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Abstract

The present work aims to investigate the effectthefaddition of waste cooking oil
(WCO) on heavy crude oil biodegradation and miabl@nhanced oil recovery
(MEOR) usingPseudomonasp. SWP-4. Growth kinetics showseudomonasp.



SWP-4 had a maximum dry cell weight of 1.73 g/L aetl-surface hydrophobicity of
62.4% against n-hexadecane when degraded the oiludéh the addition of WCO.
The maximum rhamnolipid concentration was 6.87 génd the culture broth
exhibited a higher emulsification efficiency of 38 on n-hexadecane and reduced
the surface tension of broth to 22.7 mN/m. MeangyHiseudomonasp. SWP-4
reduced the viscosity of crude oil from 26,300 nsPto 550 mPa-s (40) and
successfully degraded most of the n-alkanes. Fumibre, the fluidity of oil had been
well improved after degradation. It can be conctudeat not only could WCO
stimulate the bacterial growth, but also it coutth&nce the crude oil degradation.
Core displacement experiment demonstrates theesflig of water flooding was just
5.8%, but the microbial flooding produced Bseudomonasp. SWP-4 with the
addition of WCO effectively improved the oil recoydurther with an additional oil
recovery efficiency of 24.4%.

Key words. Waste cooking oil; Biodegradation; Microbial enbad oil recovery;
Growth kinetics; Viscosity; Bioremediation.

Abbreviations. EOR, enhanced oil recovery; MEOR, microbial erdeahoil recovery;
WCO, waste cooking oil; CSH, cell-surface hydropbitl; GC-MS, gas

chromatography-mass spectrometer; LB, Luria-Bertsl8M, mineral salts medium;
ODeoo, Optical density at 600 nm; DCW, dry cell weighs, , emulsification index; Pr,
pristane; Ph, phytane.

1. Introduction
With the continuous increase of worldwide enedgynand, crude oil as a kind of

main fossil fuel still plays an important role imetcurrent industrial society. In China,
the heavy crude oil reserve, such as in the Maor@ of Zhongyuan oilfield in Inner
Mongolia alone, reaches as much as 1.3x%tfis. However, the oil reserve is not
equivalent to the oil recovery, which faces a laghnical challenge due to the high
viscosity and poor fluidity of oil. In terms of gent volatile market for fossil fuel and
large demand for petroleum, there is strong ecoooimméentive to develop an
alternative way to exploit the heavy crude oil ases. It is well-known that
enhanced oil recovery (EOR) processes are convelliyoapplied to recover the
residual heavy oil from reservoirs. However, aftte primary and secondary
technique, around two-thirds of crude oil remairepped in reservoirs [1]. Thus,



developing the third stage of oil recovery suchclemical, physical and microbial
processes to further recover oil has been a gmatecn. Nevertheless, chemical
processes by using solvents, polymers and surfigctamd physical processes such as
steam flooding or hot water flooding are expensMeanwhile, non-biodegradable
residues were usually released to the environmetft the chemical or physical
processes [2]. By contrast, microbial enhanced rmeitovery (MEOR) is a
cost-effective and environment-friendly way to emtethe crude oil recovery.

Over the last few decades, MEOR technology has lbemonstrated successfully
in laboratory or field conditions, especially ftwetlow temperature oilfield reservoirs
[3] . MEOR makes use of microbial activities andtab®lic byproducts to reduce the
viscosity and increase the fluidity of crude oi].[®n the one hand, microorganisms
can reduce the oil viscosity by degrading the lohgin saturated hydrocarbons and
some of the other heavy oil fractions [5]; On thteep hand, microorganisms can
produce non-toxic products such as biosurfactaniscdrease the oil sweep efficiency
through changing the reservoirs’ physicochemicaratteristics [6].

Among various microorganisms, only bacteria apesalered as the promising
candidates for MEOR due to their higher tolerarcettreme reservoir properties
such as high salinity, pH, temperature, pressunmd, rautrient availability [3]. The
biosurfactant-producing microorganisms such as gdPseudomonaq7], genus
Bacillus [8], genusAcinetobacter[6] et al. are commonly employed in MEOR
process. Nevertheless, most of the studies judt@eal the potential application of
strains for light crude oil recovery, and the heawyde oil was rarely discussed. So
applying biotechnology to recover the heavy crudlen@ht be urgently needed in the
future. Thereinto, genu®seudomonads known as a high-efficiency crude oil
degrader [5, 9]. Meanwhile, genldsseudomonass able to produce rhamnolipid,
which may be useful in the MEOR process [10]. Im previous study [11], we have
isolated a straifPseudomonasp. SWP-4 that can consume waste cooking oil (WCO)
to produce rhamnolipid. The produced rhamnolipidd hlaw critical micelle
concentration (27 mg/L) and high surface activifjesduced the surface tension of
water from 71.8 mN/m to 24.1 mN/m and the intedatension against n-hexadecane
from 29.4 mN/m to 0.9 mN/m). Meanwhile, the prodidicedhamnolipid showed
excellent stability under high salinity<(80,000 ppm), wide pH (40) and high
temperature<100C) conditions. All these excellent characteristinggest that the
strainPseudomonasp.SWP-4 has a great potential to be applied in ME@Rgss.

