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KEYWORDS Abstract The abundant unconventional oil ores (about 70% of total world oil) are playing an
Sollvai G increasingly important role in global energy supply. To obtain asphalt in unconventional oil ores,
Choice; different methods, including hot water-based extraction, pyrolysis and solvent extraction, were used
Asphalt; to recover asphalt from oil ores (i.e., Canadian, Indonesian, and Iranian oil ores). It is found that
Unconventional oil ores asphalt recovery obtained by solvent extraction is the highest. Multi-staged single solvent extraction

was used to recover asphalt from oil ores (i.e., toluene, tetrahydrofuran: THF, xylene, petroleum:
PE, ethanol), resulting in a cumulative asphalt recovery over 98% at ambient conditions by using
toluene. Take Iranian oil ores with the highest oil content (83.79 wt%) as an example, great asphalt
recovery was obtained by using multi-staged composite solvents extraction (i.e., toluene@xylene,
toluene@THF, toluene@PE, toluene@ethanol). It is also found that introduction of toluene in
the composite solvents can significantly increase the ability of single solvent’s (xylene, THF, PE
and ethanol) asphalt recovery. After solvent extraction, the solvent recovery was more than
95%. This finds suggest that solvent extraction method would be potential choice to recover asphalt
from unconventional oil ores, and it possesses great prospect of industrial application in the future.
© 2023 The Author(s). 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

Energy and environment are two important aspects of social develop-
ment (Ejaz and Younis, 2011). As one of the important energy
resources, petroleum resources play an important role in the develop-
ment of human society. With the large-scale exploitation and use of
crude oil, the production of conventional crude oil resources are grad-
Peer review under responsibility of King Saud University. ually reduced (He et al., 2016). Unconventional petroleum, including
oil/tar sands, oil shale, heavy oil, etc., has been gradually attracted
wide attention (He et al., 2015). Unconventional oil ores are a kind
of petroleum resources composed of heavy oil, water and minerals
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6 trillion barrels of recoverable oil by current technologies, accounting
for about 70% of total world oil reserves (Santos et al., 2014). As is
known to all, unconventional oil ores including water wettability and
oil wettability (He et al., 2015), During the past few decades, great
efforts have been made in the exploitation of water-wetted oil ores,
such as Canadian oil ores, resulting in a production of more than
1.5 million barrels of asphalt per day in 2014 (Masliyah et al., 2004).
Another kind of oil ores were discovered in Indoesian islands, with
about 3 billion tons of asphalt geological in situ reserves (Sui et al.,
2016). However, this kind of oil ore is different from the Athabasca
oil ores in asphalt content, asphalt composition, and ore types
(Cloutis et al., 1995). The Indonesian asphalt rocks, with asphalt con-
tent over 25 wt%, are known as oil-wetted ores without the water film
between asphalt and mineral solid surface, which are not being well-
exploited until now (Wang et al., 2012). In the exploitation process
of unconventional oil ores, asphalt is important oil resources, accord-
ing to the polarity and solubility, asphalt is composed of saturates (S),
aromatics (A), resins (R) and asphaltenes (A) (Yoon et al., 2009;
Dubois and Murariu, 2009; Li et al., 2012), which can be pumped
through pipelines to upgraders or refineries, where it is further pro-
cessed to produce gasoline, jet fuel, heating oil and diesel fuel. There-
fore, it possesses importantly practical application value to recover
asphalt from unvonventional oil ores.

