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When using the water-based extraction processes (WBEPs) to recover bitumen from the weathered oil sands, very low
bitumen recovery arisen from the poor liberation of bitumen from sand grains is always obtained. Application of microbial
enhanced oil recovery (MEOR) technology in WBEPs to solve the poor processability of the weathered ore was proposed.
It was found that processability of the microbial-treated weathered ore was greatly improved. The improved processability
was attributed to the biosurfactants production in the culture solution, alteration of the solids wettability, degradation of
the asphaltene component, and the decrease of the bitumen viscosity, which collectively contributed to the bitumen libera-
tion from the surface of sand grains. Although it still has many issues to be solved for an industrial application of the
MEOR technology in oil sands separation, it is believed that the findings in this work promote the solution to the poor
processability of the weathered ore. © 2014 American Institute of Chemical Engineers AICKE J, 60: 2985-2993, 2014
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Introduction

Oil sands, the so-called tar sands widely distributed
throughout the world, are unconsolidated sand deposits
impregnated with high-boiling viscous crude oil which is
normally referred to as bitumen." With the excessive con-
sumption of conventional crude oil and the burgeoning
worldwide demand for petroleum, exploiting bitumen from
oil sand ores has attracted much attention from both the
industry and researchers.”” Currently, the major technology
used to process oil sands is the water-based extraction proc-
esses (WBEPs), which is traced back to the Clark hot water
processes.® In water-based bitumen extraction processes, two
key steps are involved”®: the bitumen is first liberated from
the sand grains and then the liberated bitumen is aerated and
floated to the top of slurry to form a bitumen-rich froth. Any
factors, such as the solids wettability, bitumen viscosity, and
the water chemistry affecting the bitumen liberation and aer-
ation will have a significant influence on the bitumen final
recovery. It has been extensively documented that the bitu-
men recovery and froth quality are closely related to the oil
sands properties. For example, Liu et al’ investigated the
processability of one good processing ore and three poor
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processing ores using a Denver flotation cell. The results
indicated that the good processing ore with hydrophilic sand
grains has good bitumen recovery and froth quality, while
the weathered ore containing strong hydrophobic solids
exhibited an extremely poor processability with very low
bitumen recovery and poor froth quality. Because of the
high fines content (e.g., 40%) or high divalent cation concen-
tration (e.g., the calcium ions content in the formation water
is larger than 40 ppm.'%), poor processability was also
obtained for the high fines ore and high electrolyte ore,
which was attributed to the poor bitumen liberation and seri-
ous slime-coating of the fine solids on the bitumen droplets
or bubbles. These findings reflected that the oil sands proc-
essability was closely related to the ore types.

Among different types of oil sands, the weathered ore’s
reserve is abundant. Weathered oil sands is referred to as ore
that has been exposed to external environment for an
extended period e of time and/or is not deeply buried under
the overburden.'! The effect of weathering on oil sands proc-
essability has been reported recently.”'*"'® By studying a
laboratory weathered ore and a naturally weathered ore, a
mechanism on the deteriorated processability of oil sands
due to weathering was proposed by Masliyah and
coworkers.""""? Tt was suggested that the formation water
loss because of weathering led to a close contact of bitumen
with the solids surface and hence resulted in the adsorption of
organic matter. The increased hydrophobicity of the solids
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greatly enhanced the adhesion force between bitumen and sol-
ids and thereby made it hard for the bitumen to liberate from
the sand grains. As a result, lower bitumen recovery and poor
froth quality are always obtained on processing the weathered
ores. Therefore, it is highly desirable to find an effective way
to improve the processability of weathered ore.

Microbial enhanced oil recovery (MEOR) technology has
been successfully applied in crude oil recovery. MEOR' is
a way to utilize microorganisms or their metabolic products
to help the recovery of crude oil from reservoirs,'®” which
can be traced back to 1926. Systematic laboratory studies
were not carried out until 1940s by Zobell."® Subsequently,
the first field test was conducted in 1954." From that time
on, numerous engineers and scientists have left their track
on the progress of MEOR technique. Today, in addition to
conventional technologies for crude oil production,zo’21
MEOR technique has been an alternative way used in classi-
cal or modern tertiary enhanced oil recovery.””** The
MEOR technique takes many advantages, such as cost effi-
ciency and environmental friendliness. The main mecha-
nisms on how microorganisms enhance oil release from
reservoir rock involve: (1) the bacterial metabolic products
of biosurfactants could reduce the interfacial tension between
liquid and solids and alter the surface wettability of sol-
ids*>?%; (2) the microorganisms could degrade the heavy
component of crude oil and thus improve the oil quality®’;
and (3) gas production could reduce the viscosity of the
crude oil and thereby facilitating its flow. In consideration of
the successful applications of MEOR technique in the crude
oil fields and oil reservoirs, its potential applications in oil
sands separation could be anticipated.

