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Abstract The oily sludge would cause environment pollution, and would cause the heavy oil waste.

Therefore, it was vital for us to find novel methods to obtain heavy oil from the oily sludges. In this

study, the [C12mim][PF6] and [C12mim][Br] ionic liquids(ILs) were used to enhance the oil recovery.

The toluene could obtain the highest oil recovery, and both the two ILs could increase the oil recov-

ery. Toluene could obtain the highest oil recovery (89.4 wt%), and n-octane could obtain the lowest

oil recovery (76.8 wt%). [C12mim] [PF6] could efficiently increase the heavy oil recovery to 91.2 wt%

(by toluene). The [C12mim][Br] could increase the heavy oil recovery further. Both the [C12mim]

[PF6] and the [C12mim][Br] ionic liquids could increase the heavy ois C/H ratio, decrease heavy

oil viscosity and increase the sands hydrophilicity. The [C12mim][Br] ionic liquids showed better

effect. In addition, the ionic liquids could increase the solvents recovery, and the ionic liquids recov-

ery were high. Therefore, the ionic liquids enhanced oil recovery could be recycled to ten times. The

two ionic liquids could effectively decrease the heavy oil interaction force, and when the ionic liq-

uids increased to 200 ppm, the force remained stable. In the end, the ionic liquids enhancing solvent

extraction mechanism was put forward.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, environmental pollution has become a great concerned

problem in all fields. In the field of the petrochemical industry, the

environmental pollution caused by oily sludge attracts great attention

of many researchers (Bhattacharya et al., 2021, Lu et al., 2021, Deng

et al., 2022, Liu et al., 2022, Zhao et al., 2022a,b). The oily sludges were

comprised of 30–50 % crude oil, 10–20 % solid and 30–50 % water.

It’s an oily solid waste which is usually produced in the process of pet-

roleum exploitation, petroleum refining, crude oil and refined oil trans-

portation, etc (Zhao et al., 2022a,b). Due to the wide variety and
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Fig. 1 The chemical structures of ILs: (a) [C12mim] [PF6]; (b)

[C12mim] [Br].
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complex nature of oily sludge, the corresponding treatment technology

and equipment also show a diversification trend, such as landfill

(Aguelmous et al., 2020), incineration (Gong et al., 2021), biological

treatment (Saborimanesh 2021), pyrolysis (Ran et al., 2022), solvent

extraction (Zhao et al., 2020, Hou et al., 2021, Song et al., 2022),

etc. Compared with other methods about treating oil sands or oily

sludges, solvent extraction method has obvious advantages. On the

one hand, the solvent extraction process is simple, fast and has no

energy consumption. On the other hand, the solvent extraction can

treat most kinds of oily sludges and recover most petroleum hydrocar-

bons from oily sludges.

In the process of solvent extraction, a variety of organic solvents

are used to extract oily sludge. Mohit et al. (2020) investigated the

effectiveness of solvent extraction using MEK, xylene and solvent

blends, which was composed of MEK and xylene, for oil recovery from

oily sludge, respectively. Compared with MEK, xylene has a more sig-

nificant performance in hydrocarbon recovery. Meanwhile, a higher oil

recovery was achieved using solvent blend. The application of solvent

extraction on oily sludge treatment is desirable, but there are also obvi-

ous disadvantage, such as unsatisfactory extraction efficiency, large

volume of solvent consumption, and long extraction duration.

To further enhance solvent extraction process, ILs-solvent extrac-

tion method was proposed to apply on the heavy oil recovery of oily

sludge (Zhu et al., 2020, Hu et al., 2021). Because ILs has conspicuous

thermal and chemical stability, easy recovery property, it is considered

as a ‘‘green and eco-friendly solvent”, more and more researchers put

the attention on the application of ILs to recover heavy oil from oily

sludges or oil sands. Tian et al. (2019) investigated the effectiveness

of [Emim][BF4] on reinforcing oil recovery from crude oily sludge com-

bining a solvent. Compared to cyclohexane extraction, [Emim][BF4]-

cyclohexane extraction achieved a higher TPH recovery under the con-

dition of shorter extraction time and lower solvent/sludge ratio. Zhu

et al. (2020) explored the application of [Bmmim][PF6] in oil recovery

from oily sludge by the solvent extraction method and analyzed the

kinetic models of the solvent extraction and IL-solvent extraction.

