well) from
different regions and studies of oil biodegrada-
tion are being conducted in this laboratory. The
information obtained from further weathering
studies will be combined with the information
presented in this paper and used for fieid appli-
cation and to create oil-weathering models hav-
ing operational and predictive capabiliry.

EXPERIMENTAL

Materials. The materials and standards vused
in this study were same as those described in
references 11, 12, and 13.

Weathered ASMB oil. A new oil-evapora-
tion technique applying a lab-scale rotary evap-
orator was designed and used for this purpose.
The oil-weathering system consists of a
Wheaton N-10 Spin Vap (Wheaton, Miliville,
NI, USA) with a 10 L flask, an integral Haake
F3-CH (Fisher, Attane, Canada) circulating wa-
ter bath (capacity 14 L), and a Millipore vac-
uwum pump (Millipore, Mississauga, Canada).
The bath temperature can be controlled to
+0.5°C and the thermo control range is
1-120°C. The rotation speed can be continu-
ously varied from 10-135 rpm.

The following evaporation procedure was
used to obtain weathered ASMB oils with vary-
ing weathered percentages from 0-45%: 1) fill
bath with distilled water and bring to desired
temperature (usually start weathering at 60°C);
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2) weigh sample flask, then add approximately 2
L. of ASMB crude oil into the tared roto flask,
and take the final weight; 3) place flask on
evaporator and run at full speed, 135 rpm.
Maintain a flow of air (13 L /min) through the
flask by leaving the vacuum release stopcock
open; 4) after set periods of time, the sample
flask is removed, reweighed and the percent
evaporated (wt%) is calculated. A sample of
about 5 mL is taken at approximately every
~ 5% weathering; 5) sampling is continued for
about 100 h (rotovaping time), or until there is
little or no change in the percentage weathered
over an 8 h period.

This technique shows several advantages as
follows: 1) the evaporation percentages of any
target oil can be precisely controlled and then
directly correlated to compositional changes of
the target weathered oil; 2) by plotting weight
percent lost versus time, it is possible to deter-
mine a point at which the evaporation rate is
sufficiently slow that the oil may be considered
to have achieved the maximum evaporative loss
likely to be observed under the conditions of a
marine spill; 3) it is also possible, by plotting
weight percent lost versus viscosity to relate
evaporative loss directly to a physical measure-
ment which is easily obtainable in the field.

Weathered ASMB oil samples by a pan evap-
oration technigue. The pan evaporation unit was
constructed using an open pan balance (Mettler
4000} capable of measurement precision to (.01
g.- The balance is coupled to a computer for
data logging. A commercial program, “Acquire,”
was purchased and modified to allow time in-
tervals 1o be increased geometrically.

A glass evaporating pan is used. For most
experiments, a single pan with a diameter of
about 140 cm is used. Other diameters were
used during experiments to measure the area
effect. Oil of the desired weight is placed into
the pan and the computer logger started. A
prieumatic stirrer is put into place. This consists
of a syringe with a low airflow (175 cc/min)
through it. This prevents the formation of a
“skin” on top of the oil, which is a major
interference in these types of experiments. The
“skin” formation will slow evaporation by as
much as an order or two in magnitude. The
experiment is run until the weight loss is very
minimal. At the end of the experiment (ap-
proximately one and one-half days), the com-
puter is manually triggered to take a final read-
ing and the remaining oil is saved for potential
future physical property and chemical composi-
tion analysis. The weight difference between
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the starting oil and the finished product can be
measured with an accuracy of +0.03 grams.
This vields a typical maximum error of about
one part per thousand.

The oil samples with varying weathered
percentages were randomly coliected through-
out the weathering process.

Column chromatography fractionation and
capiliary gas chromatography. For the instru-
mentation (GC-FID and GC-MS) and quantita-
tion, please refer to references 11 and 12.

RESULTS AND DISCUSSION

Composition and concentration changes of
aliphatics. Figure 1A through 1C shows the rep-
resentative  GC/MS chromatograms (0%,
29.8%, and 44.5%) of the m/z 85 fragment
(one of the characteristic fragments for n-al-
kanes) of saturated hydrocarbons (F1). These
chromatograms are not particularly useful for
determining the source of the spill, but they
provide clean traces of n-alkanes (compared to
GC/FID chromatograms) in oil with minimum
interference from other aliphatic hydrocarbons
and give clear information on the degree of
weathering or freshness of the samples, which
is indicated by the distribution of n-alkane
m/z 85 fragments and the hump in the bottom
of the chromatograms.

Figure 1 demonstrates a number of chemi-
cal changes that occurred during the evapora-
tion process: 1) the first major change in the oil
is the loss of the relatively volatile low-molecu-
lar-weight (MW) aliphatics through evapora-
tion; 2) build-up of less volatile high MW
aliphatic components; 3) increase of the “hump”
(which appears as the area between the lower
baseline and the curve defining the base of
resolvable peaks and is often used as an indica-
tor of weathering degree) representing the GC
unresolved hydrocarbons.

Table 1 summarizes quantitation results of
n-alkanes from n-C; to n-C, plus pristane and
phytane in the weathered ASMB oils, as deter-
mined by using the integrated peak areas by
GC/FID and internal standard method. In or-
der to quantitatively compare the n-alkane con-
centration changes on the same basis, the ratios
of n-alkanes relative to n-C,, are calculated
and plotted versus carbon number (Figure 2).
n-C, is chosen as reference because it is well-
resolved, highly evaporation-resistant, and has
relatively high abundance. Figures 3A through
3F depict graphically the n-alkane distribution
at varying weathering degrees.