Even though many studies have applied geRssudomonador crude oil
degradation or MEOR, the degradation period iseqloing and the oil recovery
efficiency is not so satisfactory, which is mairidgcause of the poor growth of



bacteria in crude oil. For instance, X& al. [7] have demonstrated that adding
bacterial biosurfactant solution of the employedtbaa could efficiently enhance the
oil recovery. However, the biosurfactant purificatiis generally costly and complex.
Analogously, Al-Hadhramiet al. [12] have reported that the addition of organic
carbon sources such as cane sugar molasses wdsl helgtimulate the bacterial
growth when degraded the crude oil, but the degi@uaefficiency was also not
prominent. Therefore, our aim is to explore anraléve but cheap substrate to
promote the crude oil degradation as well as theeaiovery efficiency. Thereinto,
WCO is a kind of less developed renewable enerdychn stimulate the bacterial
growth, thus we are going to employ it in preseontkwv So far, there is no any report
about the effects of the addition of WCO on heawgde oil biodegradation or MEOR

process.
2. Materials and methods
2.1 Chemicals and reagents

Tryptone and yeast extract were purchased from @XObmpany (Hampshire,
England). Dichloromethane (guaranteed reagent yradd the other chemicals
(analytical reagent grade) were purchased from ndglochemical regent factory
(Chengdu, China), and deionized water (>18.23 &n) was used to make solutions.
WCO (major compositions were palmitic acid, oleiddaand linoleic acid) was
provided by Biogas Institute of Ministry of Agricute (Chengdu, China). Heavy
crude oil and wax samples were taken at-580 m depth in Ji-2-Ping-8 reservoir,
Mao-8 zone, Zhongyuan oilfield (Inner Mongolia, 6&). The formation water used
in core displacement experiment was also obtaired the Ji-2-Ping-8 reservoir. All
the samples were stored in plastic buckets@tdefore use.
2.2 Microorganism and cultivation

Pseudomonasp. SWP-4 was stored in glycerol freezer stockd&C- in a freezer.
The preculture was incubated at in Luria-Bertai)(imedium: 10 g/L tryptone, 5 g/L
yeast extract and 5 g/L NaCl. Crude oil degrada@mperiments were conducted in
Mineral salts medium (MSM), which contained theldwling components: 4 g/L
NaNGs, 5 g/L NaCl, 1 g/L KHPQ,, 1 g/L KzHPOy, 0.2 g/L MgSQ- 7H,0, 0.2 g/L
FeSQ-7H0, 0.2 g/L CaCGl.

2.3 Identification of Pseudomonas sp. SWP-4 in hydrocar bonoclastic capacity
Pseudomonasp. SWP-4, an excellent WCO degrader as demordtoafere [11],
was tested for its potential application in crudledegradation. In this part, CSH of

Pseudomonasp. SWP-4 was investigated against some typicatdogabons. In
addition, the abilities oPseudomonasp. SWP-4 to grow on varieties of hydrocarbon
substrates were evaluated.
2.3.1CSH test

Pseudomonasp. SWP-4 was firstly cultured in LB medium at@30150 rpm on a
rocking incubator (QYC-200, Shanghai, China) for24Then, bacterial cells were
harvested by centrifugation (3,000 rpm, 10 min)e Tdollected cells were washed
three times and re-suspended in PUM buffer, pHZ22 g kHPQ,, 7.26 g KBPO,,



1.8 g urea, 0.2 g MgS©O7H,0O and deionized water to 1000 mL. Afterwards, the
washed bacterial suspension was adjusted with Pufféroto an optical density at
600 nm (ORgg of 0.60.02 by an ultraviolet spetrophotometer (V-1800,0ty
Japan). Finally, 4 mL bacterial suspension ancedfit volumes (0.2, 0.5, 1.0, 1.5,
2.0, 2.5, 3.0, 3.5, 4.0 mL) of hydrocarbons (n-liene, n-dodecane, n-hexane,
methybenzene) were added in each test tube. Afterinpubation at room
temperature for 15 min, the mixtures were mixedvbstex for 2 min. To ensure the
organic phase rose completely, the mixtures wdtddestand for 15min. After that,
the aqueous phase was transferred to a cuvetta lageptic pipette and the @
values were measured [13, 14]. All the experimeargre carried out in triplicate, and
CSH percentage was calculated as Eq. (1):

O DeooO -0 Deool
O Deoo0

CSH% = (1)
where ORyd is the initial OQgovalue, and Okyg'is measured after CSH test.
2.3.2 Growth on specific hydrocarbon substrates

The specific hydrocarbon substrates includedxahe, n-dodecane, n-hexadecane,
paraffin wax, methybenzene, dimethylbenzene, nabtie. Theses experiments were
conducted in test tubes supplemented with 4 mL M@&NY the addition of each
hydrocarbon substrate was 5 g/L (solid hydrocarpoos 0.5% (v/v, liquid
hydrocarbons), respectively. Inoculum was 12 h-bBlgrown cultures and the
inoculum ratio was 2% (v/v). Incubation was carrged at 30C, 150 rpm for 72 h. In
this part, growth was evaluated by measuring tgecdll weight (DCW) coupled with
the surface view of the disappearance of the mk €ind the turbidity of the culture
broth. DCW was determined by centrifuging (3000 yd@ min) the culture broth to
collect the cells, and then the cells were washecetwith distilled water and dried
by heating at 6T until constant weight was obtained [7].
2.4 Physicochemical properties analysis of the employed oil and formation water

Before the following experiments being carried, tkie physicochemical properties
of the employed heavy crude oil were analyzed. Watatent in crude oil was
measured as described by Hamreeal [15]. Wax, resins, and asphaltenes contents
in crude oil were determined according to literatyb]. Solidifying point was
determined by a kryoscope (SYP 1022-I, Shanghainalhand viscosity was
determined at 3@ by a rotational viscometer (DNJ-5S, Shanghai, &hin
Meanwhile, the viscosity-temperature curve of timepkyed heavy crude oil was
plotted. Density measurement was conducted & 3Ging the hydrometer method.
The salinity of the formation water and its cherhimampositions were analyzed by
an atomic absorption spectrophotometer (AA-7020jjirBe China) and an ion
chromatograph (833, Metrohm, Switzerland).
2.5 Effects of the addition of WCO on heavy crude oil biodegradation

To evaluate the effects of the addition of WCO arande oil degradation, these
assays were performed in 250 matlenmeyer flasks containing 50 mL MSM and 0.2
+0.01 g crude oil with 0.2 mL WCO at 80 150 rpm. Meanwhile, the same assays
without addition of WCO were conducted as contholthis part, each medium was



autoclaved at 12C for 20 min and then inoculated with a inoculumaatf 4% (v/v).
Inoculum was prepared by cultivatifgseudomonasp. SWP-4 for 12 h in LB
medium.
2.5.1 Time course of crude oil degradation