The results show that the [Bmmim][PF6] has a remarkable effect on

the recovery of resins and asphaltenes. The extraction kinetics study

indicate that the IL-enhanced extraction process fit the second-order

pseudo-kinetic model, while the solvent extraction process fit the

first-order pseudo-kinetic model. Although there are researchers have

studied the application of several ILs in oily sludge extraction, due to

the different physical and chemical properties of different ILs and oily

sludge, the application of different ILs in assisting solvent extraction

need to be further explored. Meanwhile, most of the studies on solvent

extraction assisted by ILs do not involve the oil-solid interaction force,

and mainly focus on macroscopic solvent extraction experiments (Sun

et al., 2021). Besides, the experimental material of IL-solvent extraction

is mainly oil sands, few researchers have explored the role and mecha-

nism of ILs on the extraction of oily sludge, so more efforts are needed

to study the mechanism of ILs on solvent extraction of oily sludge.

The purpose of this study mainly includes three parts. (i) The sol-

vents and solvents-ILs ([C12mim] [PF6], [C12mim] [Br]) were used to

extract heavy oil from oily sludges, the heavy oil element, viscosity

and SARA analysis were conducted. (ii) The solvent recovery, ionic

liquids recovery and the oil recovery recovery after recycle. (iii) The

mechanism of ILs enhanced oil recovery was investigated.
2. 2.Materials and methods

2.1. Materials

Toluene, n-octane, xylene, cyclohexane, n-decane, [C12mim]
[Br], [C12mim][PF6] were analytically pure from Aladdin

Cop, Shanghai, China. The oily sludge samples were from
the Shanghai, China. The [C12mim][Br] and [C12mim][PF6]
ionic liquids structure were shown in Fig. 1.
2.2. Solvent extraction and ILs-solvent extraction.

2.2.1. Solvent extraction

The oily sludge was put into a drying oven with the tempera-
ture set at 100℃ and dried for 24 h to remove the water in the
oily sludge. 5 g dehydrated sludge sample was added into a

flask, then 30 mL solvent was put into the same flask, the mix-
ture was thoroughly mixed and placed in a water bath with a
stirring rate of 700 r/min. After reaction for 60 min, the mix-

ture was quickly transferred to a centrifuge for solid–liquid
separation. The mixture was divided into solid phase and liq-
uid phase, the upper layer is the solvent-oil mixture, and the

lower layer is the residual solids. The solvent was recycled from
the heavy oil by spinning method and used to the solvent
extraction of next oil sludge sample. Then the heavy oil mass
was measured, and the oil recovery was calculated.

2.2.2. ILs-solvent extraction

5 g dehydrated sludge sample was added into a flask, then

30 mL solvent and 10 mL 200 ppm ILs were added into the
same flask, and then the experiment followed the 2.2.1 section.
After centrifugation, the mixture was divided into three
phases. The uppermost liquid phase is the mixture of solvent

and oil, the middle liquid is the ILs, and the solid phase below
is residual solids. The solvent and ILs were recovered. The oil
recovery was calculated.

2.2.3. Recycle use

After the first extraction process, the recovered solvents and
recovered ionic liquids would be used to extract oily sludges

again, which was the second oil recovery. The process was
repeated for ten times.

2.3. Element analysis measurement

The heavy oil element was calculated by the Elemental Ana-
lyzer, the C, H and other elements were calculated. Then the

C/H ratio was calculated.

2.4. Contact angle measurement

The wettability of the sands after ILs-solvents extraction was

evaluated by the water drops contact angle measurement
(Sharifigaliuk et al., 2022). The detailed experiment procedures
were as follows. Firstly, the residual solids after extraction



Fig. 2 The contact angles diagrammatic sketch.
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were dried. Secondly, these drying solids were pressed into cir-
cular sheets with uniform thickness by a powder tablet press.
Finally, the water drop contact angle of residual solids was

tested, which was shown in Fig. 2.

2.5. Viscosity measurement

The viscosity of heavy oil from solvents-ILs was measured.
The temperature control device of the rheometer was turned
on and the temperature was set at 25℃. When the temperature

is stable, an appropriate amount of heavy oil after extraction
was poured into the measuring cylinder, then the cylinder
was fixed, the rotor was installed and the relevant parameters

were set. After the above operation, the viscosity of heavy oil
could be measured.