For the source ASMB oil, the most abun-

-+
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Figure 1.

GC / MS chromatograms of saturated hydrocarbons (m /z: 85) in weathered ASMB oil

samples: 096( A), 29.8% (B), and 44.5% (C). An HP-5 fused-silica column with dimensions of 30M
X 0=-25 mm (0-25 um film) was used. The chromatographic conditions were as follows: carrier gas, He
(1.0 mL / min); injection mode: splitless; injector and detector temperature, 290 and 300°C respectively,
temperature program, 50°C for 2 min, then ramp at 6°C / min to 300°C and hold 16 min.

dant n-alkanes are around n-C; to n-C,,, and
the abundance of n-alkanes gradually decreases
as the carbon number increases. As the weath-
ered percentages increase, the most abundant
aliphatic components shift to higher carbon
number n-alkanes. For example, the n-alkane
of the highest concentration is n-C, for 0%
weathered oil (4.8 mg/g oil) and n-C,;, for

44.5% weathered oil (6.7 mg/g oil), respec-
tively. It is noted that even though the ASMB
oil was weathered from 0-45%, the sum of
n-atkanes for six weathered ASMB oil samples
was not changed much (in the range of 70-76
mg/g oil). This can be explained as the resuit
of the combination of two opposite effects: one
is the loss of low- MW aliphatic components by

¥
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Table I. Comparison and concentration changes of aliphatics constituents in weathered ASMB
oil {mg / g oil).
n-Alkane 0% 9.8% 19.5% 29.8% 34.5% 44.5%
n-C8§ 4.09 277 109 0.00 0.00 0.00
n-C9 4.79 4,02 2.88 0.14 0.00 0.00
n-C10 435 4.12 3.53 1.36 0.08 0.00
n-Cl1 4.29 4.43 446 3.65 1.16 0.00
n-C12 415 4.17 4.34 4.44 3.11 0.00
n-C13 413 4.17 4.42 4.85 4.60 0.65
n-C14 4.18 4.16 4.58 5.15 5.13 3.02
n-C15 3.92 4.08 4.52 512 5.23 4.96
n-C16 3.64 4.01 4.47 4.95 5.13 5.65
n-C17 394 4.32 5.01 5.70 5.78 6.73
Pristane 1.96 2.11 2.35 2.1 2.80 313
n-C18 3.28 351 4.08 472 4.76 5.72
Phytane 1.92 2.05 233 270 273 3.20
n-C19 2.56 274 3.10 3.48 3.82 4.54
n-C20 2.30 247 2.80 3.12 339 4.02
n-C21 221 2.36 2.65 2.98 3.26 3.93
n-C22 203 2.23 2.55 2.84 3.00 3.57
n-C23 1.78 2.01 2.30 233 2n 3.14
n-C24 1.70 1.85 223 2.45 2.62 3.05
n-C25 1.56 1.61 1.89 2.08 2.24 2.69
n-C26 1.38 154 1.78 2.04 2.14 2.54
n-C27 1.27 1.43 1.65 1.85 1.99 2.34
n-C28 1.09 1.20 1.42 1.59 1.71 1.98
n-C29 0.90 0.99 1.15 1.30 1.4l 1.65
n-C30 6.72 0.77 0.94 1.03 1.12 1.31
n-C31 0.62 0.67 0.76 0.91 0.96 - 1.16
n-C32 0.49 0.53 0.65 0.71 0.76 0.91
n-C33 032 0.36 0.41 0.47 0.50 0.62
n-C34 0.28 0.32 0.37 0.41 0.44 0.53
n-C35 0.19 0.22 0.25 0.28 0.30 0.37
n-C36 0.12 0.14 0.16 0.18 0.19 0.22
n-C37 0.09 0.10 0.12 0.14 0.13 0.15
n-C38 0.06 0.07 0.08 0.09 0.10 0.12
n-C39 0.05 0.06 0.07 0.07 0.08 0.10
n-C40 0.04 0.04 0.05 0.06 0.06 0.07
Sum 70.30 71.69 75.64 75.91 73.77 72.58
n-C17 /pristane 2.02 2.05 2.13 2.10 2.07 2.15
n-C18 /phytane 1.71 1.71 175 175 1.78 1.78
pristane /phytane 1.02 1.03 1.01 1.00 1.03 0.98
CPI* 0.96 0.99 1.02 1.00 1.01 1.01
(C8+C10+CI2+Cl14)/

(C22+C24+C26 4 C28) 270 223 170 1.23 0.88 0.27

*CPI: Carbon Preference Index = (sum of odd n-alkanes) /(sum of even n-alkanes).

evaporation, and another is the buildup of high
MW aliphatic components by oil volume reduc-
tion. The ratios of n-C,,/pristane, n-
C,g/phytane, and pristane /phytane are virtu-
ally unaltered (see Table I) because these com-
pounds have about the same volatility. The
values of carbon preference index (CPI), de-
fined as the sum of odd n-alkanes over the sum
of even n-alkanes, are found to be around 1.0
for all samples, which is a characteristic indica-

tion of petroleum. It can be clearly seen from
Figure 2 that from n-C, to n-C,,, all data
points from six weathered oils converge, indi-
cating that relative to n-C,,, the high MW
n-alkanes (e.g., > C,,} are virtually unaffected
by evaporation. The variability in fraction 1 is
primarily in proportion to low MW aliphatics
which are most susceptible to evaporation.
Based on the quantitation results, a mathe-
matical equation has been developed to quanti-
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Figure 2. Plots of abundances of n-alkane in weathered ASMB oil samples relative to n-C,.