At specific time intervals (every day for 7 day#)e amount of biomass in the
culture broth was monitored by measuring the DCWdascribed above. CSH
measurement was carried out to investigate the amiliity of Pseudomonasp.
SWP-4 when grew on the crude oil, and the testettdwarbon was n-hexadecane
with the additive volume of 2.5 mL. Surface tensafneach cell-oil-free broth was
measured by a digital tensiometer (DT-102, Zibon@husing the ring method [16].
Emulsification index [s) measurement was determined by adding 3 mL
n-hexadecane to the same volume of cell-oil-fre¢hbin the test tube, and then the
mixture was mixed by vortex for 3 min and left tared at 28 for 24 h prior to
measuremeni2awas expressed as the percentage of the heighe ehtialsified layer
divided by the total height of the liquid column7]1 Meanwhile, quantification of
rhamnolipid production was determined by anthraméisc acid colorimetric method,
and the rhamnose value was calculated from thedatdncurves prepared with
L-rhamnose. The concentration of rhamnolipid wasemteined by multiplying
rhamnose value by a coefficient of 3.4, obtaineoimfrthe correlation of pure
rhamnolipid/rhamnose [18-20].
2.5.2 Viscosity reduction of crude ail

To measure the viscosity reduction of crude dilerabeing degraded by
Pseudomonasp. SWP-4, each culture broth was demulsified &t 4 water bath
for 2 h at specific time intervals (every day foddys). Then, the upper residual oil
was carefully collected and carried out to meagshee viscosity by the rotational
viscometer at 40 . All these measurements were carried out in t@bé.
2.5.3 Analysisof crude oil degradation by GC-MS

The residual crude oil was extracted with an eguabdunt of dichloromethane at
the end of cultivation (7 days). Then, the mixtuas vigorously oscillated for 3 min
and the lower organic phase was carefully collecfdterwards, the organic phase
was condensed at 40 until the dichloromethane was completely evapakaliehe
dried crude oil sediment was dissolved in 20 mLhidimmethane and dehydrated
with 2 g anhydrous sodium sulfate [5]. @b oil sample was injected in an Agilent
GC-MS (7890A/5975C, USA) with a split ratio of 5:6C-MS analysis was carried
out by the following temperature programming: mlittemperature was 80, then
raised at a rate of 10/min to 300C. The percentages of n-alkanes degradation were
calculated using normalization method.
2.6 Coredisplacement experiment

Core displacement experiment was employed to siiyate the potential

application ofPseudomonasp. SWP-4 in MEOR process. The schematic viewisf th
experiment was shown in Fig. 1. The test was peror at 30C in a constant

temperature incubator, which simulated Ji-2-Pinge8ervoir's temperature. Two
man-made cores (named 1# and 2#) with a diamet250ém and a length of 30 cm



were filled with 4660 mesh quartz sands. Drive fluid was the deionizater and

the tested fluid used the formation water. The €avere flooded with the formation
water at a constant flow velocity of 5 mL/min. Tperosity @;was calculated as Eq.
(2) using the phase difference method, and perriyaki was illustrated in Eq. (3)
[21].

Q= x_P x100% (2)

a

whereVp is the pore volume and; is the core volume.

K = QM 107 3)
AAP

whereQ is the flow of core fluid (mL/s)}! is viscosity of formation water (mP&s), L
is the core length (cmj is the core sectional area @m AP is differential pressure
of the core on both ends (MPa).

The cores were firstly saturated with 5% (w/w)de oil, and then aged at B0 for
24 h. Afterwards, the cores were flooded with fatiorawater at 5 mL/min until no
oil was produced, and the efficiency of water flogd was expressed as the
percentage of the oil mass of water flooding didithgy the mass of original saturated
oil. After that, microbial flooding (prepared by ltuating Pseudomonasp. SWP-4
for 24 h in 50 mL MSM with 2% (v/v) WCO) was injext in the cores with a flow
rate of 5 mL/min, and then the cores were incub&de@4 h. At last, the cores were
flooded again with the microbial flooding until n@il was recovered, thus the
additional oil recovery efficiency was obtained.

Fig. 1. Schematic view of the core displacemeneearpent.

3. Results and discussion
3.1 Identification of Pseudomonas sp. SWP-4 in hydrocar bonoclastic capacity
3.1.1 CSH test

As the Fig. 2 showsPseudomonasp. SWP-4 exhibited the highest CSH against
n-hexadecane than the other tested hydrocarbonen\tfie volume ratio of bacterial
suspension to n-hexadecane was 4:2.5, CSH pereached the maximum value of
68.6%. Similarly,Pseudomonasp. SWP-4 gave the maximum CSH percentages of
66.4%, 52.6% and 49.8% against n-dodecane, methgherand n-hexane. However,
it could be clearly seen that the inhibitory effaccreased with the rise of
hydrocarbon volume, which was mainly because thaess hydrocarbon had a
certain toxicity to bacteria. The CSH capacity eiffethe bacterial absorption and
degradation of hydrophobic organic, and it alsec# the bacterial adsorption to a
variety of biological and non-biological surfacedamterface. Kumariet al. [22]
demonstrated that the high oil degradation efficyewas attributed to the bacterial



high CSH capacity. Abbasnezhad al [14] also demonstrated that CSH was an
important parameter in biodegradation of hydrocasbdo enhance uptake and
metabolism of compounds with very low aqueous sblubThus, Pseudomonasp.
SWP-4 presented a great potential to be appliddodegradation of crude oil owing
to its good CSH capacity.

Fig. 2. CSH capacity oPseudomonasp. SWP-4 against specific hydrocarbons. The
error bars represents standard deviation valuéisre¢ independent experiments (n =
3).