2.6. SARA measurement

Because the composition of heavy oil is complex and the rela-
tive molecular weight is large, it is difficult to obtain its exact
chemical composition by traditional chemical analysis meth-

ods (Wang et al., 2020). In order to facilitate research and engi-
neering application, heavy oils are usually divided into four
components (SARA) by chromatography according to the

polarity of different components and their solubility in differ-
ent organic solvents (Volkov et al., 2021). It has great signifi-
cance to explore the composition and structure of heavy oil

components for the separation and resource utilization of
heavy oil. During the experiment, the ASTM D-4124 was used
as the SARA analysis method (Wang et al., 2022).

1 g bitumen was placed in a beaker, 40 mL n-heptane was

added, then the sample was sonicated for 4 h under the temper-
ature of 50 �C. The mixture was composed of solution (satu-
rates, aromatics, resins) and insoluble solids (asphaltenes),

and the asphaltenes could be separated by centrifugal separa-
tion method from other components. Next, a neutral alumina
column was prepared and the separated solution (saturates,

aromatics, resins) was added in the top of the neutral alumina
column. The saturates, aromatics, resin were eluted with n-
heptane, toluene, methanol/toluene (v:v = 1:1), respectively.

2.7. Oil-solid interaction force measurement

The interaction force between oil and solid is an important fac-
tor affecting the solvent extraction of oil sludge. When the

interaction force between oil and solid decreases, the separa-
tion of heavy oil from solid surface becomes easier (Shi
et al., 2020). During the experiment, the oil-solid force interac-

tion can be measured by AFM (atomic force measurement). In
the process of AFM measurement, when the probe closes to
the solid surface, the interaction force is repulsive and the

repulsive force increases gradually with the shortening of the
distance between probe and solid; when the probe leaves the
solid surface, the interaction force changes to the attraction
force and the attraction force increases with the increase of
the distance. Previous studies have used this oil-solid interac-
tion force to evaluate the difficulty level of separation of heavy

oil and solid (Hou et al., 2022a, Hou et al., 2022b). The less
attractive the oil-solid interaction force is, the easier it is to
release heavy oil from the solid surface.

The bitumen used in the experiment was obtained by Soxh-
let extraction. To obtain 1 wt% toluene-bitumen solution, the
bitumen (1 g) was dispersed into 100 mL toluene. The SiO2

microspheres (hydrophilic) were washed with acetone, ethanol
and distilled water, then the SiO2 microspheres were put in a
vacuum desiccator (0.5 mL octyl trimethoxy silane was placed
at the bottom of the vacuum desiccator) and dried under vac-

uum for 24 h. After vacuum drying, octyl trimethoxylsilane
was grafted onto the hydrophilic SiO2 surface, which changed
from hydrophilic to hydrophobic.

The hydrophobic SiO2 microspheres were subsequently
washed with deionized water and dried under nitrogen, then
the hydrophobic SiO2 microspheres were immersed for 4 h in

1 wt% bitumen-toluene solution. After immersion, the solu-
tion is transferred drop by drop onto the glass slide, and the
microspheres will be fixed on the glass slide. The silicon slice

was washed with acetone, ethanol and distilled water, then it
was dried with nitrogen. AFM was used to measure the force
curves between bitumen and silicon slice in different ILs
([C12mim][PF6], [C12mim][Br]) at different concentrations.

The approach speed of the probe was set to 2 lm/s, and the
repeating points with regular interval was 100 under each
condition.

3. 3.Results and discussion

3.1. ILs concentration optimization

As shown in Fig. 3, with the increase of ILs concentration, the

oil recovery increases gradually. And when the concentration
of [C12mim] [Br] reached about 200 ppm, oil recovery
increased slightly. Therefore, 200 ppm [C12mim] [Br] was cho-

sen as the ILs concentration in the ILs-solvent extraction.

3.2. Heavy oil analysis and solid wettability analysis

The heavy oil recovery by different solvent extraction (toluene,

n-octane, xylene, cyclohexane and n-decane) was shown in
Fig. 4(a). The results show that n-octane, n-decane, cyclohex-
ane and toluene have different oil recovery, and the oil recov-

ery gradually increases depending on the above sequence. The
highest oil recovery and the lowest oil recovery are obtained by
toluene extraction and n-octane extraction respectively, and

the values are 89.4 wt% and 76.8 wt% respectively. Different
solvents showed different affinity with the heavy oil compo-
nents, therefore the oil recovery was different for different sol-

vents. The effect of IL([C12mim] [PF6], [C12mim] [Br]) on oil
recovery was also shown in Fig. 4(a). Compared to pure sol-
vent extraction, [C12mim] [PF6]-solvent extraction and
[C12mim] [Br]-solvent extraction all show better oil recovery,

and the oil recovery of [C12mim] [Br]-solvent extraction
obtains the highest value under the same other experimental
conditions.

