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Abstract

Crude oil is a complex mixture of several different structural classes of compounds including alkanes, aromatics,
heterocyclic polar compounds, and asphaltenes. The rate and extent of microbial degradation of crude oil depends
on the interaction between the physical and biochemical properties of the biodegradable compounds and their
interactions with the non-biodegradable fraction. In this study we have systematically altered the concentration of
non-biodegradable material in the crude oil and analyzed its impact on transport of the biodegradable components
of crude oil to the microorganisms. We have also developed a mathematical model that explains and accounts
for the dependence of biodegradation of crude oil through a putative bioavailability parameter. Experimental
results indicate that as the asphaltene concentration in oil increases, the maximum oxygen uptake in respirometers
decreases. The mathematically fitted bioavailability parameter of degradable components of oil also decreases as
the asphaltene concentration increases.

Introduction

Crude oil is a complex mixture of several different
structural classes of compounds such as alkanes, aro-
matics, heterocyclic polar compoundsand asphaltenes.
The rate of microbial degradation of crude oil depends
on the interaction between the physical and biochem-
ical properties of these compounds. Also, the trans-
port and solubility of these substances dictate their
bioavailability and biodegradation. We have systemat-
ically studied the impact of transport limitation on the
utilization of the biodegradable fractions of crude oil
and have quantified and interpreted the results through
a mathematical model.

The distribution of the various structural classes
and compounds present in petroleum influences the
biodegradability of individual hydrocarbon compo-
nents. Walker et al. (1976) compared the biodegra-
dation of No. 6 fuel oil (Bunker C oil), which has sig-
nificant amounts of sulfur, nitrogen, nickel, vanadium,
aromatics, resins, and asphaltenes, to the biodegra-

dation of No. 2 fuel oil, which has a high aromatic
content. Gas-liquid chromatographyrevealed that 55%
of the No. 2 oil was biodegraded compared to only
11% of No. 6 oil. They also compared the biodegra-
dation of South Louisiana crude with Kuwait crude
oil. Biodegradation of light South Louisiana crude oil,
which is a low sulfur crude oil rich in saturates, was
found to be 82%, whereas Kuwait crude oil, which is a
high sulfur oil rich in aromatics and resins, was degrad-
ed by only 51%. They also reported major differences
in biodegradability of identical compounds within the
context of different hydrocarbon mixtures. Mulkins-
Phillips et al. (1974a) found that 94% of the n-alkanes
in Arabian light crude oil were biodegraded compared
to only 77% of the n-alkanes present in Venezuelan
crude oil. From both these studies it can be inferred
that in addition to the different concentrations of the
various compounds in an oil, the distribution of the
various oil fractions may play a key role in influencing
the availability of the biodegradable components.
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Westlake et al. (1974) reported that the ability
of mixed microbial cultures to utilize hydrocarbons
present in four crude oils depends not only on the con-
centration of the n-saturated fraction but also on the
asphaltene and nitrogen, sulfur, and oxygen (NSO)
fraction of the oil. For example, even though the com-
position of saturates in crude from Prudhoe Bay and a
crude oil from Lost Horse Hill is comparable, 16-23%
of saturates from Lost Horse crude were degraded com-
pared to only 6 to 10% in Prudhoe Bay. They attributed
this to the presence of higher polar NSO content in
Prudhoe Bay crude.

To further understand the interactions noted above,
we studied the effect of the concentration of the hexane
insoluble, non-biodegradable fraction (asphaltene) on
the biodegradation of the asphaltene-free fraction of
crude oil in an oil-water system. The asphaltene free
fraction consists of thousands of hydrocarbons, some
of which are biodegradable. We used cumulative oxy-
gen uptake to model the biodegradation of oil and
measured the residual hydrocarbons to confirm the
extent of biodegradation. The mathematical model
we developed explains and accounts for the depen-
dence of cumulative oxygen uptake on a bioavailabili-
ty parameter (which consists of a diffusivity term and
a surface area term) of biodegradable oil from the oil
droplet. Values of the bioavailability parameter have
been obtained by fitting the experimental data to the
model.