3.1.2 Growth on specific hydrocarbon substrates

The abilities of Pseudomonassp. SWP-4 to grow on specific hydrocarbon
substrates were investigated as shown in TabRséudomonasp. SWP-4 degraded
all of the tested hydrocarbon substrates, but & mare inclined to grow on n-alkanes
compared with polyaromatic hydrocarbonBseudomonassp. SWP-4 showed
luxuriant growth on n-hexadecane and n-dodecanegaod growth on n-hexane,
giving average DCW of 0.98 g/L, 0.83 g/L, and 0dk after 72-hour cultivation,
respectively. MeanwhilePseudomonasp. SWP-4 grew fairly on paraffin wax,
methybenzene, dimethylbenzene and naphthalene. o@bat al. [23] also
investigated the substrates susceptibility B$eudomonasstrains on various
components of crude oil, but their isolates perdmvorse susceptibility compared
with the presenPseudomonasp. SWP-4. Therefore, due to its good viability on
various hydrocarbon substrat€seudomonasp. SWP-4 exhibits high potential for
crude oil degradation.

Table 1
Abilities of Pseudomonasp. SWP-4 to grow on specific hydrocarbon subsrate
cultivated at 3@, 150 rpm for 3 days

3.2 Physicochemical properties analysis of the employed oil and formation water
The physicochemical properties of the employea/iierude oil were measured as

shown in Table 2. The water content in crude oisWwast 3.66% and the heavy oll
components were relatively high. Wax, resins anghaléene contents were 11%,
4.32% and 23.86%, respectively. The high contehteeoheavy oil fractions resulted
in high viscosity and density of crude oil. Theogsity and density were measured to
be 220,000 mPa-s (80 and 0.9488g/ci(30°C), respectively. The solidifying point
of crude oil was dependent on the wax contents,itamés determined to be T1
These results help to explain the poor fluidity toe employed crude oil. The



viscosity-temperature curve of the employed heawle oil was shown in Fig. 3,
from which we can see that the viscosity plummestdeein temperature increased
from 30C to 40C. In view of the convenience and operability of theasurement,
the subsequent viscosity reduction experiments wamied out at 40.

The total salinity of the formation water randextween 0.6% and 1% (w/v) and its
chemical composition was (g/L): Chloride, 5.58; @&imonate, 0.61; Sulfate, 0.78;
Carbonate, 0.08; Calcium, 0.15; Magnesium, 0.12tiBo/Kalium, 3.48. From these
results we can see that the total salinity of trenfition water is nearly equal to the
normal saline (0.9%) and MSM (1.1%). Meanwhile2-fing-8 is a low temperature
oilfield reservoir (25.430.7C). Thus we can infer that both salinity of the fation
water and reservoir temperature are quite suittdslenicrobial growth and MEOR
process.

Table 2
Physicochemical properties of the employed heawgienif.

Fig. 3. Viscosity-temperature curve of the employedvy crude oil. The error bars
represents standard deviation values of three artlgnt experiments (n = 3).

3.3 Effects of the addition of WCO on heavy crude oil biodegradation
3.3.1 Timecourseof crude oil degradation

Fig. 4a shows the typical time course profiletted crude oil degradation. From
DCW curve, we can see that bacterial growth wakeénstationary phase from day 4
to day 6, during whiclPseudomonasp. SWP-4 grew vigorously and exhibited a
maximum DCW of 1.11 g/L. The increasing law of C@&His in line with the bacterial
growth, and the highest CSH (against n-hexadecaapgcity of 58.3% was obtained
during the stationary phase. Rhamnolipid, as actfpsecondary metabolite, was
largely produced in the stationary phase. Howeklemnolipid was also steadily
accumulated even in the decline phase, giving tieimrum concentration of 2.79 g/L
on day 7. Meanwhile, the increase &, was in proportion to the accumulation of
rhamnolipid, and the cell-oil-free broth showed tlighest emulsification efficiency
on n-hexadecane, 55.7%. Similarly, surface tengias also an important parameter
to reflect the process of crude oil degradatiore Tbllected cell-oil-free broth could
decrease the surface tension of water from 72.4miN/25.4 mN/m.

From Fig. 4b, we can see that the addition of Wga@e positive effects on crude
oil degradationPseudomonasp. SWP-4 entered the stationary phase on day 3 and
had a maximum amount of biomass of 1.73 g/L. Funioee, the highest CSH



capacity (against n-hexadecane) was proven to bel%62 The maximum
concentration of rhamnolipid was 6.87 g/L, whichswamost two-and-a-half times
compared with the result obtained from the samayassithout the addition of WCO.
In the meantime, surface activities of the colldatell-oil-free broth were also better,
which exhibited a higher emulsification efficienoy 58.3% on n-hexadecane and
reduced the surface tension of water to a lowarey&2.7 mN/m.

Zhanget al. [9] also proved thaPseudomonas aeruginosad the capacity to
produce biosurfactant as well as degrade petroleydnocarbons when grew on a
hydrophobic phase. Kumaet al. [22] showed the oil degradation ability of genus
Pseudomonasvas greater than other bacterial species, which migikt to several
inherent factors such as higher biosurfactant prvolo. In our previous study [11],
we have demonstrated thaseudomonasp. SWP-4 was able to grow well on the
MSM with WCO as the sole carbon source, and thistevail had significant
influences on bacterial growth and rhamnolipid besis. In present work,
Pseudomonassp. SWP-4 also possessed good adaptability in heauge oil
degradation, and it was able to produce rhamnolyidn degraded the hydrocarbons.
Moreover, with the addition of WCO in cultivatioreseudomonasp. SWP-4
exhibited better growth and greater rhamnolipid dpigion. Therefore, it was
concluded that the addition of WCO can accelera¢eprocess of degradation and
increase the solubilization of crude oil.