As pointed out from the reports that the low bitumen recov-
ery and poor froth quality of the weathered ores are mainly
attributed to the poor bitumen liberation from the sands and
the slime coating of the bitumen droplets with fines.”!""!* The
important reason leading to these problems is that the hydro-
phobic characteristic of the solid sands or the high bitumen
Viscosity.”’28 However, as far as we know, there is no one
effective method yet to solve the poor processability of the
weathered oil sands. Considering that the MEOR processes
could produce biosurfactants to alter the solids wettabiltiy and
degrade the heavy component of oil to reduce the oil viscos-
ity, the MEOR technique was first proposed to be applied in
the water-based bitumen extraction from weathered ores. In
this work, a weathered ore was microbial treated by placing it
in the culture solution with strain for a period of time. It was
found that the microbial treatment of the oil sands greatly
decreased the hydrophobicity of the solids and reduced the
bitumen viscosity by degrading the asphaltene component. As
a result, the processability of the weathered ore was greatly
improved. The findings indicated that the MEOR technology
might find its application in the water-base bitumen extraction
from the weathered oil sands.

Experimental
Materials

A weathered oil sand ore with a bitumen content of 10.4%
used in this work was sampled from Zhalaiteqi, Inner
Mongolia of China. A strain of Pseudomonas aeruginosa
(GSICC 31614) used as the microorganism was purchased
from Gansu Microbiology Save Center (Gansu, China). The
strain was first acclimated in laboratory to adapt to the
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mineral culture. The objective strain was preserved on nutri-
ent agar slants at 0°C and was subcultured every 3 months.
The mineral salts medium used in this study was amended
from that of reported,29 and contained (g Lfl): Na,H-
PO,4-12H,0, 11; KH,PO,, 3; NaNO3, 5; NaCl, 1; CaCl,, 0.1;
MgSO,, 0.25. The trace elements necessary for the microor-
ganism growth consisted of the following (g L™'):
FeCl;-6H,0, 0.08; ZnSO,4-7H,0, 0.75; CuSO4-5H,0, 0.75;
MnSO4-H,0, 0.75; H3BOj3, 0.15. The C:N and C:P ratios in
the feed solutions were kept constant at an optimum value to
generate maximum biosurfactants production.’® The pH of
the culture solution was maintained at 6.8. All chemicals
used are analytical reagent. Deionized water was used
throughout the experiments. The capability of P. aeruginosa
growing in oil sands using bitumen as sole source of carbon
and energy was evaluated as described later.

Microorganism growth evaluation

The growth of microorganism in mineral medium using
oil sands as the sole carbon source was studied and com-
pared with that of using glucose at 30°C for 6 days. Deter-
mination of the biomass was conducted according to the
describes elsewhere.>'** The optical density of diluted cul-
tures was evaluated with a UV-Vis spectrophotometer by
measuring absorbance of the strain at 650 nm. The measured
absorbance of the sample was then converted to dry cell
weight using a standard curve reported in the literature.*?
Briefly, 2 mL of the culture solution was drawn using a ster-
ile syringe in a 50-mL volumetric flask followed by the addi-
tion of deionized water to reach the capacity. After shaking
the bottle, the absorbance of the sample was determined.

Microbial treatment of the oil sands

Treatment of the weathered ore by the P. aeruginosa was
performed in an Erlenmeyer flask with a total volume of 500
mL and a working volume of 300 mL. For each test, 300 g
of oil sand ores was added to the 200 mL mineral salts
medium in the flask, following the trace elements solvent
and 1 g glucose were added in turn. The presence of glucose
in the tests was to stimulate the microorganism growth and
eliminate the short dormancy stage. The cultures were steri-
lized using the intermittent sterilization method and cooled
to room temperature. Thereafter, 0.5 mL of the P. aerugi-
nosa incubated 2 days with glucose was injected into the
cultures under sterile conditions. The cultures were incubated
on a rotary shaker at 30°C and 200 rpm.** To obtain appro-
priate incubation time, different incubation period of 7 days,
14 days, and 20 days was chosen.