Material and methods

Preparation of the substrate

A 550 ml volume of Prudhoe Bay crude oil was artifi-
cially weathered by unforced evaporation under a fume
hood for two weeks. As a result of evaporation of the
lighter constituents, the volume of the oil decreased
by 100 ml. The final weight was 385.3 g. This weath-
ered oil was diluted with 2000 ml of optima grade
hexane (Fisher Scientific, USA) and allowed to stand
in a freezer for three hours. It was subsequently cen-
trifuged at 2000� g for 15 minutes at 4�C in a Sorvall
RT6000B centrifuge (DuPont Company, Wilmington,
Delaware, USA). The asphaltene fraction formed a
pellet at the bottom of the centrifuge tubes, and the
supernatant was decanted and stored overnight in a
freezer. This supernatant was centrifuged again under
the same conditions as before to recover any addi-
tional precipitate formed. The supernatant was then

diluted with hexane (1:5 by volume) and vacuum fil-
tered through 60-200 mesh silica gel. Asphaltenes that
escaped centrifugation were adsorbed onto the silica
gel. The hexane extract was placed in a rotary evapora-
tor to drive off the hexane leaving behind the dea-
sphaltened oil. The mass of deasphaltened oil was
224.2 g (yield = 58.18%). The pellet of asphaltene
from the centrifuge tube was dissolved in optima grade
methylene chloride (Fisher Scientific, USA), and the
solution was transferred to a beaker. The solvent was
evaporated to recover the asphaltene powder. The yield
of asphaltenes was 6.5%. About 35% of the weathered
crude oil was lost on the silica gel.

Reconstituted crude oil was prepared by adding
varying amounts of asphaltenes to 500 mg of deas-
phaltened oil. The amount of asphaltene added was
0 mg, 62.5 mg, 125 mg and 250 mg corresponding to
concentrations of 0, 11.1, 20.0 and 33.3% by weight,
respectively.

Respirometry

The effect of asphaltenes on the degradation of deas-
phaltened oil was evaluated using analytical respirom-
eters (model WB512, N-CON Systems, Larchmont,
NY). Each respirometer flask was furnished with an
inlet port for dispensing oxygen and a syringe and
valve assembly to permit changing the KOH solution
in the carbon dioxide traps. Pure oxygen was sup-
plied to the headspace of each flask in response to the
pressure drop resulting from microbial oxygen con-
sumption. Calibrated solenoid valves metered oxygen
into the flasks to balance pressure against temperature-
controlled reference cells. A computer monitored the
solenoid valve pulses, recorded the data, and calculat-
ed the oxygen uptake on a cumulative basis. The KOH
solution (20 ml) was changed when the pH indicator,
Alizarin Red S (10 mg/L), changed color from purple
to pink. The amount of carbon dioxide trapped was
determined by measuring the pH change in the KOH
solution.

Culture preparation

An undefined oil-degrading consortium of microor-
ganisms (BS48), isolated from the National Seashore
south of Corpus Christi, Texas, was grown and main-
tained (subcultured every 3 weeks) in Bushnell-Haas
medium (2% NaCl) supplemented with Prudhoe Bay
crude oil (� 5 g/L). On the day of an experiment, the
liquid culture was centrifuged, washed, resuspended
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in fresh Bushnell-Haas medium without oil, and used
as the inoculum for the respirometry experiments.