tatively describe the correlation of oil compo-
nent concentrations to the percentages lost by
evaporation as follows:

Ceonv = Cyerfl — P) (D
where C_,,. is defined as converted concentra-
tions of oil components in weathered samples,
which is equivalent to the concentrations in the
source oil; Cy., = concentrations of oil compo-
nents in weathered samples determined from
GC analyses; P = weathered percentages of oil
by weight (%).

Based on Equation 1, the converted con-
centrations of n-alkanes can be readily ob-
tained using the data listed in Table I. Figure 4
compares plots of C,,, (4A, top) and C_,,, (4B,
bottom) of several selected n-alkanes (n-C,,,
n-Cp,, n-Cy4, n-Cyy, n-C,;, and n-C,) versus
evaporation percentages.

As described above, there are two opposing
factors which affect the concentration changes
of oil components during the evaporation pro-
cess: the first factor is evaporation, which re-
sults in the concentration decrease of oil com-
ponents; the second is volume reduction by
evaporation, which results in the concentration
increase of oil components. The importance of
equation (1) is that it eliminates the effect of
volume reduction and focuses the effect of
evaporation on the oil component concentra-
tion changes. Thus, the composition and con-
centration changes are compared on an equal

basis. Figure 4A reflects the combined effects
of evaporation and volume reduction of oil
aliphatics, while Figure 4B directly reflects the
effect of the single factor evaporation on the
composition changes, based on the assumption
that the oil volume was not altered during the
weathering process. For example, the plots of
the measured concentration of n-C,, n-C,,
n-C,5, and n-C,, versus weathered percentage
are all upward, as shown in Figure 4A; how-
ever, after the effect of the volume reduction is
eliminated, the slope of n-C,, becomes down-
ward and the plots of n-C,, n-C,, and n-Cy
are paraliel to the x-axis, indicating that the
concentration of n-C,; has actually decreased,
while the concentrations of n-C,;, n-C,;, and
n-C,, are almost unchanged. Figure 4B clearly
demonstrates that: 1) from C; to C,,, the evap-
oration rate is a function of carbon chain length
with shorter chain n-alkanes decreasing in con-
centration more rapidly than longer n-alkanes;
2) n-alkanes with carbon number greater than
22 are virtually not lost by evaporation; 3) n-Cg,
n-Cgy, and n-C,, to n-C,, are completely lost as
the evaporation percentages approach 30%,
35%, and 45%, respectively; 4) pristane and
phytane show small evaporative loss as well,
in approximately the same rates as n-C;; and
n-C,,.

Based on the findings discussed above, a
weathering index (WI) by evaporation (equa-
tion 2), defined as the concentration sum of
n-Cg, n-Cy,, n-Cyy, and n-C,, divided by the
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sum of n-C,,, n-C,,. n-C,,, and n-Cy, is intro-
duced to describe the weathering behavior of
oil and to evaluate the evaporation degrees of
real samples (note: this equation can be ex-
panded to include n-C,, and n-C,, if desired):

WI = (n-C; + n-Cyy + n-C,, + n-C,,)/(n-Cs,
+1-Cyy + 0-Cyg + n-Cog). (2)

Clearly, the value of W1 is sensitive to the
changes of weathering degree. As the weath-
ered percentages increase, the value of the nu-
metator significantly decreases and the denomi-
nator, in contrast, grows larger. A significant
feature of using equation (2} is that the select
ed eight n-alkanes are well resolved and have
relatively high abundances, therefore the ratio
can be accurately determined. The values de-
termined according to equation (2) are 2.70,
2.23, 1.70, 1.23, 0.88, and 0.27 for the six stan-
dard weathered samples, respectively. For sam-
ples in which the low-boiling saturated hydro-
carbons n-Cy to n-C,, are completely iost, the
W1 approaches zero. If the weathering indices
are drawn against the weathered percentages, a
straight line is obtained (see Figure 5). Figure 5
can be used to estimate the weathering extent

and degree of actual oil samples through the
preferential depletion of n-C; to n-C,, relative
to virtually undepleted n-C,, 10 n-C,4. For ex-
ample, Equation 2 has been successfully used
to estimate the weathering degrees of oil burn
residues from the 1993 Newfoundland Offshore
Burn Experiment (NOBE) [14].

Composition and concentration changes of
aromatrics. Figures 6A, 6B, and 6C show the
GC/MS TIC chromatograms (in SIM mode) of
the aromatic fraction (F2) of 0%, 29.8%, and
45% weathered ASMB oil samples. Table 1I
summarizes the quantitation results of alkyl-
ated PAH in 6 weathered ASMB oils (the iden-
tification and quantitation results of alkyl ben-
zenes have been reported elsewhere [15]). For
comparison purposes, the converted PAH data
obtained using Equation 1 are also shown in
Table II (right side). Figures 7A through 7F
depict the target alkylated PAH distributions,
The relative compositions of target PAH in
each group are listed in Table III. The decrease
of the relative composition percents of C,- and
C,-napthalenes as the weathering percentage
increases are the most pronounced among the 5
alkyl PAH groups (from 7.7 and 19.3% de-
creased to 0 and 2.4%, respectively).

vy
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Figure 6. GC / MS chromatograms of aromatic compounds (F2) in ASMB oil at weathered percent-
ages 0% (A), 29.8% (B), and 44.5% (C), C,B, N, CIN, C2N, C3N represent alkyl benzenes,
naphthalene, and aikylated naphthalenes. Chromatographic conditions are same as Figure 1.