Fig. 4. Typical time course profiles of the crude oigdedation byPseudomonasp.
SWP-4, cultivated in : (a) 50 mL MSM and &:D.01 g crude oil; (b) 50 mL MSM
and 0.2:0.01 g crude oil, with the addition of 0.2 mL WC@cubation was
performed at 3T, 150 rpm for 7 days. The error bars representglata deviation
values of three independent experiments (n = 3).

3.3.2 Viscosity reduction of crude oil

Fig. 5 illustrates the viscosity reduction of @euoil versus degradation time.
Pseudomonasp. SWP-4 showed a high crude oil viscosity reducgfficiency &
90%) after cultivation of 7 days. It was able tduee the viscosity of crude oil from
26,300 mPa-s to 1,350 mPa-s (measured ‘at) 4BMeanwhile, we have investigated
the effect of the addition of WCO on crude oil wasity reduction, and it indicated
obvious role to decrease the crude oil viscosity lower value, 550 mPa-s (measured
at 40C). Moreover, cultivation with the addition of WCOa@tened the crude oil
degradation period, which was conducive to the feemude oil recovery and
transportation. Fig. 5¢ and Fig. 5d shows the serfdews of crude oil before and



after degradation. It can be seen that crude o8 emulsified obviously and its
fluidity had been improved to a great extent dfieing degraded by 7 days.

One of the primary mechanisms of heavy crudevitosity reduction is that
degradation of heavy oil fractions through microla@etivities, and the other one is
that the produced rhamnolipid could enhance theilgya of oil/water emulsion
system, eventually forming oil-in-water [2, 4, 2Z&he high contents of the employed
heavy olil fractions resulted in its high viscosatyd poor fluidity. What’s worse, these
bad conditions usually brought negative effectsi@noil’s biodegradation. However,
the high CSH capacity dPseudomonasp. SWP-4 could promote the uptake and
metabolism of the hydrocarbons with very low aquesalubility. Moreover, it was
demonstrated thaPseudomonasp. SWP-4 grew vigorously and produced more
rhamnolipid in crude oil with the addition of WCDhus, it can be concluded that the
addition of WCO promoted the biodegradation procasd the better bacterial
activities helped the greater viscosity reduction.

Fig. 5. Viscosity reduction of the crude oil afteging degraded blyseudomonasp.
SWP-4: (a) cultivation without the addition of WC®) cultivation with the addition
of WCO; (c) surface view of the crude oil beforgyaalation; (d) surface view of the
crude oil after degradation by 7 days. All the vty measurements were conducted
at 40C. The error bars represents standard deviationesati three independent
experiments (n = 3).

3.3.3Analysisof crude oil degradation by GC-MS

Fig. 6 shows a more detailed evaluation of crudelegradation before and after
flask incubation for 7 days. As Fig. 6a shown, ¢émeployed crude oil had n-alkanes
ranging from Gz to G3. Meanwhile, it can be observed from Fig. 6b argl Bt that
that Pseudomonasp. SWP-4 could successfully degrade the crudsamiples and
most of the n-alkanes were highly degraded aftays. The percentages of n-alkanes
degradation were shown in Table 3, from which we e that a large proportion of
n-alkanes were degraded larger than 90%. Howevgy, @G, Cy and Gg were
relatively poorly degraded compared to the othatkanes, but the addition of WCO
enhanced the degradation efficiency of these thyeleocarbons. Isoprenoid alkanes
(pristane (Pr) and phytane (Ph)), as the biomarkeas hard to degrade by bacteria.
The less the solubilization, the less the bioabdits [25]. However, the addition of
WCO resulted in the further degradation of Pr ahdwhich was mainly because the
solubilization of isoprenoid alkanes increased tlgio rhamnolipid emulsification.
These improvements were assigned to the betteermcgrowth and rhamnolipid



accumulation with the addition of WCO. On the om@dh the better bacterial growth
helped the biodegradation of the heavy crude oivelsas the viscosity reduction; on
the other hand, the accumulated rhamnolipid prochdie oil’'s solubilization and
mobilization, thus bacteria could more easily taked degrade the crude oil.
Therefore, it was believed that the addition of WE€&uld enhance the heavy crude
oil biodegradation, and there was a synergistiectffbetween the crude oill
degradation and WCO consumption.

Likewise, Pasumarthat al. [5] also reportedPseudomonas aeruginosauld highly
degraded the n-alkanes, but the degradation pevesl quite longer than present
Pseudomonasp. SWP-4. Al-Hadhramet al. [12] have proved that the addition of
organic carbon sources such as cane sugar molassés result in significant
n-alkanes breakdown. However, their degradatioitieffcy was not as good as
Pseudomonasp. SWP-4 with the addition of WCO.

Fig. 6. GC-MS analysis of the crude oil degradatiyriPseudomonasp. SWP-4: (a)
blank test; (b) cultivation without the addition ¥CO; (c) cultivation with the
addition of WCO. Incubation was performed at(30150 rpm for 7 days.

Table 3
Percentages of n-alkanes degradation by 7 day®%@t 350 rpm: (a) cultivation
without the addition of WCO; (b) cultivation withé addition of WCO.

3.4 Analysis of core displacement experiment

All of those characteristics described above destrate the potential application of
Pseudomonasp. SWP-4 in MEOR, thus we employed the core digphent
experiment to further prove its potential applioatiThe physical parameters of these
two man-made cores and the oil recovery efficieweye shown in Table 4. Because
of the high viscosity and poor fluidity of the hgagrude oil, water flooding just
recovered 5.8% of oil. Control test demonstrateat tifter the first stage of water
flooding, flooding the cores again with formatiorater couldn’t enhance the oill
recovery efficiency any more. However, after indidrafor 24 h with the addition of
WCO, the microbial flooding produced bf?seudomonassp. SWP-4 had a
rhamnolipid concentration around 7.0 g/L, and th&600 value of the diluted (6-fold)
microbial flooding was measured to be 0.757, whinchicated the biomass was very
large and bacterial growth entered stationary pfEde Unsurprisingly, the microbial
flooding effectively mobilized the oil in the comodels, giving an additional oll
recovery efficiency of 24.4%.