Most probable number analysis of microbial
population

A Most Probable Number (MPN) procedure was used
to estimate the population density of oil degrad-
ing microorganisms in aqueous solutions (Haines et
al., 1995). Duplicate plates were prepared for each
respirometer flask. Microtiter 96-well plates were
processed with a Beckman Biomek 1000 laboratory
workstation (Beckman Instruments, Fullerton, CA).
The workstation automatically filled each well with
180�L Bushnell Hass medium (BH) (Difco Products,
Detroit, MI) supplemented with 2% NaCl, performed
10-fold serial dilutions of the sample, and added 2�L
No. 2 fuel oil as the carbon source to the inoculated
wells. Plates were incubated for 14 days at 20degC.
Positive wells were scored by observing the pink or
red color formed after adding 50�L iodonitrotetra-
zolium violet (INT) to each well. INT competes with
oxygen for electrons in the electron transport chain of
aerobic organisms (Packard, 1971), and it is reduced
to an insoluble formazan that deposits as a red pre-
cipitate in the presence of actively respiring microor-
ganisms. The MPN values were calculated using a
personal computer-based program (Klee, 1993) that
automatically corrects for the bias associated with the
maximum likelihood estimator (Salama et al. 1978).

Chemical analysis

To determine actual biodegradation of hydrocarbons,
reactor contents were analyzed for specific satu-
rated hydrocarbons, polynuclear aromatic hydrocar-
bons (PAHs), and sulfur heterocyclic constituents by
extracting in 100 ml of dichloromethane (DCM). A
portion of the DCM extract was solvent exchanged to
hexane. A 1.0�L aliquot of the hexane extract was
then injected into a Hewlett-Packard 5890 Series II
gas chromatograph equipped with an HP 5989A Mass
Selective Detector (Mass Spectrometer) operating in
the selective ion monitoring mode (SIM) to analyze
for the target compounds. Details of chemical analysis
can be found elsewhere (Venosa et al. 1996).

Experimental setup

Duplicate respirometer flasks were filled with 250 ml of
Bushnell-Haas medium and 500 mg of deasphaltened

Figure 1. Oxygen uptake curves from biodegradation of crude oil
that has been deasphaltened and then reconstituted with various
concentrations of asphaltenes. Inset (Figure 1a) shows initial data on
an expanded scale along with linear regression fits.

oil supplemented with varying amounts of the asphal-
tene fraction (0, 11.1, 20.0 and 33.3%). The flasks were
inoculated with 1.0 mL of the oil-degradingculture and
then sealed with caps furnished with oxygen and KOH
exchange ports. Oxygen uptake was recorded hourly
by a computer, and the carbon dioxide produced due
to mineralization of oil was measured periodically, as
needed. The experiment was concluded after 20 days.
At the end of the experiment, a 5.0 mL sample of
reactor contents was analyzed for oil-degrader MPN.

Results

Figure 1 summarizes the average cumulative oxygen
uptake with time for deasphaltenedoil, crude oil recon-
stituted with 11.1, 20, and 33.3% asphaltenes, and for
the asphaltene fraction alone. The insert (Figure 1a)
shows oxygen uptake for short time periods follow-
ing the lag period on an expanded scale for deas-
phaltened and reconstituted oils. No substantial oxy-
gen consumption took place in reactors containing the
asphaltene fraction alone, indicating that asphaltenes
are not degraded by the microorganisms in the 20
day time period of the experiment (previous results
from unpublished experiments revealed that no oxygen
uptake occurred even after three months of incubation
in the presence of the asphaltene fraction). Biodegrada-
tion commences with the breakdown of crude oil from
the surface of the oil droplet. As the surface concentra-
tion decreases, oil from bulk of the oil droplet diffuses
to the surface, where it is degraded by microorganisms.
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Table 1. Growth of iol degraders in reconstituted oil

Asphaltene Oil Degrader Lower 95% Upper 95%

content,% MPN/mL Confidence Confidence

limit limit

MPN/ml MPN/ml

0 9.5� 107 2.5� 107 4.1� 108

11.1 1.2� 108 1.9� 107 7.1� 108

20.0 5.2� 107 4.7� 107 4.6� 108

33.3 6.2� 107 2.6� 107 4.9� 108

The oxygen uptake patterns for the other flasks contain-
ing reconstituted oil showed a lag period of about 2 to 3
days followed by a rapid increase in oxygen uptake for
the next 4 to 5 days and then a slowly decreasing uptake
response until termination. As the asphaltene content
of the oil increased from 0 to 33.3%, the cumulative
oxygen uptake in the reactors decreased.