At present, to unlock asphalt in the unconventional oil ores, differ-
ent technologies have been proposed to recover asphalt. The hot water-
based extraction (HWBE) process has been industrialized in Albert,
Canada, the technology is suitable to separate asphalt from water-
wetted oil ores (Long et al., 2007), but it has been proved to perform
poorly in separating oil-wetted unconventional oil ores (such as
Indonesian asphalt rocks). This is because the interaction between
oil and carbonate solid is strong, resulting it is quite difficult to sepa-
rate oil and solid by using HWBE method (Srinivasa et al., 2012;
Hupka et al., 2004). However, the HWBE process can cause oil-water
emulsification problem. The oil-water emulsions formed will corrode
equipment, increase cost and pollute the environment. The pyrolysis
method also has been proposed to extract the asphalt from the uncon-
ventional oil ores (Li and Yue, 2004). This method works based on the
energy-intensive reaction and high oil content in the oil ores. During
the heating process, the relatively lighter compounds (volatile) in the
asphalt were evaporated first, followed by the decomposition of heav-
ier fractions (e.g., asphaltenes, resins, or larger aromatics and satu-
rates) through pyrolysis. Consequently, only the extremely heavy
hydrocarbons and the formed char or coke are left. Some researchers
believed that pyrolysis would be a potential way for the exploitation of
the Indonesian asphalt rocks (Wang et al., 2014; Jia et al., 2015).
Because the asphalt could be directly cracked into light oil fractions
or gases without adding external chemicals. However, there are also
some challenges during pyrolysis industrialization, such as high energy
consumption, high production of tars together with minerals, large
production of gases, especially CO,, etc. (Nie et al., 2017; Wang
et al., 2013). Therefore, it is necessary to find the better industrial sep-
aration method to separate asphalt from unconventional oil ores.

Solvent extraction has been considered as a potential and promiss-
ing method to recover asphalt from unconventional oil ores. The
method has been investigated for several decades as a result of its high
extraction efficiency, low water consumption, low erergy consumption
and high compatibility to all kinds of unconventional oil ores, espe-
cially the oil-wetted ores (Funk et al., 1982). He et al. (2011) researched
the effects of solvent type, temperature, stirring rate, and solvent polar-
ity on the asphalt recovery and asphalt quality from Athabasca oil ores
using solvent extraction. Pal et al. (2015) and Nikakhtari et al. (2013)
conducted studies on separating asphalt from Athabasca oil rocks by
solvent extraction using different solvents. Their results showed that
the biologically derived solvents have a lower asphalt recovery com-
pared to those of isoprene and cyclohexane. In addition, Sui et al.
(2016) investigated the feasibility of solvent extraction in recovering
asphalt from Indonesian asphalt rocks. They found that a high oil
recovery (up to 98%) could be achieved with the solvent of toluene

or cyclohexane. However, little knowledge has been reported in
extracting asphalt from different types of unconventional oil ores using
various single solvent extraction or composite solvents extraction. In
addition, there are few reports about the prospect of industrial appli-
cation of solvent extraction in recovering asphalt from unconventional
oil ores.

Accordingly, considering future industrial application, the objec-
tives of this study are to (i) test the efficiency of HWBE, pyrolysis
and solvent extraction for asphalt recovery from the different uncon-
ventional oil ores, (ii) test the efficiency of composite solvents extrac-
tion for asphalt recovery from oil-wetted oil ores (Iranian oil ores),
and (iii) identify solvent extraction method is the potential choice to
recover asphalt from unconvential oil ores. And discuss the great
industrial application prospect of recovering asphalt by solvent
extraction.

2. Experimental section

2.1. Chemicals and samples

Chemical reagents, including ethanol, toluene, tetrahydrofu-
ran (THF), petroleum ether (PE) and xylene, were purchased
at analytical grade from Tianjin Jiangtian Technology Co.,
Ltd, China. The asphalt rocks were obtained from Indonesia,
Canada and Iran.

2.2. Composition analysis of unconventional oil ores

The composition of different unconventional oil ores was ana-
lyzed using the Dean-Stark standard method (Castro et al.,
1998).The schematic diagram of experimental device is shown
in Fig. 1. 10.0 g unconventional oil ores were placed in a filter
paper cylinder, and then 150.0 mL toluene was added into the
round bottom flask. Place the experimental device in the elec-
tric heating sleeve. Turn on the condensate and set the heating
temperature to 160 °C. The oil ores was extracted by heating
toluene. When the liquid dropped from the filter papercylinder
became colorless and transparent, all the asphalt in the oil ores
was extracted by toluene, and the heating was stopped.
Remove toluene from the asphalt solution in the round bot-
tomed flask by a rotary evaporator. The asphalt sample and
the filter paper cylinder containing solid were put into the vac-
uum drying oven to evaporate toluene. The temperature was

Cooling water outlet «—

Condenser tube +—
—— Cooling water inlet

‘Water separator

Filter paper cylinder
Round bottom flask «—

Electric heating sleeve

Fig. 1 Schematic diagram of experimental device.
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80 °C and the vacuum degree was 0.1 MPa. After 4 h of drying,
it were taken out and put into a dryer to cool to room temper-
ature. Calculating the content of asphalt, solids and water in
the different oil ores by Egs. (1)-(3).