Flotation tests

Bitumen flotation was carried out using a Denver flotation
cell with a water jacket for temperature control. After culti-
vation, the mixtures including the 300 g microbial-treated oil
sands and the upper solution were transferred to the 1-L cell.
Extra deionized water was added to the cell to meet the
requirement of 900 mL."" Then, the extraction processes was
conducted at 60°C under mechanical agitation at 1500 rpm
for 5 min. After conditioning, air was introduced at a flow
rate of 150 mL/min and the bitumen froth was collected as a
function of time for a total of 15 min. The gathered froth
was then transferred to Dean-Stark for further bitumen, sol-
ids, and water content analysis. Moreover, to study the effect
of the culture solution on bitumen recovery, the culture

August 2014 Vol. 60, No. 8 AIChE Journal



solution was separated from the microbial-treated oil sands
by using filter after the cultivation. With sufficient deionized
water added, the treated oil sands were floated according to
the procedure described earlier.

Extraction of solids from oil sands and wettability
characterization

Solids extracted from the oil sands were carried out by
toluene washing according to the method reported in the lit-
erature.!'”> Briefly, 50-mL toluene was added to 50 g ores
and kept shaking for hours. The obtained mixtures were then
centrifuged at 15 000 g for 30 min. After decanting the
upper bitumen solution, fresh toluene was added to the solids
and repeating the washing processes until the supernatant
become colorless. The solids were then washed with ethanol
and deionized water in turn. Finally, the solids were col-
lected and dried under vacuum at room temperature.

Water drop penetration time (WDPT) measurements has been
widely used to determine the water repellency of s0il,*® which is
an effective way to evaluate the wettability of solids by examin-
ing the time of a water drop penetrating into a solids disk. It is
believed that the longer the penetration time is, the more hydro-
phobic the solids will be.*> In details, 2 g of fines (<50 pm)
was compressed into a disk in a manual hydraulic press using a
20 mm diameter die. After reaching a value of 20 MPa, the disk
was left undisturbed for 2 min. The solids disk sample was
immediately used after being drawn out from the die. The wett-
ability characterization was conducted on a contact angle ana-
lyzer (JC2000D3, Shanghai, China). A deionized water drop
was placed on the pressed solids disk and a real-time video of
the drop was recorded. Five measurements at different locations
for each disk were conducted and average values were reported.

The solids wettability was also examined by partitioning
the solids in the mineral oil phase and water phase.''®
Dried fines of 0.3 g was placed in a glass bottle followed by
adding the mineral oil and deionized water with a volume
ratio of 1:1. After shaking the bottle, the sample was left
undisturbed for 5 min to allow phase separation. Then, the
bottle was photographed and the water-wet fines were col-
lected, dried, and weighed.

Measurements on surface tension of the culture solution

To examine the biosurfactants production during the
microbial treatment of the oil sands, the surface tension of
the culture solution was measured. The culture solutions for
an incubation time of 7, 14, and 20 days were centrifuged at
15,000 rpm for 15 min, respectively, to eliminate the fine
particles. The surface tension measurement was performed
with pendent drop method using a surface tension analyzer
(JC2000D3, Shanghai, China). Pure water was first used to
calibrate the instrument at room temperature. After the sur-
face tension measurement, the pH of the culture solution
was also determined. All the measurements were performed
three times and the average values were reported.

SARA fraction analysis

Crude oils including the heavy oil and bitumen generally
contain four fractions of saturates, aromatics, resins, and
asphaltenes, which were known as SARA. Great effort has
been made on SARA separation and characterization of the
structure and a number of ways were developed.37_40 Among
those approaches, a chromatography separation method based
on ASTM D 2007*' was used in this work. Prior to chromato-
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graphic separation analysis, asphaltenes need to be precipitated
from other components. The procedure was described else-
where.*? Briefly, bitumen was dissolved in toluene and centri-
fuged at 15,000 rpm for 30 min to remove residual solids.
Then, the toluene was left to volatilize gradually from the
diluted bitumen by natural evaporation in a fume hood for
1 week. Two grams of the air dried bitumen was dissolved in
n-heptane (40 cm’/g). The n-heptane-diluted bitumen was
stirred on a laboratory shaker for 2 h at room temperature and
left 24 h for asphaltenes precipitation. Then, the supernatant was
carefully decanted with a syringe. Repeating the washing proc-
esses at least 17 times until the supernatant appeared colorless.
Then, the asphaltenes precipitates were put in a fume hood for a
week to remove n-heptane under ambient conditions.