Even though the amount of deasphaltened oil (and
hence the biodegradable fraction) was the same in all
the flasks, the presence of asphaltenes at increasing
concentrations resulted in an overall decrease in the
observed oxygen uptake (Figure 1). This suggests that
the asphaltenes were either toxic to the oil degraders
or they limited the availability of the degradable com-
ponents to the oil-degrading populations. The slopes
of the curves in Figure 1a represent the initial rates
of oxygen uptake, which reflect the degradation of
oil on the surface of the droplets. The initial rates
computed from Figure 1a are 18.7, 12.1, 16.8 and
13.0 mg/L-hr for deasphaltened oil and reconstituted
oil with 11.1%, 20.0% and 33.3% asphaltenes, respec-
tively. Since these rates are comparable, the microbial
activity for various experimental conditions is believed
to be similar. Table 1 summarizes the MPNs and the
upper and lower 95% confidence limits of the micro-
bial populations after 20 days. The wide confidence
limits are typical of the imprecise nature of the MPN
method. Thus, a large difference in oxygen uptake
between the deasphaltened oil and the oil reconstituted
with 33.3% asphaltenes (Figure 1) is unlikely to have
been detectable by MPN estimates. Although we can-
not say with certainty that the asphaltenes were not
toxic, the fact that we did not observe a huge decrease
in MPNs with higher asphaltene content suggests that
the asphaltenes did not significantly affect microbial
growth. The lack of any evidence of change in the
population of the degraders, coupled with the fact that
initial oxygen uptake rates were unaffected by the pres-
ence of the asphaltic components, supports the hypoth-

Table 2. Concentration of target analytes after 20 days as a
function of asphaltene content

Asphaltene Total Alkanes1 Total PAHs2 Total Target

content,% ng/mg Oil ng/mg oil Hydrocarbons,

ng/mg oil

0 0 235.1 235.1

11.1 0 418.7 418.7

20.0 247.3 2991.1 3238.4

33.3 4111.2 2397.7 6509.9

1 = 128260.1 ng/mg oil
2 = 11271.5 ng/mg oil

esis that asphaltenes act by inhibiting the diffusion of
biodegradable components through the oil droplet.

Table 2 summarizes the concentration of target
analytes remaining in the reactor at the end of each
experimental run (20 days). The amount of total tar-
get hydrocarbons (sum of alkanes and PAHs measured
by GC/MS) remaining in the reactors increased from
235 to 6,509 ng/mg oil as the asphaltene concentration
increased from 0% to 33.3%. This supports the premise
that as the concentration of asphaltenes increases, the
bioavailability of substrate decreases, resulting in less
degradation, lower oxygen uptake, and higher resid-
ual hydrocarbons remaining in the reactors. During
the latter stages of the experiment, the high microbial
population and presence of undegraded target hydro-
carbons indicate that the observed oxygen uptake can
be attributed mainly to substrate utilization. It was
observed in previous experiments (Haines et al. 1997)
that microbial growth during crude oil biodegradation
is characterized by a rapid and significant increase in
the number of alkane degraders. This growth is fol-
lowed by a rise in population density of PAH degraders
during a concomitant decline in the alkane degraders.
The PAH degradingmicroorganismsremain fairly con-
stant until at least 28 days after startup. Although it
could be argued that the slow increase in oxygen uptake
during the latter stages of crude oil biodegradation
could be due to endogenous respiration of the decaying
biomass, our experience supports the assumption that
most of the oxygen uptake observed in this period is
due to continued growth on the less easily degradable
PAHs.