The major compositional changes of PAH
as the weathering percentage increases are
summarized as follows.

1. A significant feature of the early eluted alky-
lated benzene (1 ring) series is their high
abundance, especially the C,-benzenes and
C,-benzenes, in comparison with PAHs (Fig-
ure 6A). As the weathering percentage in-

creases, the concentration of alkyl benzenes
dramatically decreases (Figure 6B).

. When the evaporative percentage increases

from 0 to 45%, the low-boiling alkyl ben-
zenes with a retention time less than ~ 14
min were completely lost (Figure 6C).

. Pronounced decrease in naphthalene and

alkyl naphthalenes relative to other PAHS.

~m
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Figure 7.
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Table Il Measured (left side) and converied {right side) concentrations of target PAH in weathered ASMB oil {ug / g oil)*.
PAH Determined concentration (Cy,) Converted concentration (C )

0.0% 9.8% 19.5% 29.8% 34.5% 445%  0.0% 9.8% 19.5% 29.8% 345% 44.5%
CO-N 660 6701 738 736 442 0 660 6(14 594 515 290 0
CI-N i6al i668 1867 2137 1929 181 1660 1505 1503 1496 1263 100
C2-N 2704 2737 3070 3605 3830 1861 2704 2469 2471 2524 2508 1033
C3-N 2470 2527 2810 3320 3520 3439 2470 2279 2262 2324 2306 1909
C4-N 1095 1177 1311 1524 1666 1914 1095 1062 1055 1067 1091 o2
SUM 8589 8779 9796 11322 11387 7395 8589 7919 7886 7925 7458 4104
Co-p 197 216 237 272 294 338 197 195 191 190 193 188
CI-P 698 756 864 981 1054 1240 698 682 696 687 690 688
C2-p 843 923 1036 1188 1284 1515 843 833 834 832 841 841
C3-p 484 537 604 687 734 873 484 484 486 481 481 485
C4-p 272 in 344 389 408 487 272 281 277 272 267 270
SUM 2494 2743 3085 3517 3774 4453 2494 2474 2483 2462 2472 247
C0-D 188 210 230 262 285 322 188 189 185 183 187 179
Ci-D 352 395 438 490 531 623 352 356 353 343 348 346
C2-D 427 473 534 610 651 780 427 427 430 427 426 - 433
C3-D 280 315 350 405 435 504 280 284 282 284 285 280

8y
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Table 1L, (Continted)
PAH Determined concentration (Cy, ) Converted concentration (C,,,, )

0.0% 9.8% 19.5% 29.8% 34.5% 44.5% 0.0% 9.8% 19.5% 29.8% 34.5% 44.5%
SUM 1247 1393 1552 1767 1902 2229 1247 1256 1249 1237 1246 1237
CO-F 89 93 104 16 120 122 89 84 84 81 79 68
Cl.F 210 230 254 292 310 336 210 207 204 204 203 186
C2-F 345 384 421 481 580 562 345 346 3139 337 334 329
C3-F 315 355 392 460 479 578 315 320 316 322 34 321
SUM 959 1062 1171 1349 1419 1628 959 958 943 944 929 904
C0-C 24 29 32 36 39 46 24 26 26 25 26 2.6
Cl.C 37 42 47 53 56 67 37 38 38 37 37 kY
C2-C 55 62 0 77 83 104 55 56 56 54 54 56
C3-C 54 61 66 74 77 91 54 55 53 52 50 51
Sum 170 194 215 240 255 305 170 175 173 168 167 169
Total 13459 14171 15819 18195 18737 16010 13459 12782 12734 12737 12272 8886
2-M-N/IM-N 135 1.38 1.35 1.32 i.31 (.99
4-M-D/2-M-D

JEM-D 100077028 100:0.76:029 10D 76:0.28 1.00:0.76:0.28 LOM:0.76:0.28  1.00:0.78:0.29

*N, P, D, F, and C represent naphthalene, phenanthrene, dibenzothiophene, fiuorene, and chrysene,

respectively.

]
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Table IIL.  Relative composition (%) target PAH at various weathered percentages of ASMB oil.