Fig. 4(b) shows the C/H ratio of oil extracted from oily
sludge by pure solvent extraction or IL-solvent extraction.



Fig. 3 The oil recovery alteration versus the [C12mim][Br]

alteration.
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The C/H ratio of oil extracted by toluene is highest and the C/
H ratio of oil extracted by n-octane is lowest, which represents
that toluene could play a greater role in the extraction of oil

with higher C/H ratio components, while n-octane could play
Fig. 4 (a) The oil recovery; (b) C/H ratio; (c) viscosity of heavy o

solvents-[C12mim][Br] systems. (d) The water drop contact angles of t
a greater role in the extraction of oil with lower C/H ratio com-
ponents. When the IL is used to reinforce solvent extraction,
the component with higher C/H ratio will be extracted easily.

Compared with [C12mim] [PF6], the effect of [C12mim] [Br] on
the extraction of heavy oil with higher C/H ratio is more
obvious.

Fig. 4(c) shows that the viscosities of the oil extracted by
toluene, n-octane, xylene, cyclohexane, n-decane are
127.6 Pa�S, 165.2 Pa�S, 138.5 Pa�S, 143.4 Pa�S and 152.3 Pa�S,
respectively. Compared with other solvents, toluene exhibits
the greatest advantage in reducing the viscosity of oil. Depend-
ing on the research of Hou et al., the decrease in viscosity of oil
is conducive to its separation from the solid surface, which rep-

resents that toluene shows the best performance in oil recov-
ery, while n-octane shows the worst performance in oil
recovery. The oil viscosity extracted by [C12mim][PF6]-

toluene, [C12mim][PF6]-n-octane, [C12mim][PF6]-xylene,
[C12mim] [PF6]-cyclohexane, [C12mim] [PF6]-n-decane are
89.2 Pa.S, 145.8 Pa.S, 104.6 Pa.S, 114.8 Pa.S, 123.1 Pa.S,

respectively. Compared to pure solvent, [C12mim][PF6]-
solvent exhibits a great decrease in the viscosity of the oil.
And the [C12mim][Br]-solvent extraction shows the lower vis-

cosity of oil compared with [C12mim][PF6]-solvent. The ILs
([C12mim] [PF6] or [C12mim][Br]) could obviously decrease
the oil viscosity, the reason is that ILs ([C12mim] [PF6] or
il extracted from the solvents alone, solvents-[C12mim] [PF6] and

he surface of the sand.
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[C12mim][Br]) could dissolve part of oil, which is beneficial to
enhance the oil recovery.

The contact angle of the oil sludge extracted by toluene, n-

octane, xylene, cyclohexane, n-decane respectively was tested
and the results were shown in Fig. 4(d). When [C12mim][PF6]
or [C12mim][Br] was used to enhance the heavy oil recovery,

the contact angles would decrease a lot, which represents that
the wettability of the surface of the sand would become more
hydrophilic. For instance, when [C12mim] [PF6] was used to

reinforce the n-octane extraction, the contact angle decreased
from 62.3� to 47.6�.

3.3. Sara analysis

Fig. 5 showed the saturates, aromatics, resins and asphaltenes
content of heavy oil extracted from the solvents alone and
[C12mim][PF6]/[C12mim][Br]-solvent systems. As was shown

in Fig. 5, the ILs could effectively decrease the saturates/aro-
matics content, and increase the resins/asphaltenes content.
For saturates, the toluene, n-octane, xylene, cyclohexane and

n-decane could obtain the 23.5 wt%, 26.5 wt%, 24.1 wt%,
24.6 wt%, 25.2 wt% saturates content, respectively. When
[C12mim][Br] was added to the solvent extraction system, the

saturates content of toluene, n-octane, xylene, cyclohexane
and n-decane decreases to 22.7 wt%, 25.2 wt%, 23.3 wt%,
23.6 wt%, 24.1 wt%, respectively. Combining the results of
Fig. 5 (a) Saturates; (b) Aromatics; (c) Resins; (d) Asphaltenes conten

[PF6]/C12mim][Br] systems.
the C/H ratio, the existence of ILs will make the component
with higher C/H ratio increase, and the resins and asphaltenes
have higher C/H ration compared with saturates/aromatics.