The rate and extent of biodegradation of crude oil
depends not only on the microbial population densi-
ty but also on (i) the diffusivity of various compo-
nents of crude oil within the oil droplet, and (ii) the
size of oil droplets. Addition of asphaltenes introduces
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inhomogeneity in the oil droplet, giving rise to sur-
face interactions between asphaltenes and oil compo-
nents. Also the effective path for the diffusion is now
‘cramped and tortuous’ and is longer than it would be
for homogenous material (Cussler, 1984). The term
diffusivity here includes the effects arising from multi-
component and multi-phased systems. These effects
tend to decrease bioavailability of the oil to microor-
ganisms.

We present below a mathematical model to evaluate
the effect of diffusivity and droplet size with a single
parameter. The bioavailability parameter is defined as
the ratio of diffusivity of oil to the surface area available
for microbial attack (D/a2). Microorganisms produce
surfactants for the uptake of insoluble hydrocarbons.
Once the concentration of surfactant reaches its criti-
cal micelle concentration (CMC, usually between 10 to
100 mg/L), droplet size will be independent of surfac-
tant concentration (Coulaloglou and Tavlarides, 1976).
It has been found that the amount of oil dispersed in the
aqueous phase increases with time during the lag phase,
resulting from the production of cell bound and extra-
cellular surfactants by the microorganisms (Horowitz
et al. 1975, Rosenberg et al. 1992). Beyond the lag
period, the amount of oil dispersed in the aqueous
phase does not change appreciably, indicating a stable
emulsion of oil in water (Reisfeld et al. 1972). Fur-
ther, the likelihood of coalescence of emulsion drops
would be low due to stabilizing effects arising from
the presence of biosurfactants at the oil-water interface
(Hunter, 1987). Hence, any effect of asphaltene on the
degradation of oil will be purely due to the change in
diffusivity of the biodegradable components through
the oil droplet.

Model for evaluation of bioavailability

Development of the model

During the course of an experiment, the mixing ener-
gy imparted by the magnetic stirrers causes small
droplets of oil to be suspended in the medium. Each
oil droplet can be viewed as comprising a porous, non-
biodegradable asphaltene matrix filled with biodegrad-
able and non-biodegradable fractions of deasphaltened
oil. Since the aqueous solubility of oil is low (Wodzin-
sky and LaRocca, 1974), microorganisms mineralize
the bulk oil at the oil-water interface (Atlas, 1981).
The rate of degradation of the biodegradable fraction
of oil depends on its reaction rate constants and con-

Figure 2. Schematic of an oil droplet (a). Initial concentration profile
for oil in the droplet is shown in (b), and the oil concentration profile
at different times is shown in (c).

centration of oil. Since the concentration of the dea-
sphaltened oil was the same in each of the experi-
mental treatments, the reaction rate constants for the
biodegradation of oil should be the same. Changes in
the asphaltene concentrations, however, could lead to
changes in the diffusivity (and hence bioavailability)
of the biodegradable constituents of oil through the
droplet. We propose a diffusion controlled model for
the biodegradation of oil with the following simplify-
ing assumptions: (i) the droplet size distribution in the
respirometer flask is narrow and is uniform during the
course of the experiment or between treatments, (ii) the
density of degrading populations is ample for biodegra-
dation to proceed unhindered except for the initial lag
period, (iii) following the incubation period, the con-
centration of the substrate at the oil-water interface is
very low, (iv) the diffusivity of the degradable fraction
of oil through an oil droplet is independent of substrate
concentration, spatial location in the droplet, and time,
(v) diffusion of the biodegradable components within
the oil droplet is only in the radial direction, and (vi)
no back diffusion of oil occurs within the droplet.

Figure 2a shows a schematic of an oil droplet of
radius ’a’ in the respirometer flask. The initial con-
centration C0 of the biodegradable fraction of the oil
within the oil droplet is uniform (Figure 2b). Due to
biodegradation of oil at the oil-water interface (r = a),
the concentration of the degradable fraction of oil at
the oil-water interface decreases to 0. This leads to
radial diffusion of oil resulting in time dependent con-
centration profiles within the oil droplet as shown in
Figure 2c. The unsteady state diffusion equation for
the biodegradable fraction of oil can be written as:
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where Mt corresponds to the total oxygen uptake at
time t, M1 is the oxygen uptake corresponding to
complete biodegradation of the deasphaltened oil, n is
the number of terms in series expansion, a is the radius
of the oil droplet, and t is time.