PAHS 0% 9.8% 19.5% 29.8% 34.5% 44.5%
CO-N 7.7 7.6 7.5 65 3.9 0.0
CI-N 193 19.0 19.1 189 16.9 2.4
C2-N 315 31.2 313 31.8 33.6 25.2
C3-N 28.8 28.8 28.7 29.3 30.9 46.5
C4-N 12.7 134 13.4 13.5 14.6 259
Co-P 7.9 7.9 7.7 7.7 7.8 1.6
C1-P 28.0 27.6 28.0 0.3 279 219
C2-P 338 33.6 336 33.8 340 34.0
C3-P 194 19.6 19.6 19.5 19.4 19.6
C4-P 109 11.3 11.2 11.1 10.8 10.9
C6-D 15.1 15.1 14.8 14.8 15.6 14.4
Ci-D 282 284 28.2 277 279 279
C2-D 342 340 344 34.5 342 350
C3-D 22,5 22.6 22,6 22.9 229 226
CO-F 9.3 88 8.9 8.6 85 7.5
C1-F 21.9 21.7 21.7 21.6 218 20.6
C2-F 36.0 36.2 36.0 357 35.9 36.4
C3-F 328 334 335 34.1 338 355
C0-C 14.1 14.9 14.9 15.0 153 15.1
Ci1-C 21.8 21.6 219 22.1 220 220
c2-C 324 32.0 326 321 325 33.1
C3-C 31.8 314 30.7 30.8 30.2 29.8

"N, P, D, and C represent naphthalene, phenanthrene, dibenzothiophene, fluorene, and chrysene, respectively.

Among the 5 target alkylated PAH families,
the most abundant alkyl naphthalenes (2-
rings) are the most easily evaporated, fol-
lowed by alkyl fluorenes (3 rings, 13 carbons),
and dibenzothiophenes (3-rings, 14 carbons).
In general, the larger the number of rings,
the more stable the compounds.

4. Most alkyl groups show the same evapora-
tion trend: C, > C, > C, > C, > C,.

5. No loss of alkyl chrysenes (4 rings) due to
evaporation was observed, and they exhibit
the most pronounced relative increase in
abundance due to the lowest vapor pressures
and the highest resistance to degradation
among the 5 target alkylated PAH families
[13,16].

6. No noticeable loss by evaporation was ob-
served for C,-, C4-, and C,-phenanthrenes,
C,-and C,-dibenzothiophenes and fluorenes.

7. For methyl-naphthalenes, the isomeric ratio
of 2-methyl-naphthalene (2-M-N) to 1-
methyl-naphthalene (1-M-N) was similar (2-
M-N:1-M-N = 1.3, Table II) in all but the
most heavily weathered residue (44.5%)
where the naphthalene was completely lost
and the 1-M-N was preferentially preserved
(2-M-N: I-M-N = 0.99).

8. One of the most pronounced features of the

extracted ion profile is that the methyl-di-
benzothiophenes (M-D) show three well-re-
solved isomer peaks. They are identified as
4-M-D, 2-/3-M-D, and 1-M-D [12]. It is
noted that the isomeric distribution within
the C,-dibenzothiophenes exhibits great
consistency in their relative ratio
(1.00:0.76:0.28, Table II) for 6 weathered
oils. This feature can be used for oil differ-
entiation and source identification [17].

In order to compare the PAH concentra-
tion changes on the same basis, Figures 8A
through 8F plot C,,, and C_,, of alkyl naph-
thalenes (Figures 8A and 8B), alkyl phenan-
threnes, and alkyl fluorenes versus the weath-
ered percentages, respectively, It can be seen
from Figure 8 that the gradual build-up in the
relative abundances of alkyl phenanthrene and
alkyl fluorene series is obvious (Figures 8C and
8E), while alkyl naphthalenes (Figures 8A) show
some complicated trends as the combined re-
sults of two opposing effects on their concen-
tration changes (decrease in concentration due
to evaporation loss, and increase in concentra-
tion due to volume reduction). In contrast, Fig-
ures 8B, 8D, and 8F are clear and simple:
(1) the slope of the naphthalene plot is signifi-
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Figure 8., Plots of C,,, and C_,,,,. versus weathered percentages of alkylated naphthalenes, (A and B),
alkylated phenanthrenes (C and D), and alkylated fluorenes (E and F).

cantly negative, indicating that its concentra-
tion decreases rapidly as the weathered per-
centage increases; (2) the alkyl naphthalene
series and alkyl fluorene series, with the excep-
tion of C,-naphthalenes and C3-fluorenes (they

are almost parallel to x-axis), exhibit downward
trends in the order of C, < C; < C, < C; <
C,. which means the alkyl naphthalene and
fluorene series have the evaporation order of
C,>C,>C,>Cy>C,; (3) phenanthrene

-y
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only shows small evaporative loss; (4) the plots
of C,-P, C;-P, C-P, C,-F, and C,-F are paral-
lel to the x-axis, indicating these components
are virtually not lost by evaporation.

Composition and concentration changes of
biomarker compounds. Studies on separation
and identification of biomarker compounds in
oil samples have greatly increased in recent
years [13, 16, 18-26]. This is because the
biomarkers are useful in identification of oil
sources and in oil /0il correlations. Among the
various types of biomarkers, triterpanes and
steranes are most often used for source identi-
fication due to their high molecular weights and
relatively high concentrations in crude oil. It
has been found that hopane triterpane series
have a high resistance to microbial degradation
in comparison to many other aliphatic and aro-
matic compounds. Hence, the analysis of
hopanes provides another valuable means of
estimating oil depletion, especially for highly
weathered oils which have undergone not only
evaporative weathering but also biodegrada-
tion, photo-oxidation, and other kinds of degra-
dation.

Common features of the electron-impact
mas$ spectra of many triterpanes and steranes
‘are a relatively large parent ion, an important
parent minus a methyl ion, and a basepeak at
m/z 191 and 217 respectively. The triterpanes
in ASMB oil are distributed over a wide range
from C,, to C;; with a series of C,-C, tri-
cyclic terpanes and various pentacyclic hopanes
being quite prominent. As examples, Figures 9
and 10 show the GC/MS chromatograms of
the triterpane distribution (9A and 9B) and
sterane distribution (10A and 10B) for 0 and
44.5% weathered ASMB oil samples, respec-
tively.