The mechanisms of oil recovery fall into two braadegories: one of them is the
alteration of interfacial /surface properties amoiigwater and sand; and the other
one is the changes of the crude oil in flow behawastly, the injected microbial
flooding increased the capillary number throughreasing the viscosity of oil and
the interfacial tension among oil, water and sdimkn, it was able to decrease the oil
sweep efficiency by improving the cores’ physicauoli@l characteristics [6].
Meanwhile the promotion of crude oil’'s solubilization anaebilization helped the
bacterial transportation and metabolism. Morepseme of the heavy oil fractions’
biodegradation also resulted in oil's solubilizatiand mobilization. Therefore, it was
believed that each role promoted and supplementeddh otheln present work,
Pseudomonasp. SWP-4 exhibited excellent physiological aciggtwith the addition
of WCO, so it can be inferred that the increaseilafecovery was attributed to the
better biodegradation arsdlubilization and mobilizatioof oil. In addition, biomass
plugging might also result in the enhancement bfemovery.

Similarly, Xia et al. [7] reported about 23.02% oil recovery efficienaith the
injection of the strainPseudomonas aeruginos&VJ-1 and its biosurfactant
rhamnolipid. However, our injected microbial floadi avoided the costly and
complex process of biosurfactant purification, andadditional biosurfactant solution
needed being injected in present work. In additidoy et al. [6] reported that the
lipopeptide biosurfactant produced Aginetobacter baylyZzJ2 presented nearly 28%
additional oil recovery efficiency, but their empén oil just have an average
viscosity of 26.9 mPa-s, which indicated that tbkilsilization and mobilization of
light crude oil itself was superior to our employeehvy oil. As we know, recovering
the heavy crude oil is much more difficult than tigit crude oil. What's more, the
lack of detailed report about heavy crude oil rexgvthrough biotechnology
demonstrated the significance Beudomonasp. SWP-4 to be applied in heavy
crude oil recovery with the addition of WCO.

Table 4
Oil recovery in core displacement experiment usirgformation water flooding and
microbial flooding produced bfseudomonasp. SWP-4

4. Conclusions

Pseudomonasp. SWP-4 was able to grow on heavy crude oil aratlyce
rhamnolipid. Cultivation with the addition of WCCQowd stimulate the bacterial
growth and rhamnolipid accumulation. Meanwhile, tegradation period was
shortened and the degradation efficiency was ingmdo a great extent by adding



WCO. Core displacement experiment showed the aibwery efficiency of water
flooding is relatively low, but the microbial floody produced byseudomonasp.
SWP-4 was quite effective. On the one hand, thereigs bacteria growth resulted in
the better degradation of crude oil and viscosdgiuction. On the other hand, the
produced rhamnolipid altered the oil's solubilipatiand mobilization. Meanwhile,
the addition of WCO helped to produce abundant bgsnso the biomass plugging
might also contribute to the increase of oil reecgvdherefore, all of these positive
effects manifest thaPseudomonasp. SWP-4 has great potential to be applied in
heavy crude oil biodegradation and MEOR process thi¢ addition of WCO.
Acknowledgements

This work was financially supported by the Openj&uts of Key Laboratory of
Oil&Gas Applied Chemistry of Sichuan Province, Sowest Petroleum University,
PR China; Open Projects of Key Laboratory of Depalent and Application of Rural
Renewable Energy, Ministry of Agriculture, PR Chit®VPU Pollution Control of
Oil&Gas Fields Science&Technology Innovation Youlfeam (2013XJZT003);
Special Fund of Public Welfare Profession, PR CH#@i303099-1); Undergraduate
Training Programs for Innovation and EntreprendprstSouthwest Petroleum
University, PR China (201510615033).

References

[1] L.R. Brown, Microbial enhanced oil recovery (M@R), Curr. Opin. Microbiol., 13 (2010) 316-320.
[2] J.H. Zhang, Q.H. Xue, H. Gao, X. Ma, P. Wangegtadation of crude oil by fungal enzyme
preparations fromAspergillusspp. for potential use in enhanced oil recovergllem. Technol. Biot.,
doi 10.1002/jctb.4650.

[3] A. Singh, N. Parmar, O. Ward, Biotechnology Emhanced Petroleum Oil Recovery, Springer
Group Publisher, Geomicrobiology and Biogeochewi@®14, pp. 239-245.

[4] E.J. Gudifa, J.F. Pereira, L.R. Rodrigues, JAutinho, J.A. Teixeira, Isolation and study of
microorganisms from oil samples for applicationnimcrobial enhanced oil recovery, Int. Biodeter.
Biodegr., 68 (2012) 56-64.

[5] R. Pasumarthi, S. Chandrasekaran, S. Mutnuiod®@radation of crude oil bseudomonas
aeruginosaand Escherichia fergusoniisolated from the Goan coast, Mar. Pollut. Buflg (2013)
276-282.

[6] C.J. Zou, M. Wang, Y. Xing, G.H. Lan, T.T. G¢,L. Yan, T. Gu, Characterization and optimization
of biosurfactants produced bicinetobacter baylyizJ2 isolated from crude oil-contaminated soil
sample toward microbial enhanced oil recovery agilbns, Biochem. Eng. J., 90 (2014) 49-58.

[7] W.J. Xia, Z.B. Luo, H.P. Dong, L. Yu, Q.F. Cu.Q. Bi, Synthesis, Characterization, and Oil
Recovery Application of Biosurfactant Produced bgligenousPseudomonas aerugino¥sJ-1 Using
Waste Vegetable Oils, Appl. Biochem. Biotech., {8612) 1148-1166.