After removing the asphaltenes, the remanent components
of the bitumen is normally defined as maltenes. Fractionation
of maltenes was carried out on a silica/alumina column chro-
matography.**~*® An open glass column of 2 X 60 cm” were
packed with neutral alumina (200-300 mesh) in its lower
half and silica gel (200-300 mesh) in its upper half. Silica
gel was washed with toluene/dichloromethane/methanol
(1:1:3, v/v) mixture and then dried. The neutral alumina and
silica gel were activated for 12 h at 450 and 160°C, respec-
tively, and left overnight before utilization. The sample of
maltenes (0.2 g) was dissolved in 10 mL of n-heptane, which
was mixed with 1 g silica gels and left to remove the n-hep-
tane by natural evaporation. The sample was then introduced
into the column chromatography apparatus and separated
into saturated hydrocarbons, aromatics, and resins by a suc-
cessive elution with series of mobile phase according to the
modified chromatographic methods.** A total of 180 mL
n-heptane was used to elute the saturate fraction, and a 140
mL solvent mixture of n-heptane/toluene (2:1) to elute the
aromatics fraction. Finally, a total of 80 mL solvent mixture
of toluene/dichloromethane/methanol (1:1:1) was used to
desorb the resins fraction. After chromatography separation,
each fraction was dried using a rotary evaporator to remove
the solvent and weighed to determine the content.

Rheological characterization of the bitumen

The bitumen viscosity was evaluated with a controlled
strain and stress rheometer (Ares G2, TA Instruments) at
50°C, using plate—plate geometry and an axial force con-
trolled gap. Details on the measurement procedure were
described elsewhere.”® Briefly, the operation temperature
was kept constant with an accuracy of *£0.5°C. Both trans-
ducer calibration and standard oil calibration were performed
before the rheological characterization. No fluctuation was
obtained, when conducting the transducer calibration which
includes a torque procedure and normal procedure. The
experimental conditions for the rheological experiments were
validated using PDMS standard oil with viscosity of
24,990.0 Pa s at 30°C under the shear rate of 5.090 rad/s.

All the experiments including the microbial treatment of
the oil sands, floatation tests, and various characterizations
were repeated 3—4 times.

Results
Microorganism growth evaluation

The time course of the strain growth on different carbon
source was shown in Figure 1. It was observed that the
growth of strain with glucose as carbon source started
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Figure 1. Growth curves of P. aeruginosa in the mineral
medium containing glucose or oil sands as
sole carbon source.

The strain growth was monitored by the optical density

method. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

exponentially and reached a yield of 57.5 g/L after 50 h.
While the strain growth with oil sands started with a short
dormancy stage and reached a yield of 35 g/L. The results
indicate that the glucose is more favorable to the strain
growth comparing with the bitumen in oil sands. In other
words, the glucose is more degradable by the microorganism
than the bitumen, attributing to the fact that the aliphatic sat-
urated hydrocarbon could be degraded more easily than the
aromatics. The later is an important component of the bitu-
men. The decrease of both growth curves after 50 h indicates
that the strain growth in both glucose and oil sands started
to slow down, which might attribute to the excessive con-
sumption of nutrition without extra supplement. The results
clearly showed that the strain could use the bitumen as the
carbon source for growth, although it had a lower growth in
oil sands comparing with that in glucose. To stimulate the
growth of strain in the oil sands and short the dormancy
stage, a small amount of glucose was added during the culti-
vation of oil sands with the microorganism.