Estimation of parameters for the model

The model above was used to fit the experimental
data obtained for the cumulative oxygen uptake result-
ing from the degradation of deasphaltened oil supple-
mented with differing amounts of asphaltenes. This

Figure 3. Oxygen uptake curves from biodegradation of deasphal-
tened oil and reconstituted oil after lag periods were eliminated.

experiment was conducted to help explain the effect
of asphaltene content on the diffusivity and hence the
bioavailability of the biodegradable constituents of oil.
Since the droplet size is unknown, one cannot explic-
itly estimate diffusivity within the oil droplet; instead,
the ratio of diffusivity to the square of droplet radius
(D/a2), the bioavailability parameter, is evaluated. The
second parameter in this model is the maximum oxy-
gen uptake M1 , which is the oxygen uptake required
for the breakdown of all biodegradable constituents of
the oil.

The initial growth of microorganisms during the
lag period is associated with increase in cell mass
(Westlake, et al. 1974) and the production of the cell-
bound (Neufeld, 1984) and extracellular surfactants
(Kawashima et al. 1983; Li et al. 1984) used by the
cell to facilitate the uptake of insoluble hydrocarbons
(Rosenberg et al. 1992). Production of surfactants by
the microorganisms is associated with changes in the
droplet size of the oil and subsequent emulsification
of the substrate (Reisfeld et al. 1972; Margaritis et al.
1979; Schulz et al. 1991) followed by the uptake of the
substrate. Formation and coalescence of droplets in a
pure system have been studied extensively in the chem-
ical engineering literature (Becher, 1975; Coulaloglou
and Tavlarides, 1976; Clift et al. 1978). The growth
of microorganisms, production of surfactants, and the
variation of droplet sizes during the lag period are
extremely difficult to incorporate into a biodegrada-
tion model. Since our model cannot predict behavior
during the initial lag period of the experiment, the data
in this period are ignored, and the time axis is adjusted
accordingly. The modified oxygen uptake curves are
shown in Figure 3.



293

Figure 4. Comparison of the experimental data for oxygen uptake
for deasphaltened oil with the fit obtained from the model is shown in
the top panel (a). The bottom panel (b) shows the apparent difference
between the experimental and model oxygen uptake values expressed
as fraction of the observed oxygen uptake. Model parameters are
D/a2 = 0.0113 day�1 and M1 = 2214 mg/L.

The parameters M1 and D/a2 are obtained by fit-
ting the model solution to the modified oxygen uptake
data fordeasphaltened oil, using Gauss’ method in
procedure NLIN of SAS (1987). The NLIN (Non-
LINear) procedure produces least squares estimates
of the parameters of a non-linear model. In addition
to the model, the first partial derivatives of the mod-
el with respect to the parameters are provided along
with the bounds and grid for the parameters. Procedure
NLIN first examines the starting value specifications
of the parameters and evaluates the residual sum of
squares at each combination of values to determine the
best set of values to start the algorithm. The iterative
method then regresses the residual to the partial deriv-
atives of the model with respect to the parameters until
estimates converge. Since the deasphaltened oil con-
tains both biodegradable and non-biodegradable con-
stituents, the parameter D/a2 represents mass transfer
resistance offered by the non-biodegradable fraction
to the biodegradable fraction. The M1 value obtained
here corresponds to the oxygen required for breakdown
of the biodegradable constituents of deasphaltened oil,
and since the amount of deasphaltened oil was the
same for all experimental conditions, the value of M1
determined for the deasphaltened oil was adopted for
all other experiments. Consequently, theonlyparame-
ter to be determined for the reconstituted oil is D/a2.