A :m_o 0) (1)

S, ="My @)
my

W = 100 — A% — S% 3)

where A is asphalt content; Sy is solids content; W is water
content; m;, is asphalt weight; m, is oil ores weight; m, is filter
paper cylinder; mj; are weight of solids and filter paper
cylinder.

2.3. HWBE process of unconventional oil ores

As shown in Fig. 2, the hot water-based extraction (HWBE)
process was conducted in a Denver flotation cell with a 1 L
jacked stainless-steel cell connected to a thermal water bath
(Sui et al., 2016). First, 900 mL hot water (50 °C and pH
was adjusted to 9.03 by sodium hydroxide) and 300 g of
unconventional oil ores were added to the flotation cell for
conditioning for 5 min with a stirring rate at 1500 rpm. The
slurry was kept at 50 °C through a thermal water bath. After
the slurry conditioning, nitrogen was injected into the slurry
at a flow rate of 150 mL/min for 10 min without stopping
the agitation to let the heavy hydrocarbons be floated. The
froth floating on the top of the water was collected for further
analysis to determine its extraction rate by Egs. (4) and (5).

ms
ER =5 4
My @
. ER
Relative recovery = - % (5)
0

where ER is extraction rate obtained by HWBE process; m, is
oil ores weight in HWBE process; ms is asphalt weight
obtained by HWBE process.

2.4. Pyrolysis process of unconventional oil ores

Unconventional oil ores pyrolysis was carried out in a Vacuum
tube furnace from 25 °C to 400 °C at 10 °C/min heating rate,
and maintain 30 min at 400 °C. The schematic diagram of the
experimental device is shown in Fig. 3. Pyrolysis experiments

Denver flotation cell «#—

Hydrothermal solution

Fig. 2

were performed in the nitrogen atmosphere, the average initial
oil ores sample mass was 50.0 g. According to Egs. (6) and (7),
the relative recovery of asphalt was calculated after pyrolysis
(6) and (7).

_ s
PR = % (6)

PR
Relative recovery = - % (7)
0

where PR is pyrolysis rate; m is asphalt weight obtained by
pyrolysis process; m; is oil ores weight in pyrolysis process.

2.5. Solvent extraction process of unconventional oil ores

A multi-staged solvent extraction for the asphalt recovery pro-
cess has been applied in this study (Sui et al., 2016), shown in
Fig. 4. A volume of weighted solvent (150 mL) and 50 g uncon-
ventional ores were first added to a jar for agitation at 450 rpm
using a paddle mixer for 25 min. After the agitation, the mix-
ture was sent for settling in a glass cylinder to recover asphalt
solution. The settled solids were separated for the second and
third extraction using 100 and 50 mL of solvent, respectively.
The asphalt recovery has been measured three times by cen-
tirfugation, distillation, and vacuum drying, accordingly
(Qiu, 2010). The solvents were recycled. The residual solids
from extraction step were analyzed to obtain how much of sol-
vent was left together with the waste solids. The application of
the second and third extractions is to increase the asphalt
recovery, which may facilitate the removal and recovery of
residual solvent from the waste solids. The final residual sol-
vents and asphalt from the third extraction were recovered
by gas bubbling method (Wang et al., 2020). According to
the above experimental process, the effect of different compos-
ite solvents on the extraction rate of asphalt was studied. The
relative recovery of asphalt by single solvent or composite sol-
vents was calculated by Egs. (8) and (9).

ng
R=—
S ol (8)
. R
Relative recovery = % % 9)
0

where SR is solvent extraction rate; mg is asphalt weight
obtained by solvent extraction process; mo is oil ores weight
in solvent extraction process.

Schematic diagram of HWBE experimental device for unconventional oil ores.
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Fig. 3  Schematic diagram of pyrolysis experimental device for unconventional oil ores.
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Fig. 4 Schematic of the solvent extraction process for recovering asphalt.