Processability of the microbial-treated oil sands

It is well-known that the processability of oil sands signifi-
cantly depend on the characteristics of the ores.”!' The
effect of MEOR technique on oil sands processability was
evaluated using a Denver flotation cell. The bitumen recov-
ery and froth quality (bitumen/solids ratio) as a function of
flotation time are shown in Figure 2. It can be seen that the
bitumen recovery increased with increasing the incubation
time and good bitumen recovery was obtained for the
microbial-treated ores. In contrast, the original weathered oil
sands without treatment by the microorganism could not be
processed at all using the WBEPs. In other words, no bitu-
men froth could be collected under the same processing con-
ditions. Therefore, the floatation curve for the untreated ore
was not offered in Figure 2. These results obviously indicate
that the microorganism play significant role on the oil sands
and could greatly improve the processability of the weath-
ered ore. However, it is also noticed from inset of Figure 2
that the bitumen froth quality is still lower, indicating a lot
of solids or fines were brought into the bitumen froth.
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To better understand the effect of incubation time on the
flotation efficiency, a first-order kinetics model was used to
describe the flotation process.47

R=R,(1—e™")

The above equation shows the flotation recovery (R, %) as
a function of flotation time (f, min). Where R . (%) is the
ultimate bitumen recovery and £ is the flotation rate constant
(min~"). By best fitting the experimental data in Figure 2 to
above equation, the flotation rate k was obtained. The results
in Figure 2 show that a relative lower bitumen recovery of
about 70% was observed for the microbial-treated ores with
an incubation period of 7 days. Especially, the corresponding
flotation rate constant is much lower and only about 0.09
min~'. While for the ores with an incubation period of 14
and 20 days, the bitumen recovery could attain 93 and 98%
with flotation rate constants of 0.18, and 0.19 minfl, respec-
tively. The flotation rate constant in the later two cases are
more than 2 times than that for the ore treated with the incu-
bation time of 7 days. Moreover, the bitumen froth quality
was also slightly improved as increasing the incubation
period (inset of Figure 2). These results indicated that appro-
priate extension of the incubation time of the ores could con-
tribute to get a better oil sands processability. Therefore, if
no special instructions, the microbial-treated oil sands with
an incubation time of 20 days was used for the following
studies.

To examine the function of the culture solution on bitu-
men recovery in the oil sands flotation, flotation tests of the
microbial-treated ore and the original weathered ore were
conducted using the culture solution or deionized water,
respectively. The results in Figure 3 show that both the bitu-
men recovery and froth quality were considerably decreased
when processing the microbial-treated ore without using the
culture solution. Such result indicates that the culture solu-
tion play significant role on the oil sands processability. It is
believed that biosurfactants produced by the microorganism
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Figure 2. Effect of incubation time on bitumen recovery
from the microbial-treated oil sands at
pH=8.2 and a temperature of 60°C (Solid
lines represent the fitting profiles by a first-
order kinetic model. In the Figure, k is the flo-
tation rate constant).

Inset: the bitumen froth quality. [Color figure can be

viewed in the online issue, which is available at wileyon-
linelibrary.com.]
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Figure 3. Effect of the culture solution on the bitumen
recovery (a) and froth quality (b) when proc-
essing various ores at pH =8.2 and tempera-
ture of 60°C. [(1) The solid square represents
the microbial-treated ore processed with the
culture solution; (2). the solid circle repre-
sents the microbial-treated ore processed
with deionized water; and (3) the solid up tri-
angle represents the original weathered ore
processed with the culture solution].

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

in the culture solution facilitated the bitumen liberation from
sand grains. To confirm the biosurfactants production, the
surface tension of the culture solution with different incuba-
tion times was measured and the results were shown in Fig-
ure 4. It was found that the surface tension of the culture
solution decreased from 68.5 to 57.9 mN/m as the incubation
time increased from O to 7 days. It further slightly decreased
to a value of 53.0 mN/m as the incubation time extended to
20 days. The decrease of the surface tension indicates that
biosurfactants was produced during the microbial treatment
of the weathered oil sands. Variation of the solution pH was
also examined. It was seen in Figure 3 that the pH of the
culture solution gradually increased from 6.6 to 8.2 as
increasing the incubation time. The increase of the pH might
be related to the biosurfactants production, which was also
in favor of the bitumen liberation from the solids.

However, it was also noted that the function of the culture
solution on oil sands flotation was limited. For example, the
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bitumen recovery was still very low and only about 22% at
15 min when using the culture solution to process the origi-
nal weathered ore (Figure 3). These findings indicated that
besides of the function of biosurfactants in the culture solu-
tion, the microorganism might also have a significant role on
the physicochemical properties of the solids and/or bitumen
to improve the oil sands processability.