When the ILs was added to the solvent extraction system,
the contents of the above four components will appear the
change of Fig. 5.

3.4. Element analysis

To further explored the contents of carbon element and hydro-

gen element in oil after extraction, element analysis experi-
ments were designed, the results were shown in Table 1. The
content of carbon element is more than 80 wt% and the con-

tent of hydrogen element is less than 11 wt%. In the solvent
extraction experiments, the carbon content of oil which was
extracted by toluene is highest and the hydrogen content is
lowest. When the ILs was used to reinforce the solvent extrac-

tion, the carbon content increased and the hydrogen content
decreases. Compared with [C12mim][PF6], the changes of car-
bon and hydrogen contents which was influenced by

[C12mim][Br] is more obvious. The analysis of carbon and
hydrogen contents gives us a deeper understanding of the
respective changes of carbon and hydrogen when the C/H ratio

changes. Meanwhile, the results of element analysis support
the conclusion of SARA analysis from the other aspect, the
driving effect of ILs on the detachment of the component with
t of heavy oil extracted from the solvents alone, solvents-[C12mim]



Table 1 Element analysis of oil after solvent extraction and IL-solvent extraction.

Solvent Ionic Liquid C (wt%) H (wt%) Other elements (wt%)

Without ILs 83.14 9.28 7.58

Toluene [C12mim][PF6] 83.76 9.18 7.06

[C12mim][Br] 84.27 8.91 6.82

Without ILs 81.87 10.96 7.17

N-octane [C12mim][PF6] 82.38 9.75 7.87

[C12mim][Br] 82.74 9.34 7.92

Without ILs 82.59 9.45 7.96

Xylene [C12mim][PF6] 83.46 9.26 7.28

[C12mim][Br] 84.03 9.12 6.85

Without ILs 82.21 9.81 7.98

Cyclohexane [C12mim][PF6] 82.61 9.33 8.06

[C12mim][Br] 83.88 9.16 6.96

Without ILs 82.04 9.96 8

N-decane [C12mim][PF6] 82.56 9.47 7.97

[C12mim][Br] 82.96 9.29 7.75

Fig. 7 ILs recovery of different extraction system.
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higher C/H ratio (such as resins and asphaltenes) from the
solid surface is stronger than that of the component with lower

C/H ratio from solid surface.

3.5. Organic solvents recovery

Fig. 6 showed the organic solvents recovery of solvents alone,
[C12mim][PF6]- solvent and [C12mim][Br]-solvent extraction
system. Comparing with the IL-solvent extraction systems,

the organic solvent recovery was low under the solvent extrac-
tion systems, which was due to that the ILs would alter the
solid surface wettability and decrease the oil-solid interaction
force, which decreased the adsorption of solvent on the solid

surface and then increased the organic solvents recovery.

3.6. ILs recovery

Fig. 7 showed the different ILs recovery of different extraction
system. For different ILs-solvent extraction system, the ILs
recovery was different. When the organic solvents were the
Fig. 6 The organic solvents recovery of solvents alone, solvents-

[C12mim][PF6], solvents-[C12mim][Br] extraction system.

Fig. 8 The oil-solid interaction forces in different [C12mim][PF6],

[C12mim][Br] ILs concentrations.
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same, the [C12mim] [Br] recovery was higher than [C12mim]
[PF6] recovery. For instance, the [C12mim][Br], [C12mim][PF6]
recoveries were 97.2 wt%, 95.4 wt% for different ILs-solvent

extraction system.

3.7. Interaction forces analysis

Fig. 8 showed the oil-solid interaction forces in different ILs
([C12mim][PF6], [C12mim][Br]) concentrations. The results
Fig. 9 The cyclic oil recovery alterationwithdifferent recycle times.

Fig. 10 Solvent extraction and ILs-solvent extraction mechanism

mechanism.
indicated that the ILs would decrease the interaction force,
and the interaction force would decrease when the ILs concen-
tration increased. The reasons for ILs decreasing oil-solid

interaction force was as follows. On the one hand, the ILs
could make oil-solid interface modification, and then the wet-
tability of heavy oil would alter. On the other hand, the ILs

would alter the surface charges of oil and sands, and then
the electrostatic interactions between oil and sands would be
altered.