2.6. Hansen solubility parameters (HSP) calculation of solvents parameter, every solvent can be positioned in a Teas triangle.
HSP and the fractional parameters of solvents are given in

Teas converted HSP to fractions fg, f,, and f,, which were Table 1.

defined as in equations 10-12 (Hansen, 2007; Barton, 1991). 84

Petroleum ether are mainly composed of pentane and hexane, Ja= 34+ 0, + 0 (10)

so, the HSP of pentane and hexane explained that petroleum

ether can be used as solvent to extract asphalt from unconven- . 3,

tional oil ores. According to the fraction of the solubility h= 8d+ 0, + 0 (11)
Table 1 The HSP and HSP fractional parameter of solvents.
Solvent S HSP HSP fractional parameter

84 dp dn Ja Jp In

Pentane 14.500 14.500 0.000 0.000 1.000 0.000 0.000
Hexane 14.900 14.900 0.000 0.000 1.000 0.000 0.000
Xylene 18.000 17.800 1.000 3.100 0.813 0.046 0.142
Toluene 18.200 18.000 1.400 2.000 0.841 0.065 0.093
THF 19.400 16.800 5.700 8.000 0.551 0.187 0.262

Ethanol 26.500 15.800 8.800 19.400 0.359 0.200 0.441
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where 84, 8, 8y, are the dispersion force parameter, polar force
parameter and hydrogen-bonding force parameter, respec-
tively. fa, f, and fj, are the dispersion force parameter fraction,
polar force parameter fraction and hydrogen-bonding force
parameter fraction, respectively.

3. Results and discussion

3.1. Comparison of different extraction methods

Fig. 5 shows the results of asphalt recovery from three uncon-
ventional oil ores by HWBE and pyrolysis methods. As shown
in Fig. 5a, the recovery rates of asphalt from oil ores are differ-
ent by HWBE method (Canadian: 21.3%, Indonesian: 7.8%,
Iranian: 1.7%). The results indicated the HWBE method is
more suitable for separating Canadian oil ores. Because the
Canadian oil ores belong to the water-wetted type, while
Indonesian and Iranian oil ores belong to the oil-wetted type
(Fig. 6) (Takamura, 1982). In Canadian oil ores, there is a
water film between solid and asphalt, which can increase the
affinity between oil and water, while Indonesian and Iranian
oil ores possess weak affinity for water. Therefore, the amount
of asphalt recovered from Indonesian and Iranian oil ores by
HWBE method is lower than Canadian. In addition, the solid
content in Indonesian oil ores is higher than Iran (Table 2). It
is beneficial to increase hydrophilicity (Li et al., 2018), so the
asphalt recovery of Indonesian oil ores is higher than Iran.
Fig. 5b shows more asphalts can be recovered from three oil
ores by pyrolysis method, and the effect of separating asphalt
is better than HWBE method. It is because of the acceleration
of movement rate of asphalt molecules at high temperature,
accelerating the separation of asphalts and solids. Table 2
shows the content of Iranian oil ores is the highest (83.79%),
so the asphalt recovery by pyrolysis is the highest (62.2%).
Single solvent multistage extraction was applied to enhance
the recovery of asphalt from various oil ores, as shown in
Fig. 7. Combined with Fig. 5, it was observed that, the effect
of solvent extraction method was better than HWBE and
pyrolysis method. On the one hand, because asphalt in oil ores
is organic matter, according to the principle of similar compat-

100 } @ [JRelative recovery
< sof
z
E 60
z
g
-
¢ 40}
=
s 3
) 21,
= 20t

7.8
| E | 1.7
Canadian Indonesian Iranian
HWBE

Asphalt

Water-wetted Oil-wetted

Fig. 6 Structure of unconventional oil ores.

Table 2 Composition of three unconventional oil ores deter-
mined by the Dean-Stark Method.