[8] N. Khondee, S. Tathong, O. Pinyakong, R. Mul®r Soonglerdsongpha, C. Ruangchainikom, C.
Tongcumpou, E. Luepromchai, Lipopeptide biosurfactaoduction by chitosan-immobilizéggacillus
sp. GY19 and their recovery by foam fractionatiBigchem. Eng. J., 93 (2015) 47-54.

[9] X.S. Zhang, D.J. Xu, C.Y. Zhu, T. Lundaa, K&cherr, Isolation and identification of biosurfatta



producing and crude oil degradifgseudomonas aeruginosstrains, Chem. Eng. J., 209 (2012)
138-146.

[10] F. Jarvis, M. Johnson, A glyco-lipide produdegPseudomonas aerugingsh Am. Chem. Soc.,
71 (1949) 4124-4126.

[11] G.H. Lan, Q. Fan, Y.Q. Liu, C. Chen, G.X. I, Liu, X.B. Yin, Rhamnolipid production from
waste cooking oil usingseudomonaSWP-4, Biochem. Eng. J., 101 (2015) 44-54.

[12] M. Al-Hadhrami, H. Lappin-Scott, P. Fisher fé&fts of the addition of organic carbon sources on
bacterial respiration and n-alkane biodegradatib®mani crude oil, Mar. Pollut. Bull., 32 (1996)
351-357.

[13] M. Rosenberg, D. Gutnick, E. Rosenberg, Adheeeof bacteria to hydrocarbons: a simple method
for measuring cell-surface hydrophobicity, FEMS Migiol. Lett, 9 (1980) 29-33.

[14] H. Abbasnezhad, M.R. Gray, J.M. Foght, Two fedi#nt mechanisms for adhesion of
Gram-negative bacteriun?seudomonas fluorescehB6a, to an oil-water interface, Colloids Surf. B:
Biointerfaces, 62 (2008) 36-41.

[15] E. Hammer, J. Tollefsen, K. Olsvik, Capacitartcansducers for non-intrusive measurement of
water in crude oil, Flow Meas. Instrum., 1 (1982}3B.

[16] H. Khoshdast, H. Abbasi, A. Sam, K.A. Noghabirothability and surface behavior of a
rhamnolipid biosurfactant produced Bgeudomonas aerugino$4A01, Biochem. Eng. J., 60 (2012)
127-134.

[17] Q. Liu, J.Z. Lin, W.D. Wang, H. Huang, S. Hroduction of surfactin isoforms Bacillus subtilis
BS-37 and its applicability to enhanced oil recgvender laboratory conditions, Biochem. Eng. J., 93
(2015) 31-37.

[18] M. Dubois, K.A. Gilles, J.K. Hamilton, P. Reilse F. Smith, Colorimetric method for
determination of sugars and related substanced, &mem., 28 (1956) 350-356.

[19] A. Leyva, A. Quintana, M. Sanchez, E.N. Rodeg, J. Cremata, J.C. Sanchez, Rapid and
sensitive anthrone—sulfuric acid assay in micr@pldbrmat to quantify carbohydrate in
biopharmaceutical products: Method developmentvatidation, Biologicals, 36 (2008) 134-141.

[20] M. Benincasa, J. Contiero, M. Manresa, |. MewraRhamnolipid production bseudomonas
aeruginosa_BI growing on soapstock as the sole carbon squrdéood Eng., 54 (2002) 283-288.

[21] A.Y. Dandekar, Petroleum reservoir rock anddiproperties, Taylor & Francis Group Publisher,
Boca Raton, 2013, pp. 44-47.

[22] B. Kumari, S. Singh, D. Singh, Characterizataf two biosurfactant producing strains in crude o
degradation, Process biochem., 47 (2012) 2463-2471.

[23] O.S. Obayori, S.A. Adebusoye, A.O. Adewald)@yetibo, O.0. Oluyemi, R.A. Amokun, M.O.
llori, Differential degradation of crude oil (Bonhyght) by fourPseudomonastrains, J. Environ. Sci.,
21 (2009) 243-248.

[24] M. Lavania, S. Cheema, B. Lal, Potential cdodsity reducing thermophillic anaerobic bacterial
consortium TERIB# 90 in upgrading heavy oil, Fuel4 (2015) 349-357.

[25] G. Stucki, M. Alexander, Role of dissolutioate and solubility in biodegradation of aromatic
compounds, Appl. Environ.l Microb., 53 (1987) 292#2



Table captions:

Table 1

Abilities of Pseudomonasp. SWP-4 to grow on specific hydrocarbon substrates,
cultivated at 3@, 150 rpm for 3 days

Table 2

Physicochemical properties of the employed heawgienif.

Table 3

Table 4

Oil recovery in core displacement experiment usirgformation water flooding and
microbial flooding produced bfseudomonasp. SWP-2

Table 1

Abilities of Pseudomonasp. SWP-4 to grow on specific hydrocarbon subdrate
cultivated at 3@, 150 rpm for 3 days

Growth
Substrate -
Surface view DCW (g/L)
n-hexane ++ 0.65+0.02
n-dodecane +++ 0.83+0.01
n-hexadecane +++ 0.98 +0.02

paraffin wax + 0.38 £0.01



methybenzene + 0.25+0.03

dimethylbenzene + 0.15 +0.02
naphthalene + 0.13+0.01
&+++: luxuriant growth; ++: good growth; +: poor gih; —: no growth. Results

represent the average of three independent expeismestandard deviation.

Table 2

Physicochemical properties of the employed heawgienif.

, Water content Wax Resins Asphaltene
Reservoir
% % % %
3.66+0.07 11+0.05 4.32+0.12 23.86+0.24
, . Solidifying point Viscosity Density Temperature
Ji-2-Ping-8 . ] .
C mPa-s (3@)  g/cnt (30°CC) C
11+0 220,000£1,200 0.9488+-0.004 25.4-30.7

®Results represent the average of three indeperapatiments + standard deviation.

Table 3

Percentages of n-alkanes degradation by 7 day®%@t 350 rpm: (a) cultivation
without the addition of WCO; (b) cultivation withé addition of WCO.