Figure 5. Comparison of the experimental oxygen uptake data with
model predictions. The parameter value for M1 is 2214 mg/L for
all cases, whereas the values of D/a2 are given in Figure 6.

Figure 6. Effect of asphaltene concentration on the bioavailability
parameter, D/a2.

Five terms were included in the series expansion
of equation 3a and equation 3b. The applicability of
model solutions for short and long time periods was
optimized by least square estimates. Results of the fit
for deasphaltened oil are shown in Figure 4a. Figure 4b
shows the deviation of the predicted values from the
observed data ((observed - predicted) / observed x 100).
The values determined for the maximum biodegrada-
tion potential (M1) and diffusivity term are 2214 mg/l
and 0.0113 days�1, respectively. Careful examination
of the experimentally observed rates of oxygen uptake
revealed that even after 20 days, the degradation of
oil was continuing albeit at a very slow rate. This is
accounted for in the model. The fitted value of M1
(2214 mg/L) is higher than that obtained for the deas-
phaltened oil after 20 days (2020 mg/L).

The model fit to the data for reconstituted oils is
shown in Figure 5. For the sake of comparison, we
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have included the experimental oxygen uptake data
for the whole oil (after eliminating the lag period).
Although the asphaltene fraction of the whole oil was
approximately 20%, the oxygen uptake data are closer
to oil containing 11.1% asphaltenes rather than 20%
asphaltenes. Since the recovery of deasphaltened oil
was only about 65% during the fractionation process,
the reconstituted oil containing 20% asphaltenes had a
different composition from the whole oil, which could
explain the difference in the oxygen uptake pattern
observed.

The values of the D/a2 parameter for the various
reconstituted oils are shown as a function of asphaltene
concentration in Figure 6. Clearly, the D/a2 parameter
decreases as the asphaltene content in the oil increases.
The asphaltenes can be considered as a matrix that
retains oil. Increasing the asphaltene content results
in the matrix becoming more dense, leading to slower
diffusivity of the degradable compounds through it.

One may argue at this stage that the decrease in
the bioavailability of biodegradable constituents in oil
as a result of increasing concentrations of asphaltenes
is not due to unfavorable interactions between the
asphaltenes and oil but is a consequence of the increase
in the size of the oil droplet. Assuming that all the
asphaltene added to the oil dissolved uniformly in
the deasphaltened oil, we calculated the increase in
droplet size due to added mass of asphlaltene [a2/a1 =
(m2/m1)1=3, where m refers to mass and the subscripts
1 and 2 refer to deasphaltened oil and oil reconstituted
with asphaltenes, respectively]. We then estimated the
effect of this increase in droplet size on the parame-
ter D/a2 (D/a2

2 = D/a1
2� (m1/m2)2=3) and plotted it in

Figure 7 along with the values obtained from fitting the
experimental data to the model. The effect of droplet
size on the change in D/a2 as a function of asphaltene
concentration is small compared to the actual observed
change. We conclude that the observed decrease in
D/a2 parameter is primarily due to unfavorable interac-
tions between the substrates and the asphaltenes lead-
ing to diminished substrate availability rather than any
change in the droplet size and hence the surface area
of the droplet.

Figure 8 shows the effect of the bioavailability para-
meter on model predictions of oxygen uptake for a
constant M1 of 2500 mg/L. As can be seen from the
figure, increasing bioavailability of oil in the matrix
(increasing D/a2 ) results in higher oxygen uptake mt.
It should be noted here that only at sufficiently high
D/a2 values (i.e., 0.03 days�1 ) does complete degra-
dation of substrate take place within about 20 days. mt

Figure 7. Model predictions of oxygen uptake for different bioavail-
ability parameters, D/a2, at a constant M1 of 2500 mg/L.

Figure 8. Effect of oil droplet size on the bioavailability parameter
at different asphaltene concentrations. The bioavailability calculated
from the effect of size is denoted byH whereas the experimentally
obtained values are depicted by .

for other values of D/a2 will eventually approach M1
but only after very long time periods.