Examination of the solids wettability

It is well-known that the surface wettability of the oil
sand solids play a significant role on the processability of
the ores.”!®> Therefore, the solids from various oil sands
were toluene extracted and their surface wettability was ana-
lyzed. WDPT measurements were performed on various fine
solids disks. It was found that the WDPT for the fine solids
from the original weathered ore and microbial-treated ore
were 204.8 and 62.8 s, respectively. It is believed that a lon-
ger water penetration time indicates a more hydrophobic sur-
face of solids. Therefore, the large decrease of the WDPT
reflected that the hydrophobicity strength of the solids was
greatly reduced.

The solids wettability was also evaluated by partitioning
the solids in the mineral oil phase and water phase and the
results are shown in the inset of Figure 5. For a visual obser-
vation of the fine solids isolated from the original weathered
ore, the oil phase was very cloudy and light-tight while the
water phase was relative clear. For the fine solids isolated
from the microbial-treated ore, both the oil and water phases
were muddy. However, in a detail comparison, the water
phase was a little bit cloudier than the oil phase. It was also
observed that oil droplets coated with solids resided at the
water—oil interface for both cases. Especially for the original
ore solids, much of them were encapsulated in the oil phase
forming solids-oil lump, which almost entered in the water
phase because of the gravity. For a quantitative analysis of
the solids partition, the solids resided in the water phase
(water-wet solids) were collected and weighted. The results
in Figure 5 showed that the content of the fines from the
original weathered ore was 5.5%, while it was 55.2% for the
fines from the microbial-treated ore. These findings indicated
that the microbial treatment of the ore greatly reduced the
solids amount in the oil phase reflecting the improvement of
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Figure 4. Measurements of the surface tension and pH
value of the culture solution from the
microbial-treated oil sands mixture.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. Qualitative and quantitative analysis for the
partitioning test in the mineral oil and water
phases of the fine solids isolated from the
original weathered ore (FS-OWO) and the
microbial-treated ore (FS-MTO).
Inset: photograph of the fine solids distribution in the
water and mineral oil phases. [Color figure can be

viewed in the online issue, which is available at wileyon-
linelibrary.com.]

the solids wettability, which was in a good agreement with
the results of the WDPT measurements.

It is believed that the alternation of the solids wettability
was attributed to the washing effect of biosurfactants on the
organics adsorbed on the solids surface. It has been reported
that surfactants could be used for surface wettability alterna-
tion.* For example, the petroleum sulfonates were found
effectively to clean the solids surface and then obtain a
hydrophilic surface. Strong attractive force is always gener-
ated as the surfactants interacting with the adsorbed organic
materials, which is responsible for the surfactants washing
effect of removing the oil stain from the solids surface.
Especially, the biosurfactants were found more effectively to
reduce the surface/interfacial tension and the solids surface
hydrophobicity compared with chemical surfactants.'>'8

SARA fraction analysis

The content of asphaltenes in the bitumen was first deter-
mined using the n-heptane precipitation method. The result
shows that the content of asphaltenes in the bitumen
extracted from the original weathered ore is about
6.9 = 0.3%, while it decreases to 1.6 = 0.03% for the bitu-
men extracted from the microbial-treated ore. Such result
clearly indicates that most of the asphaltenes was degraded
by the microorganism during the cultivation. Thereafter, the
left maltenes were separated into Saturates, aromatics, and

Table 1. Various Fractions of the Maltenes in Bitumen from
the Original Weathered Ore (MB-OWO) and Microbial-
Treated Ore (MB-MTO), Respectively

Various fractions MB-OWO MB-MTO
Saturates (%) 46412 40.0£2.6
Aromatics (%) 11.3£1.0 11.2*=0.6
Resins(%) 31.9+0.2 399*1.6
“Total recovery(%) 89.6 = 0.1 91.1 0.8

“Total recovery: Total percentage of the maltenes that could be eluted by the
mobile phase. The data indicated that there was about 10% of maltenes left
in the chromatographic column.
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resins using chromatographic separation method. The results
are shown in Table 1. It is interesting to find that the content
of aromatics was not changed and maintained at about 11%,
while it decreased from 46.4 to 40% for the saturates and
increased from 31.9 to 39.9% for the resins after cultivation
of the weathered ore. Decrease of the saturates fraction was
attributed to its consumption as carbon source by the strains.
As to the increase of the resins fraction, it might be mainly
resulted from the degradation products of the asphaltenes.
Such speculation is possible considering that resins and
asphaltenes possess similar chemical structure and composi-
tion but only the resins have relative smaller molecules.**~"

