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Abstract

When crude petroleum is spilled onto soil, the oil’s properties have a large influence on the toxicity to soil
organisms, the biodegradability of the oil, and potential for long term fertility problems in the soil. Furthermore,
these properties of environmental concern are related to the crude’s density, commonly measured as API gravity.
Currently, methods do not exist to determine the °API of crude oil in contaminated soil. In this study a novel
method is presented for the determination of API gravity in small volumes (< 10 ml) of heavy and extra-heavy
petroleum from contaminated soil. Is uses an economical and readily available solvent (diesel + automotive
lubricating oil) in a procedure based on the conventional hydrometer method, plus dilution-extrapolation
techniques. It was validated with crude petroleum in the 27.1-15.0 °API range, obtaining an excellent correlation
with the conventional method (R = 0.996) and an error of less than 0.4% based on specific gravity. Potential
applications of this method are discussed for petroleum contaminated soil.
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1. Introduction

In several parts of the world, ecosystem pollution has been associated with crude oil spills, usually caused by
pipeline breakage, or improper extraction and transport processes (Arife et al., 2005; Bakhtiari et al., 2009; Osuji
& Ezebuiro, 2006; Infante, 2001; Sakari et al., 2008; Sakari et al., 2010; Zakaria et al., 2002). Some physical and
chemical properties of crude oil can cause deleterious effects in living beings (Adams et al., 2006; Eisman et al.,
1991), and lower soil fertility (Adams et al., 2008; Litvina et al., 2003; Zalik et al., 2010). In the environmental
area, the concentration of petroleum hydrocarbons in contaminated soil is usually determined using gravimetric
extraction methods. However, these methods generally are not used to determine the properties of the oil in the
soil.

None-the-less, petroleum engineers have known for decades that many properties of crude petroleum can be
correlated to a simple parameter - the oil’s density, commonly measured as API gravity. Also called API density
or API degrees (°API), it is directly related to the specific gravity (density) of the oil. This parameter has been
used to estimate valuable properties of this natural resource such as the quantity of easily recovered gasolines
and middle distillates during refinery processes, residual content, sulphur, asphaltenes, and viscosity (Pemex
Refinacion, 2000; Udoetok & Osuji, 2008). Likewise, on a regional basis, the fractional content of aliphatic,
aromatic, and polar compounds have been related to API density.

Some of these properties, such as asphaltene and polar content are also related to environmentally important
properties of crude oil, such as the biodegradability of petroleum in soil (McMillen et al., 2002), and negative
impacts to soil fertility due to changes in important physical-chemical properties of the soil (Litvina et al., 2003;
Adams et al., 2008). In addition, the toxicity of petroleum has been related to low molecular weight
hydrocarbons, more common in low density (high °API) petroleum (Eisman et al., 1991; Edwards et al., 1995).
Thus, it can be very useful to know the °API of the oil in the soil at contaminated sites. For sites which have been
recently contaminated, and in which the °API of the spilled oil is known, this information can be used to evaluate
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potential biodegradation, toxicity, and possible long term fertility problems in the soil. However, in older spills,
where the oil has been transformed due to biodegradation and weathering, it would be very helpful to determine
the API gravity of the existing oil in the soil (which will be different from that of the spilled oil).

Several methods can be used to determine API gravity (ASTM, 2002, 2006, 2008; Pemex Refinacion, 2000).
The ASTM D6822-02 thermo-hydrometer method (revised 2008) is among the most frequently used for the
precise determination of API gravity in crude petroleum and petroleum products. The density is corrected to a
reference temperature (60 °F = 15.6 °C) using standardized tables. This method is practical when the oil is fluid
at room temperature and when relatively large volumes (~0.5 L) are available. For extra-heavy crude oil and
heavy fractions of refined oil (which are not fluid at room temperature), API gravity is usually determined using
specialized equipment — a Gay-Lussac pycnometer (ASTM method D369-84, revised 2002). In this method, a
small amount (~10-25 ml) of oil is heated with constant mixing until fluid, and then poured into the pycnometer.
As it cools, the volume is recorded at different temperatures. The density vs. temperature curve is plotted, and by
applying the law of constant mass, and extrapolating to the reference temperature (60 °F), the density ("API) is
thus determined. This method encounters some difficulties when very heavy, viscous hydrocarbons are used, in
that it is necessary to increase the temperature to high levels (> 150 °C) and some of the hydrocarbons in the
mixture may be evaporated or charred in the process. Also, the measurement of small changes in volume in very
viscous mixtures is problematical and frequently imprecise.