Figures 9 and 10 suggest that weathering
has not altered the overall pattern and profile
of the hopane and sterane distribution at all.
Graduai buildups in the relative abundances of
hopane and steranes from 0 to 45% weathered
samples are apparent. Even by eyeball compari-
sonm, it can be readily seen from Figure 9 that
the intensities of hopanes relative to the inter-
nal standatd, C,,-BB-hopane, for 45% weath-
ered oil are significantly higher than 09 weath-
ered oil.

The detailed quantitation results for triter-
panes and steranes are presented in Tables IV
and V respectively. The converted concentra-
tions for triterpanes and steranes calculated
from equation (1) are virtually constant and do

J. Microcolumn Separations, 7, No. 6, 1995

not indicate any evaporation. The sums of the
measured concentrations (C,,) of triterpanes
for six weathered oil samples are 992, 1074,
1195, 1325, 1428, and 1742 pug/g oil, respec-
tively; while the corresponding sums of the con-
verted concentrations (C_,,), in contrast, are
991, 968, 962, 928, 935, and 967 ng/g oil, show-
ing very good consistency. Plotting the con-
verted concentrations of the representative
compounds Cy,, C,y, Ts (18a(H), 21 8(H)-22,
29, 30-trisnorhopane), Tm (17«(H), 21 8(H)-22,
29, 30-trisnorhopane), C, af-, and C;, aB-
hopanes against the weathered percentages,
lines parallel to the x-axis are obtained. Table
VI summarizes relative ratios of tricyclic triter-
panes, pentacyclic hopanes, and C,; to C,
steranes. The most striking feature from Table
6 is that both hopanes and steranes show a
great consistency in the relative ratios of paired
biomarker compounds and /or biomarker com-
pound classes, For example, the ratios of the
paired hopanes C,;/C,,, Ts/Tm, and
CyafB/Csap for six weathered oil samples
are all around 2.0, 0.79, and (.67, respectively;
and the isomeric ratios (20S/(20S + 20R))
within C,,;, C,4. and C,, sterane Series are all
around 0.39, 0.57, and (.47, respectively.

A general conclusion drawn from study of
the effect of evaporation on the relative chemi-
cal composition of biomarker compounds is that
tricyclic and tetracyclic triterpanes, C,, to Cs;
hopanes, regular steranes and rearranged di-
asteranes were unaltered during the "evapora-
tion weathering process. A GC/MS method
using biomarker compounds using especially the
relative abundance ratio of C,, /C3, hopanes to
characterize the 22-year-old spilled Arrow oil
has been developed in this laboratory [13]. The
facts found from this study demonstrate the
uniqueness and usefulness of biomarker com-
pounds for identification and characterization
of long-term weathered oil sampies. '

Determination of evaporation percentages of
weathered oil samples. Equation 1 can be
rewritten in the form as shown in Equation 3:

P(%) = (1-C./C,) X 100 3)

where: C,, = the concentration of selected
compounds in the weathered samples,
which do not undergo weathering;
C, = the concentrations of the corre-
sponding compounds in the source oil;
P = weathered percentages of the
weathered samples by weight.

e
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Figure 9. Distribution of writerpanes {m /z 191 mass fragmentogram) of 0% (iop) and 44.5%
(bottom) weathered ASMB oil. The numbers above peaks represent the identified triterpanes (see Table
IV for the chemical names of the identified components).

Equation (3) implies that the evaporation
percentages of the oil can be determined by
quantifying the selected compounds in the
weathered samples which are not lost during
the weathering process, and by comparison with
the concentrations of the corresponding com-
pounds in the source oil.

Three weathered ASMB oil samples which
were randomly collected from the pan evapora-
tion process were analyzed together with the
original ASMB oil and the results were com-
pared with those found by gravimetric method.
Thirteen target compounds and compound
classes were quantified and their concentra-
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Table IV,  Measured concentrations of triterpanes in weathered ASMB oil (g / g oil).

Measured concentration (Cdet)

0% 9.80% 19.50% 29.80% 34.50% 44.50%
Tricyclic terpanes
1 C19 tricyclic terpane 14.6 15.6 175 19.8 21.6 26.4
2 C20 tricyclic terpanc 26.2 264 28.8 336 376 44.6
3 C21 tricyclic terpane 312 322 35.0 41.6 42.6 513
4 C22 tricyclic terpanc 17.6 18.7 233 24.5 253 32.6
5 €23 tricyclic terpane 80.1 82.6 94.5 t02.8 173 1436
6 C24 tricyclic terpane 41.6 41.8 48.8 524 58.5 71.0
7 C25 tricyclic terpane 38.1 42.6 45.6 50.8 55.6 66.2
8 C26 tricyclic terpane 532 54.1 584 65.9 74.3 86.2
Tetracyclic terpanes
9 C27 tetracyclic terpane 37.5 41.7 47.7 51.6 53.7 69.7
10 C27 tetracyclic terpane {peak 9+10) (peak 9+10) (peak 9+10) (peak 9+10) (peak 9 +10) (peak 9+10}
11 C28 tetracyclic terpane 387 419 45.5 523 535 68.4
12 C28 tetracyclic terpane (pcak 11 +12) (peak 11 + 12) (peak 11 + 12) (peak 11+ 12) (peak 11 + 12} (peak 11 + 12}
Pentacyclic triterpanes
13 Ts: 18a(H),21 B(H)-22,29,30-
trisnorhopane(C,, H ) 40.00 41,1 45.3 51.4 56.6 69.1
14 172(H),18(H),21 B(H)-25,28,30-
trisnorhopane(C,;H ,6) (not quantified)