Rheological characterization of bitumen

It is well-known that the viscosity of bitumen is an impor-
tant factor affecting the bitumen liberation from the sand
grains.”®>* Effect of microbial treatment of the ore on bitu-
men viscosity was, therefore, examined. The rheological
behavior of the original and treated bitumen at temperature
of 50°C is shown in Figure 6. It was found that both the
bitumen displayed a Newtonian rheological behavior at
lower shear rate (107*—10"' s™!) and a shear-thinning
region at higher shear rate of over 10" s™'. A similar phe-
nomenon has been reported in the previous study, which was
attributed to the reduce of the gel-type microstructure or the
break-up of the continuous network of the asphaltene par-
ticles in bitumen at higher shear rate.”® It was worthy to
note that the viscosity of the microbial-treated bitumen
decreased one order of magnitude comparing with that of the
original bitumen. It is believed that the asphaltene molecules
in bitumen are easy to be aggregated and surrounded with
the resins. Because of their similar chemical structure,
asphaltenes have strong interaction with resins through the
hydrogen bonds or charge-transfer 7—n bonds,”” which is an
important factor affecting the bitumen viscosity. Therefore,
the great decrease of the bitumen viscosity might be attrib-
uted to the degradation of the asphaltenes. With decrease of
the asphaltenes content in bitumen, the associated asphal-
tenes aggregation and asphaltenes-resins complex will be

10°
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= ]
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Figure 6. Rheological characterization of bitumen
extracted from the original ore and micro-
bial-treated ore.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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considerably reduced. As a result, the bitumen viscosity was
greatly decreased.

Discussion

The WBEPs has been successfully used to recover bitu-
men from oil sands. However, very low bitumen recovery
and poor froth quality are always obtained on dealing with
the poor processing ore. For example, the weathered ore
used in this work cannot be processed by using WBEPs at
all. Application of MEOR technique in water-based bitumen
extraction processes showed that the bitumen recovery could
attain about 98% although the froth quality was still poor
(Figure 2).

The flotation results in Figure 3 show that the culture
solution plays important role on the oil sands processability.
Surface tension measurement of the culture solution in Fig-
ure 4 clearly shows that the biosurfactants were produced by
microorganism through secondary metabolism, which could
reduce the oil-water interfacial tension and thereby help to
the liberation of bitumen from the sand grains. In addition,
the alteration of the solids wettability might play a more sig-
nificant role on the processability of the weathered ore. It is
well-known that the oil sands processability is closely related
to the surface wettability of the solids. Colloidal force meas-
urements showed that long-range attractive force and strong
adhesion were always generated as bitumen interacting with
hydrophobic solids, which resulted in a poor bitumen libera-
tion from the sand grains and severe slime coating of the
fine solids on the liberated bitumen or air bubble surfa-
ces.'>!* Therefore, with increasing the hydrophobicity of the
solids, low bitumen recovery and poor froth quality are
always obtained. In this work, the alteration of solids wett-
ability from strong hydrophobic to weak hydrophobic or
even to hydrophilic would greatly decrease the attractive
force and adhesion between bitumen and sand grains, which
is contributed to the bitumen liberation and then a good bitu-
men recovery. It has been extensively reported that the solids
surface properties could be well controlled in solutions with
proper pH value, metal ions, surfactants, or biodegradable
polymers.*®>*>7 The wettability alteration of the oil sand
solids might be attributed to the fact that most of the organic
matters were removed from the solids surface through strong
interaction between the Dbiosurfactants and adsorbed
hydrocarbons.