However, these methods, by either hydrometer or pycnometer, are not practical for the determination of °API in
residual concentrations in contaminated soil. In such conditions, the hydrocarbons are typically very weathered,
dense, and found in relatively small concentrations (< 0.1-1%). Under these circumstances, it is very difficult
and unpractical to try to extract sufficient oil from the soil to run a determination by the standard hydrometer
method (which requires ~0.5 L of oil). The pycnometer method requires less oil, but still has problems with
precise quantification due to problems previously mentioned.

In this study, a modified, more practical, method was developed and validated. This method uses a low cost,
easily available solvent (diesel+lubricating oil) in a dilution-extrapolation procedure to determine °API in small
volumes (< 10 ml) of heavy and extra-heavy petroleum, such as that typically found as a residual fraction in an
oil spill after a prolonged time period or following remediation activities.

2. Experimental Work
2.1 Determination of API Gravity

All of the API gravity determinations were made using a modification of the ASTM D6822-02 method (revised
2008), with three repetitions (n = 3). Crude petroleum with API gravities of 15.03, 20.15, and 27.11 °API were
used in this study. The medium crude (27.11 °API) was obtained from a tank storage facility in Comalcalco,
Tabasco, (Mexico), and the heavier crude (15.03 °API) was obtained from an out-of-service sulphur well in the
Texistepec Mining Unit (Unidad Minera Texistepec, Texistepec, Veracruz). From these two sources, the third
API gravity oil (20.15 °API) was obtained by combining and mixing in roughly equal quantities.

A mixture of automotive diesel (PEMEX) and multigrade lubricating oil API SL SAE 20W-50 (Bardahl, Mexico,
D.F.) was used as solvent. The de-sulphurized automotive diesel (ID No. UN1202, guide 13, 35 °API; Pemex
Refinacion, 2000) was weathered at ambient temperature (~30 °C) until enough of the lighter components had
evaporated to have a relatively constant API gravity (~36 °API), as measured using an integrated hydrometer
with thermometer (ASTM, 2008), calibrated according to an ASTM 54HL standard, with a range of 29-41 °API
(Figure 1). Subsequently, this weathered diesel was mixed with the lubricant in proportions of approximately 1:1
(w/w) to prepare the solvent. Four hundred and fifty millilitres of this solvent were added to a 500ml graduated
cylinder. In this same vessel, crude petroleum was slowly added and mixed using a glass rod until a final
concentration of 0.5% (w/w) was obtained. Once complete homogenization was achieved, °API was determined
with the hydrometer and the reading was corrected for a density a 60 °F (15.6 °C). In the same cylinder, more
petroleum was slowly added and mixed in, with increments of approximately 0.5% (w/w), making readings with
the hydrometer between additions. Increments up to only 2% were used for the heavy crude. For the medium
crude, and crude oil mixture, increments up to 11% were used.
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Figure 1. API gravity stabilization of the diesel used for solvent preparation

2.2 Calculations, Correlations and Statistical Comparisons
Based on the mass balance, the following equation was used:
(%oWuc * “APIyc) + (%W son, * “APlson) = (oW * “APlsi)
Where:
%Wyc = weight percent of hydrocarbon in mixture,
°APIyc = API gravity of hydrocarbon (in this case, crude oil),
%Ws,, = weight percent of solvent (in this case, diesel + lube oil),
°APlIs,;, = API gravity of solvent,
%W = weight percent of mixture (crude oil + solvent),
°API,;, = API gravity of mixture (crude oil + solvent).

Considering that: the %Wy represents the quantity of hydrocarbon (crude oil) mass added, that the %W,y is
constant (100%), and the °API of the solvent (diesel + lube oil) is known (or measured), the above equation can
be rearranged to obtain a single dependent variable:

°APIyc = [(100% * *APIuc) — (Y%6Wson * “APLsor)]/[ %W iic]

To obtain more precision, linear regressions were performed on the °API vs. percent weight data to obtain
correlation coefficients and regression functions. These functions were then extrapolated to 100% crude oil to
calculate the API gravity of the (undiluted) crude oil. Direct hydrometer readings on the three crude oils
(observed °API values) were compared to the calculated values. The correlation between these values was
evaluated by linear regression analysis. Additionally, the calculated vs. observed values were compared
statistically using Statgraphics® ver. 5.1.