15 Tm: 17a(H),21 B(H)-22,29,30-
trisnorhopane(C,; H ) 50.1 52.7 57.8 64.3 723 86.1

»e9
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16 17a(H), 18 a(H),21 B(H)-28,30-

bisnorhopane(C,; H,4) 13.1 15.1 17.5 17.0 19.5 227
17 C29 172(H),21 B(H)}-30-norhopane 87.8 95.0 102.5 1179 129.3 154.8
18 C29 18 (H),21 B(H}-30-nornechopane {not quantified)
19 C30 17a{H),21 B(H)-hopane 1279 145.5 160.8 181.0 190.0 2290
20 C30 178(H),21 ae{H)-hopane 171.1 178.8 20.0 233 233 273
Measured concentration (Cdet)
0% 9.80%. 19.50% 29.809% 34.50% 44.50%
21 €31 228-172(H),21 g(H)-30-homohopane 529 59.0 64.8 71.0 76.4 93.5
22 C31 22R-17x(H),21 B(H)-30-homohopane 42.6 46.2 53.0 547 58.8 75.8
23 (30 178(H),21 B(H)-hopane Internal Std.
24 22S8-17a(H),21 B(H)-30,31-bishomchopane 42.0 451, 50.5 56.5 59.1 73.6
25 22R-17a(H),21 g(+)-30,31-hishomohopanc 294 316 4.7 38.2 40,9 50.3
26 22S-17a(H),21 B(H)-30,31,32-trishomohopane 275 32.0 34.7 39.6 38.8 50.5
27 22R-17a(H),21 (H)-30,31,32-trishomohopane 19.2 222 239 26.3 26.9 33.6
28 225-17a(H),21 B(H)-30,31,32,33-tetrakishomohopane 219 25.1 20.1 299 21 38.2
29 22R-17a(H),21 B(H)-30,31,32,33-tetrakishomohopane 12.1 13.7 15.5 17.0 18.0 214
30 228-17a(H),21 8(H)-30,31,32,33,34-pentakishomohopane  18.3 21.2 24.8 26.5 29.0 339
31 22R-17«(H),21 8(H)-30,31,32,33,34-pentakishomohopane 11.5 135 159 16.1 17.1 228
Total 991.5 10737 1195.4 13254 1427.7 17419
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Figure 10.  Distribution of steranes (m / z 217 mass fragmentogram) of 0% (top) and 44.5% (bortom)
weathered ASMB oil. The numbers above peaks represent the identified steranes (see Table 5 for the

chemical names of the identified components).

tions were used to determine the weathered
percentages by using equation (3). Table VII
summarizes the quantitation results. The aver-
age values of weathered percentages are deter-
mined to be 269 + 2.0%, 34.3 + 1.4%, and
40.3%2.1% for weathered samples 1, 2, and 3,
respectively. The corresponding values obtained
by the gravimetric method are 25.9%, 33.6%,
and 38.6%. Clearly, these two sets of results

from two totally different methods are in good
agreement.

CONCLUSIONS

The effects of evaporation on oil composi-
tion was studied. The conclusions of this study
are summarized as follows:

1. The key to acquiring data on oil weathering
is the availability of precise and reliable

Lt
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Table V. Measured concentrations of steranes in weathered ASMB oil (11g / g oil).

Determined concentration {Cdet)
0% 9.8% 19.5% 298% 345% 44.5%

Steranes
32 C20 5a(H),14a(H),17a(H)-sterane 14.3 14.9 16.1 17.9 19.6 238
33 C21 5a(H),143(H),178(H)-sterane 318 32.8 352 41.5 44.7 53.5
34 C22 5a(H),1438(H),178(H)-sterane 14.2 15.0 16.1 19.1 20.5 241
35 27 208-13B8(H),17a(H)-diasterane 31.8 337 375 428 47.3 55.0
36 C27 20R-138(H),17a(H)-diasterane - 18.0 19.5 224 25.2 284 324
37 C27 208-13«(H),178(H)-diasterane {not quantified)
38 C27 20R-13a(H),178(H)-diasterane (not quantified)
39 C28 208-138(H),17a(H)-diasterane (not quantified)
40  C29 20S-138(H), 17a(H)-diasterane {not quantified)
41 €29 20R-13a(H),178(H)-diasteranc (not quantified)

42 C27 208 5a(H),14a(H),17a(H)-cholestane 20.5 23.5 26.2 263 25.1 347
43 C27 20R 5a(H),148(H).178(H)-cholestane 55.2 59.7 67.4 72.3 77.4 96.5
44 C27 208 5a(H),143(H),178(H)-cholestane 29.3 317 37.6 394 422 50.8
45  C27 20R 5a(H),14a(H),17a(H)-cholestane 21.6 23.4 26.4 29.2 30.2 353

46  C28 208 5a(H).14a(H),i7a(H)-ergostane 20.0 20.3 222 24.4 27.6 30.6
47  C28 20R Sa{H),148{H),178(H)-ergostane 15.8 17.1 20.6 214 226 274
48  C28 20S52(H),148(H),178(H)-ergostane 19.4 20.8 23.7 26.5 283 335