Conclusions

Experimental data indicated that addition of
asphaltenes to deasphaltened oil reduces the cumula-
tive oxygen uptake by the microorganisms and results
in higher residual hydrocarbons remaining in the flasks.
It was also found that the asphaltenes were not inhibito-
ry to the microorganisms. Hence, we postulated that
the asphaltenes give rise to transport limitations within
the oil droplet. We developed a two-parameter mathe-
matical model for diffusion-controlled transport of the
biodegradable fraction of the oil to the oil-water inter-
face where it becomes available for the microorganisms
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to degrade it. From the model, we found that diffusivity
of the oil decreased with increasing asphaltene concen-
tration in the reconstituted oil. We also mathematically
showed that this decrease was not due to size effects of
the oil droplets but rather due to the inhibitory effect
of the asphaltene on transport (Figure 7). Model sim-
ulation results indicated that the higher the parameter
D/a2, the higher is the rate of biodegradation of the
substrate.

Surfactants can theoretically be used to enhance
the biodegradability of crude oil hydrocarbons. Atlas
and Bartha (1973) and Robichaux and Myrick (1974)
observed in laboratory experiments that addition of
surfactants increased the rate and/or extent of oil
biodegradation. They postulated that the surfactants
acted by decreasing the size of the oil droplets, which
increased the surface area available to the hydrocarbon
degraders. Mulkins-Phillips and Stewart (1974b),how-
ever, observed quite the opposite. For four dispersants
tested, they found that emulsified oil was less biode-
graded than the oil that was least emulsified. These
conflicting results demonstrate that addition of sur-
factants to emulsify hydrocarbons does not necessar-
ily correspond to increased biodegradation. The data
presented herein suggest that the reason why investi-
gators have found surfactant addition in some cases
enhances biodegradation while in other cases does not
may be due to the interaction of the surfactant with
the asphaltic components of crude oil. Based on our
modeling results (Figure 7), it is likely that increasing
the surface area by decreasing the oil droplet size will
not have much effect on biodegradability. Research to
increase the bioavailability of the biodegradable com-
ponents by studying the factors that enhance the dif-
fusivity in crude oil may be fruitful. One factor is
temperature. Low temperatures will negatively affect
transport within oil droplets and biodegradation kinet-
ics. Another factor is the type of oil; oils with higher
levels of asphaltenes should be less biodegradable than
those with lower levels, given the same concentration
of biodegradable constituents. A third factor is the type
of surfactant. Biosurfactants produced by microorgan-
isms actively metabolizing crude oil are more likely to
increase the bioavailability of oil than synthetic surfac-
tants that simply increase the surface area by affecting
droplet size. In addition to increasing the surface area
for microbial attack, surfactants can enhance bioavail-
ability through solubilizing the compounds in aqueous
phase, by stabilizing the substrate in micelles (Edwards
et al. 1991), or by facilitating the transport of pollutant
from the solid phase to the aqueous phase by a number

of phenomena such as lowering of surface/interfacial
tensions of pore water in soil particles and interac-
tions with solid surfaces and pollutants (Volkering et
al. 1995). Studies to understand how such mass trans-
port enhancement takes place as a result of biosurfac-
tant/asphaltene interactions might provide significantly
better ways to effect bioremediation of oil spills con-
taminating shorelines.

List of Symbols

C = concentration of degradable
fraction of oil in the droplet, Kg/m3

r = radial distance, m
t = time, days
t0 = initial time
C0 = initial concentration of oil in the

droplet, Kg/m3

a = radius of the droplet, m
Mt = Cumulative oxygen uptake at time t, mg/L
M1 = Cumulative oxygen uptake for complete

degradation of deasphaltened oil, mg/L
m = mass of substrate, Kg
D = diffusivity of deasphaltened oil in the oil

droplet, m2/day
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