3. Results and Discussion
3.1 Comparison of Dilution-Extrapolation Hydrometer Method to Standard Hydrometer Method

The results of the determinations using the dilution-extrapolation method are shown in Figures 2-4, in which the
API gravity has already been normalized to 60 °F. In these figures the relationship between percent crude
petroleum (%Wyc) in the solvent (diesel + lubricating oil) is graphed against °API (of the mix of crude oil +
solvent) for the three crude petroleums used (15.03, 20.15 and 27.11 °API). Linear regressions are observed with
correlations of |R| > 0.98, showing less uncertainty in the heavier crudes (|R| = 0.994) than in the medium crude
(IR] > 0.983). This is due to the inverse relationship between API gravity and specific gravity. With the lighter
petroleum, more is needed to be able to observe a notable difference on the hydrometer, thus the smaller
difference in the API gravity measurement in the lighter (less dense) petroleum, and the lower precision obtained
by visual measurements of smaller differences. For this reason is was necessary to add more petroleum to the
solvent, up to a final concentration of about 11% (w/w), versus only about 2% for the heavy crude. However,
this may be of little practical importance, at least in most older spills, due to the fact that the great majority of
soils contaminated with petroleum in these environments have predominately weathered hydrocarbons, rich in
heavy and extra-heavy oil (Adams & Morales, 2008; Udoetok & Osuji, 2008; Litvina et al., 2003). With this
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method it is possible to determine the API gravity of oil in contaminated soil using less sample, even when the
concentration of hydrocarbons in the soil is relatively low (< 1%), and when the soil is contaminated with heavy

and extra-heavy oils.
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Figure 2. Relationship between °API and weight percent of medium crude petroleum

Note: Error bars represent one standard deviation.
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Figure 3. Relationship between °API and weight percent of heavy crude petroleum

Note: Error bars represent one standard deviation.
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Figure 4. Relationship between °API and weight percent of crude petroleum mixture

Note: Error bars represent one standard deviation.
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The correlation between the calculated values obtained by this novel method and the conventional method is
shown in Figure 5. As seen in this figure, there is an excellent correspondence (R=0.9996) with the function
constrained to pass through zero, and with a slope of nearly 1 (1.0002). In this figure, the error bars are so small
as to be nearly imperceptible. The difference between these methods, based on specific gravity, was less than
0.4%. The statistical comparison of the direct method vs. the dilution-extrapolation method showed no
significant difference for all three oils (no overlap in Standard Deviation at a 99% Confidence Limit, Figures
6-8). The slight differences that were observed, were much less in the heavy crude in comparison with the
medium crude or crude oil mixture. A Kruskal-Wallis test of the data indicated a p-value of 0.0369 with no
significant differences at a 99% confidence level.
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Figure 5. Correlation between dilution-extrapolation method and direct measurement with hydrometer

Note: Error bars represent one standard deviation (nearly imperceptible).
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Figure 6. Statistical comparison between the ASTM method vs dilution extrapolation (medium crude petroleum)

Note: Error bars represent 99% confidence intervals (mean difference).
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Figure 7. Statistical comparison between the ASTM method vs dilution extrapolation (heavy crude petroleum)

Note: Error bars represent 99% confidence intervals (mean difference).
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Figure 8. Statistical comparison between the ASTM method vs dilution extrapolation (crude petroleum mixture)

Note: Error bars represent 99% confidence intervals (mean difference).

3.2 Utility of Novel Method for Characterization of Petroleum Contaminated Soils

The determination of °API of weathered oil in contaminated soil can be very practical for the evaluation of many
properties of environmental concern. For example, it is well known that the more viscous and weathered the oil
is (lower °API), it is much more difficult to biodegrade. McMillen et al. (2002), have shown that the
bioremediation endpoint is directly proportional to the °API of the oil spilled (R=0.978), and crudes with a value
of about 30 °API and higher are readily biodegradable, whereas oils with °API values of 20 or less are very
difficult and slow to biodegrade. Likewise, the presence of more polar functional groups in the residual oil, may
enhance the formation of thin layers of oil on the surfaces of soil particles, and thereby cause water repellency
(Litvina et al., 2003). This process may also lead to reduced field capacity, and compaction in the soil (Adams et
al., 2008, Trujillo-Narcia et al., 2012). Such polar groups are more common in weathered (low °API) oil, which
has a higher proportion of polar compounds and asphaltenes (McMillen et al., 2002), and much greater viscosity
(Ancheyta et al. 2011). Thus, in contaminated soil containing a residual oil with lower °API values, there may be
a much greater probability of long term fertility problems.