49 C28 20R Sa{H),14a(H),17«(H)-ergostane 13.3 13.6 16.6 17.4 187 22.6
50 C29 208 5a(H),140(H),17e(H)-stigmastane ~ 21.0 229 26.9 28.1 30.0 372
51 C29 20R 5a(H),14B(H),178(H)-stigmastane 282 30.5 35.0 36.7 40.5 522
52 C29208 Sa(H),14B(H).173(H)-stigmastane  22.6 24.8 30.1 310 333 423
53 C29 20R 5a(H), 14a(H).17a(H)-stigmastane  20.0 226 25.9 27.4 29.1 349

Total 396.6 4264 485.4 5264 565.1 686.3

Table V1.  Relative ratios of triterpanes and steranes at six weathering degrees of ASMB oil.

Hopanes

C29a8, C31S; €328/ C33S/ C34S,/ (358, C31-C35S/
% weathered C23/C24 Ts/Tm C30ag ($+R) 8+R) (S+R) (S+R) (S+R) (S+R)

0.0 1.92 0.80 0.69 0.55 0.59 0.59 0.64 0.61 0.60
9.8 1.98 0.78 0.65 0.56 0.59 0.59 0.65 0.61 0.60
19.5 1.94 0.78 0.65 0.55 0.59 0.59 0.65 0.61 0.60
29.8 1.96 0.80 0.65 0.56 0.60 0.60 0.64 0.62 .60
34.5 2.00 0.78 0.68 0.57 0.59 0.59 0.64 0.63 0.60
445 2.02 0.80 0.69 0.55 0.60 0.60 0.64 0.61 0.60
Steranes

% weathered 208(208 + 20R) aBp/(aBB + aaa)
C27 C28 C29 C27 C28 C29
0.0 0.37 0.58 0.45 0.67 .51 0.55
9.8 (.40 0.57 047 0.66 0.53 0.55
19.5 0.40 0.55 0.48 0.67 0.53 0.55
29.8 0.39 0.57 0.48 0.67 0.53 0.55
345 0.39 0.57 0.48 0.67 0.52 0.55

44.5 0.39 0.56 0.48 0.68 0.53 0.57

™
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Table VIL
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Determination of weathered percentages of weathered ASMB oil samples.

% weathered (determined by equation 3)*

Target Compounds Sample 1 Sample 2 Sample 3
n-C26 27.6 355 40.4
n-C27 27.5 35.6 40.3
n-C28 26.2 33.7 384
n-C29 25.1 33.0 385
n-C30 255 34.2 39.6
C2-P 287 338 39.2
C3-pP 265 35.8 40.0
C2-D 28.6 359 42.0
C3-D 316 35.1 43.0
C23-triterpane 234 33.1 40.0
Ts 25.6 31.1 42.0
Tm 26.9 354 44.0
C30 a B-hopane 26.7 342 36.1
Average (%) 269+ 2.0 343+ 14 403 + 2.1
Weathered Percentage (%)

{Gravimetrically Determined) 259 33.6 38.6

*P and D represent phenanthrene and dibenzothiophene, respectively.

chemical data. These data are essential to
fully understand the fate and behavior of oil
in the environment, to predict oil property
changes and the concentration of toxic com-
ponents remaining in the oil, and to con-
struct useful oil spill models. This study pro-
vides an effective means to obtain such in-
formation.

This study correlates the degree of evapora-
tion to the chemical composition changes of
the oil. The chemical changes as the oil
evaporated were documented within compo-
nent classes (such as n-alkanes, alkylated
PAHs, and biomarker compounds), between
compeonent classes (such as n-alkanes and
isoprenoids, alkyl naphthalenes and alky!
phenanthrenes), and within isomeric mix-
tures (such as methyldibenzothiophenes).
The distribution of selected n-alkanes, alky-
lated aromatics, and triterpanes and steranes
offers unique, sensitive and relatively stable
fingerprints for examining the evaporation
behavior of oil in the environment. The
“pattern recognition” plots involving more
than 100 important individual oil compo-
nents and component groupings would per-
mit deduction of a best set of values for
exposure to evaporative weathering. It should
be noted that there are two opposing effects

during evaporation: one is the loss of oil
components due-to evaporation, and another
is build-up of oil components due to volume
reduction. The compiex behavior of some
components and component groups during
weathering can be explained as the results of
the combination of these two opposing ef-
fects.

. The mathematical equations derived from

this work are relatively simple and very use-
ful. They can be utilized to estimate the
evaporative loss or weather ing degree of oil.

. To increase the reliability of determination

of weathered percentages, multiple finger-
prints should be considered and the concen-
tration changes of muitiple target compo-
nents and component classes should be cal-
culated not only relative to themselves but
also in the overall context of the oil composi-
tion change.

. It should be possible in principle to use the

comprehensive information about chemical
composition changes of oil as the oil weath-
ering degrees change, such as shown in this
study, to construct a relatively simple model
with oil weathering predictive capability. In
order to achieve this ultimate goal, more
studies on weathering of various oils are
being conducted in this laboratory to apply

e
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the method presented in this work and other
methods to best correlate the oil chemical
composition and property changes to evapo-
ration, dissolution, and even biodegradation
and photooxidation.
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