% Of degradation % Of degradation
n-alkanes n-alkanes
a b a b
C13 99.0 99.4 C24 67.3 87.9

Cl4 99.3 99.8 C25 95.8

97.1



C15 99.0 99.2 C26 37.1 83.4

C16 97.8 97.9 c27 98.4 99.1
C17 98.8 98.7 Cc28 96.6 97.9
Cc18 99.2 99.2 C29 86.3 91.2
C19 99.0 99.1 C30 87.2 86.7
C20 79.6 89.3 C31 99.0 99.4
cz21 99.0 99.6 C32 96.9 98.3
Cc22 90.9 91.9 C33 97.2 97.4
Cc23 97.6 98.7
Table 4

Oil recovery in core displacement experiment usirggformation water flooding and
microbial flooding produced bfseudomonasp. SWP-2

, Vp Dy K Oil recovery
Core Flooding type 3 o
(mL) (%) (107um’) (%)

Water flooding 58+3.7

1# , , , 44.1 30.0 0.64
Microbial flooding 24.4+0.9
Water flooding 6.4+1.9

2# _ 44.5 30.2 0.73
Water flooding 0.1+£0.1

®Results represent the average of three indeperdpatiments + standard deviation.



Figure captions:

Fig. 1. Schematic view of the core displacemene&arpent.

Fig. 2. CSH capacity oPseudomona$SWP-4 against specific hydrocarbons. The
error bars represents standard deviation valuéisre¢ independent experiments (n =
3).

Fig. 3. Viscositytemperature curve of the employed heavy crudeTbié error bars
represents standard deviation values of three artigmt experiments (n = 3).

Fig. 4. Typical time course profiles of the crudé aegradation byPseudomonas
SWP-4, cultivated in : (a) 50 mL MSM and &:9.01 g crude oil; (b) 50 mL MSM
and 0.2-0.01 g crude oil, with the addition of 0.2 mL WC@cubation was
performed at 3%, 150 rpm for 7 days. The error bars representglata deviation
values of three independent experiments (n = 3).

Fig. 5. Viscosity reduction of the crude oil afteeing degraded bjseudomonas
SWP-4: (a) cultivation without the addition of WC®) cultivation with the addition
of WCO; (c) surface view of the crude oil beforgyaalation; (d) surface view of the
crude oil after degradation by 7 days. All the vty measurements were conducted
at 40C. The error bars represents standard deviationesadi three independent
experiments (n = 3).

Fig. 6. GC-MS analysis of the crude oil degradatiypnPseudomona$SWP-4: (a)
blank test; (b) cultivation without the addition ¥CO; (c) cultivation with the
addition of WCO. Incubation was performed at(35150 rpm for 7 days.
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Fig. 4. Typical time course profiles of the crudé degradation byPseudomonas
SWP-4, cultivated in : (a) 50 mL MSM and &:8.01 g crude oil; (b) 50 mL MSM
and 0.2:0.01 g crude oil, with the addition of 0.2 mL WC@cubation was
performed at 3%, 150 rpm for 7 days. The error bars representglata deviation
values of three independent experiments (n = 3).
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Fig. 5. Viscosity reduction of the crude oil afteeing degraded b¥?seudomonas
SWP-4: (a) cultivation without the addition of WC(®) cultivation with the addition
of WCO,; (c) surface view of the crude oil beforayalation; (d) surface view of the
crude oil after degradation by 7 days. All the usity measurements were conducted

at 40C. The error bars represents standard deviationesadi three independent
experiments (n = 3).
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Fig. 6. GC-MS analysis of the crude oil degradabgi®seudomonaSWP-4: (a)
blank test; (b) cultivation without the addition\WCO; (c) cultivation with the
addition of WCO. Incubation was performed at(35150 rpm for 7 days.
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Fig. 4. Typical time course profiles of the crudé degradation byPseudomonas
SWP-4, cultivated in : (a) 50 mL MSM and &:8.01 g crude oil; (b) 50 mL MSM
and 0.2:0.01 g crude oil, with the addition of 0.2 mL WC@cubation was
performed at 3%, 150 rpm for 7 days. The error bars representglata deviation
values of three independent experiments (n = 3).
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Fig. 5. Viscosity reduction of the crude oil afteeing degraded b¥?seudomonas
SWP-4: (a) cultivation without the addition of WC(®) cultivation with the addition
of WCO,; (c) surface view of the crude oil beforayalation; (d) surface view of the
crude oil after degradation by 7 days. All the usity measurements were conducted

at 40C. The error bars represents standard deviationesadi three independent
experiments (n = 3).
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Fig. 6. GC-MS analysis of the crude oil degradabgi®seudomonaSWP-4: (a)
blank test; (b) cultivation without the addition\WCO; (c) cultivation with the
addition of WCO. Incubation was performed at(35150 rpm for 7 days.
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Fig. 4. Typical time course profiles of the crudé degradation byPseudomonas
SWP-4, cultivated in : (a) 50 mL MSM and &:8.01 g crude oil; (b) 50 mL MSM
and 0.2:0.01 g crude oil, with the addition of 0.2 mL WC@cubation was
performed at 3%, 150 rpm for 7 days. The error bars representglata deviation
values of three independent experiments (n = 3).
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Fig. 5. Viscosity reduction of the crude oil afteeing degraded b¥?seudomonas
SWP-4: (a) cultivation without the addition of WC(®) cultivation with the addition
of WCO,; (c) surface view of the crude oil beforayalation; (d) surface view of the
crude oil after degradation by 7 days. All the usity measurements were conducted

at 40C. The error bars represents standard deviationesadi three independent
experiments (n = 3).
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Fig. 6. GC-MS analysis of the crude oil degradabgi®seudomonaSWP-4: (a)
blank test; (b) cultivation without the addition\WCO; (c) cultivation with the
addition of WCO. Incubation was performed at(35150 rpm for 7 days.