As a simple test of the utility of determining the °API of oil in contaminated soil for environmental purposes, we
evaluated the correlation between °API and two properties of environmental importance (viscosity and S content).
Using existing data, we evaluated 10 crudes from South East Asia, from oil fields in central Sumatra, the Gulf of
Thailand, the Natuna Sea, and the South China Sea, with a range of 20 — 60 °API, (Chevron Corporation, 2011;
Table 1 and Figure 9). In this data set, the sulphur content (and therefore the relative proportion of polar
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functional groups in the oil, and thus, potential for soil fertility problems) was highly correlated to °API
((R|=0.969, Figure 10a). Likewise, the viscosity (and therefore biodegradability), was also logarithmically
related to °API with a high correlation (|[R|=0.955, Figure 10b).

Table 1. Properties of some crude oils from SE Asia

Crude Oil Area °API Viscosity (¢St at 50°C) Wt% S
Duri Central Sumatra 20.29 205.40 0.21
Minas Central Sumatra 33.94 9.72 0.09
Sembilang Natuna Sea 35.20 11.59 0.05
Pattani Gulf of Thailand 38.11 3.78 0.06
Nanhai Light S China Sea 39.50 4.03 0.06
(Hong Kong area)
Tantawan Gulf of Thailand 41.64 2.90 0.05
Benchamas Gulf of Thailand 41.82 4.17 0.04
Belida Natuna Sea 46.60 1.99 0.02
Belanak Natuna Sea 53.17 1.40 0.01
Erawan Gulf of Thailand 58.90 0.60 0.01

Chevron Corporation (2011). Chevron Crude Oil Marketing/Far Eastern Crudes — Whole Crude Properties.
Retrieved from http://crudemarketing.chevron.com/crude/far_eastern

Figure 9. Approximate locations of SE Asian oil fields used in °API utility evaluation
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Figure 10. Correlation between °API and sulphur content (a)), and viscosity (b)) of crude oils from SE Asia

Note: Sulphur content as weight percent; viscosity at 50°C in cSt. Correlations are logarithmic.

These correlations indicate that the biodegradability and potential long term fertility problems of soil
contaminated with crude oil could be related to the °API of the oil in the soil. In south and SE Asia, this might
occur in on-shore oil fields, such as those in central Sumatra, or upper Assam state (India). In addition, these
correlations could be used to evaluate the biodegradability of sludge in on-shore processing facilities, such as
those near Johor Bahru (Malaysia) or in Brunei.

Another possible use of this method would be to determine the potential for biodegradation (or long term fertility
problems) of the oily viscous fluids (OVF) produced in the steam flooding operations for the extraction of heavy
oil, such as those in Alberta (Canada), Venezuela, or Sumatra (Indonesia), (Mai & Kantzas, 2009; Souraki et al.,
2012, 2013; Arfie et al., 2005). These residues are typically composed of a mixture of heavy oil, sand, and water
emulsions. The ecological treatment of these kinds of wastes is very problematical in production and processing
areas (Arfie et al., 2005). Previous knowledge about the kind of petroleum left in the residue (as opposed to the
oil in the reservoir) would be useful to develop treatment strategies that have better logistics or costs benefits.

4. Conclusion

The novel method developed in this study provides a simple but reliable analytical tool for the environmental
characterization of crude oil in soil, something that was not possible with previously existing methods.
Comparing this novel method for °API determination by dilution-extrapolation with the conventional method
with hydrometer, there was an excellent correlation (R=0.9996) and a very low error (< 0.4%). In quantitative
terms, these methods are practically equivalent. However, with the dilution-extrapolation method it is feasible to
use very small volumes of oil (< 10 ml) facilitating its application to soils with low hydrocarbon concentrations
(0.1-1.0%). Likewise, it is a practical method for the determination of API gravity in heavy and extra-heavy oils,
commonly found in soils contaminated by residual hydrocarbons. Thus, the °API of oil in contaminated soil can
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be easily determined by recovering small amounts of petroleum from soil using solvent extraction procedures
(EPA, 1996), and then applying the dilution-extrapolation method on the recovered oil. For these reasons, it is
recommended as a viable alternative for the determination of API gravity in hydrocarbon contaminated soils, and
a useful tool for the characterization of contaminated sites, with relevance to the biodegradability of the oil in the
soil, and the potential to cause long term fertility problems.
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