3.8. Recycle use

Fig. 9 showed the cyclic oil recovery alteration with different

recycle times. The results indicated that the oil recovery
decreased with the increase of recycle use time of solvent and
ILs. As shown in Fig. 7, the oil recovery of [C12mim][Br]-
toluene extraction is the highest under the same recycle use

time. When the [C12mim][Br] and toluene were used in the 10
times, the oil recovery decreased about 10 wt%. On the con-
trary, the [C12mim][PF6]-n-octane extraction produced the

lowest oil recovery, and when the [C12mim][PF6] and n-
octane were used in the last recycle, there were about 12 wt
% decline of oil recovery. Before and after IL-solvent extrac-

tion, the chemical properties of solvent and ILs did not
change, and the reduction of oil recovery was due to solvent
loss during extraction. The solvent loss included solvent
adsorption, Operating loss, etc. On the whole, the combination

of [C12mim][Br] and toluene produces the best results in the IL-
solvent extraction, it’s also the optimal combination in the oil
recovery.
: (a) solvent extraction mechanism; (b) ILs-solvent extraction
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3.9. The mechanism of solvent extraction and IL-solvent
extraction

The solvent extraction mechanism and IL-solvent extraction
mechanism are shown in Fig. 10. For the process of solvent

extraction, heavy oil could directly dissolve in solvent. Espe-
cially under the action of external forces such as stirring, the
electrostatic layer between the heavy oil and the solid surface
is more likely to be destroyed, and the heavy oil can be sepa-

rated from the solid surface faster (Lin et al., 2017). When
the ILs is used to reinforce solvent extraction, anions are
adsorbed on the solid surface, and cations tend to combine

with anions and distribute around anions, which forms a pos-
itive layer on the solid surface; On the heavy oil surface, part of
cations are adsorbed on the heavy oil surface, the alkyl chains

of other cations are integrated into the heavy oil, which causes
the positively charged head groups distribute on the heavy oil
surface, forming a positively charged layer on the heavy oil

surface, as shown in Fig. 10 (b). The adsorption of ILs on
solids and heavy oil surfaces makes the solid surface and heavy
oil surface contain same charge. Meanwhile, the cationic alkyl
chains on the solid surface and heavy oil surface are dis-

tributed on the outermost side, which further hinders the com-
bination of heavy oil and solid, and promotes the detachment
of heavy oil from the solid surface.
4. Conclusions

In this study, the [C12mim] [PF6] and [C12mim] [Br] was used to

enhance the oil recovery from oily sludge, and the mechanism was

explored, the conclusions were as follows:

In the pure solvent extraction system, five solvents were chosen to

explore the effect of each solvent on heavy oil recovery from oil sludge.

The toluene showed the best performance in heavy oil recovery and

heavy oil recovery rate could reach 89.4 wt%. On the contrary, n-

octane has the worst performance in heavy oil recovery, and its heavy

oil recovery rate could only reach 76.8 wt%. Organic solvent extrac-

tion is mainly to recover heavy oil by dissolving heavy oil.

For the ILs-solvent extraction, [C12mim] [PF6] and [C12mim] [Br]

were used to reinforce solvent extraction, respectively. The heavy oil

recovery of [C12mim] [Br]-solvent extraction is higher than the heavy

oil recovery of [C12mim] [PF6]-solvent extraction under the condition

using the same organic solvent, and the combination of toluene and

[C12mim] [Br] could make the heavy oil recovery reach 93.7 wt%, which

is the maximum value of heavy oil recovery. The exist of ILs decrease

heavy oil viscosity, increase heavy oil C/H ratio, and change the nature

of the solid interface which makes the solid interface more hydrophilic,

all these changes brought about by ILs make it easier for heavy oil to

detach from solid surfaces, thus increasing heavy oil recovery.

Compared with pure solvent extraction, the solvent recovery in the

system of ILs-solvent extraction is higher. Because the modification of

solid surface by ILs reduces the loss of organic solvent adsorbed on

solid surface. Meanwhile, [C12mim][Br] makes the solid more hydro-

philic comparing with [C12mim] [PF6], which results in less loss of

ILs. The solvent recovery and [C12mim] [PF6]/[C12mim] [Br] recovery

was high after 10 recycle use.
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