Decrease of the bitumen viscosity is another important
factor contributing to the bitumen liberation from the sand
grains. In hot-water process, the separation efficiency and
the bitumen recovery are closely related to the bitumen vis-
Cosity.52 Reduction of the bitumen viscosity to a recom-
mended region by increasing the operating temperature and/
or adding diluent could well facilitate the bitumen disen-
gagement and displacement from the solids surface and
result in a good bitumen liberation. It was also reported in
our previous study that the bitumen liberation from a glass
surface was greatly improved as the bitumen viscosity
decreased by addition of diluents in the bitumen.?® In this
study, the great decrease of the bitumen viscosity enhanced
the flowability of bitumen and then facilitated the bitumen
liberation and recovery. The SARA fraction analysis showed
that the decrease of the bitumen viscosity was attributed to
the microbial degradation of the asphaltenes. It is well-
known that the asphaltenes is a special fraction in crude oil
or oil residues, which often poses numerous challenges dur-
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ing oil production, transport, and refining.”* % Therefore, the
degradation of the asphaltenes improved not only the oil
sands processability but also the bitumen quality.

The above discussion clearly shows that the MEOR tech-
nique is an effective way to increase the bitumen recovery,
when using WBEPs to process the weathered ore. More
importantly, the strain of P. aeruginosa used in this study
did not consume too much bitumen as it greatly improved
the processability of the weathered ore. It was found that the
bitumen content only decreased 0.4% from 10.4 to 10.0%
after the weathered ore was treated in the culture solution
for 20 days. The loss of the bitumen was attributed to a triv-
ial degradation of the saturates by the microorganism
(Table 1). In contrast, the strain could well selectively
degrade most of the asphaltenes. As the heaviest and least
reactive compounds, asphaltenes exhibit complex bridged
structures of naphthenic and aromatics comprising heteroa-
toms of sulfur and nitrogen.®'~**

The strain of P. aeruginosa has been reported to degrade n-
alkanes and polycyclic aromatic hydrocarbons (PAHs).%5%® 1t
was proposed that the n-alkanes was degraded via a termi-
nal oxidation pathway, while the degradation of PAHs with
three or four aromatic rings was through monooxygenation
or dioxygenation of the carbon at certain position of the
PAHs molecules.®” It was also found that the strain could
grow on 2-chlorobenzoate and a wide range of monohalo-
genated or dihalogenated benzoic acids. Chlorocatechols
were believed the main intermediates for all chlorobenzoate
catabolic pathways. It was suggested that the initial attack
on chlorobenzoates was oxygen dependent and most likely
mediated by dioxygenases.®® Afferden et al.®® isolated a
strain of P. aeruginosa to desulfurize dibenzothiophene
(DBT) and benzyl methyl sulfide (BMS). They believed
that the biochemical mechanism on desulfurization of DBT
and BMS were similar. The sulfur atom was first oxidized
to sulfone and then the C=S bond was cleavaged via the
formation of a chemically unstable hemimercaptal (S=O)
by oxidation of the carbon linked to the sulfur atom.
According to the above studies, we proposed that the degra-
dation of saturates was performed via attacking C—C bond
and the degradation of asphaltenes might occur via attack-
ing various bonds of C—C, C=C, C—S, and C=S. As a
result, cleavage of the long-chain alkanes and macromole-
cules of aromatic hydrocarbons were occurred leading to
the decrease of molecular weight and then the reduction of
bitumen viscosity.

Conclusions

MEOR technology was first applied in the WBEPs to
recover bitumen from weathered oil sands. It was found that
the oil sands processability was greatly improved and the
bitumen recovery could attain about 98% after the weathered
ore was treated in the culture solution with strain for 20
days. The improved oil sands processability was attributed to
biosurfactants production in the culture solution, alteration of
the solids wettability, degradation of the asphaltene compo-
nent of the bitumen, and the decrease of the bitumen viscos-
ity, which collectively contributed to the bitumen liberation
from the surface of sand grains. At present, the poor process-
ability of weathered oil sands is generally improved by
increasing operating temperature or adding chemicals.
Considering the massive energy consumption, greenhouse
gas emission, and environmental pollution, microbial
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pretreatment of the ore is a more promising way to improve
the oil sands processability as using WBEPs to recover bitu-
men from weathered ore. However, it should be pointed out
that, for an industrial application of the MEOR technology
in oil sands separation, it still has many issues to be solved.
For example, the microorganism has strong selectivity and
should be properly chosen and used according to the ore
type and origin. Another issue is how to treat the oil sand
ores using the strain on a field scale. Whether the oil sand
ores are in situ treated by injecting the culture solution
underground or treated after open mining ground should be
well considered. Nevertheless, it is believed that the findings
in this work promote the solution to the poor processability
of the weathered ore. Therefore, MEOR technique might
find its application in oil sands separation especially for the
poor processing ore.
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