Oil ores type Water (wt Asphalt (wt Solids (wt
%) %) %)
Canadian oil ores  2.02 10.46 87.52
Indonesian oil ores 2.00 27.10 70.90
Iranian oil ores 2.57 83.79 13.64

ibility, organic solvent can better dissolve asphalt and promote
the stripping of asphalt and solid. On the other hand, organic
solvents can effectively reduce the interaction between asphalt
and solid, and promote the separation of asphalt in oil ores
(Zhang et al., 2019). However, the various organic solvents
were used to extract asphalt at one time, the asphalt recovery
was different. As shown in Fig. 7a—c, distinct organic solvents
were used to extract asphalt from Canadian, Indonesian and
Iranian oil ores, respectively. The order of asphalt recovery
of each solvent are toluene (76.8%, 78.8%, 85.6%) > THF
(74.6%, 75.8%, 78.3%) > xylene (72.3%, 73.4%, 75.8%) > p
etroleum ether (68.6%, 69.8%, 69.7%) > ethanol (43.3%,
44.7%, 45.3%). These results indicate toluene possess the best
extraction effect, and ethanol’s extraction effect is the worst.
According to the HSP, this is due to the high fy and f}, and

b
100 () |:] Relative recovery
s 8o}
E
o 62.2
g 60 54.9
=
g
=
& " =3
=
@
-4 20}
Canadian Indonesian Iranian
Pyrolysis

Fig. 5 Asphalt recovery from three unconventional oil ores by different methods (a: HWBE, b: Pyrolysis).
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Fig. 7  Asphalt recovery from differernt oil ores by solvent extraction with different times of the extraction by solvents (a: Canadian oil

ores, b: Indonesian oil ores, c¢: Iranian oil ores).

low f, values of the good extraction solvents (Table 1 and
Fig. 8). To be mentioned, it is also found that increasing the
extraction times (2-3 times) significantly facilitates the recov-
ery, exceeding 98% recovery, shown in Fig. 7. This is because
multiple extraction can further reduce the interaction between
oil components and solid particles (Natarajan et al., 2011), so
more asphalts can be stripped from oil ores.

3.2. Composite solvents extraction

The different methods were used to recover asphalt from
unconventional oil ores, indicating the effect of solvent extrac-
tion was better than HWBE and pyrolysis. In addition, no
matter which kind of oil ores, the toluene’s extraction rate
was the highest in selected solvents. In this section, take Ira-
nian oil ores as the research object, investigate the extraction
effect of various proportions (volume ration) of composite sol-
vents (toluene@xylene, toluene@THF, toluene@PE, tolue-
ne@ethanol) recover asphalt from Iranian oil ores.

As shown in Fig. 9, the different composite solvents was
used to extract asphalt from Iranian oil ores. The order
of asphalt recovery of each composite solvent are
toluene@xylene > toluene@THF > toluene@PE > toluene@
ethanol, indicating the toluene@xylene composite solvents

0.00
1.00

0.75

ethanq!#‘?. uvl\tolu ene‘{

1.00
0.00

/" xylene—/m™
;

0.50 0.75
Ja

\/

0.25

Fig. 8 Solvent Teas triangle.

possess the strongest asphalt recovery capacity. When tolue-
ne@xylene (1:1) were used to recover asphalt, the volume frac-
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tion of toluene in the composite solvents was 50%, the asphalt
recovery was the highest, and the asphalt recovery was 99.7%
with secondary extraction, which is higher than single solvent
extraction (toluene: 97.8%). Although the extraction effect of
toluene@ethanol was the worst in composite solvents, its
extraction effect was better than that of single ethanol
(Fig. 9d and Fig. 7¢). Fig. 9 also shows the asphalt recovery
decreases with the decrease of toluene content in the composite
solvents. Indicating toluene plays an important role in the pro-
cess of asphalt extraction. It also shows among these organic
solvents, toluene possess the best extraction effect, which is
consistent with the result in Fig. 7c. Furthermore, the intro-
duction of toluene in the composite solvents can significantly
increase the ability of single solvent’s (xylene, THF, PE and
ethanol) asphalt recovery. No matter single solvent extraction
or composite solvents extraction, the solvent recovery was
more than 95% (Fig. 10).

3.3. Industrial application prospect of solvent extraction

The above results show the ability of solvent extraction
method to separate asphalt from unconventional oil ores is
better than HWBE and pyrolysis method. Although the
HWBE has been applied in industry, there are some shortcom-
ings (Vedoy and Soares, 2015; Alamgir et al., 2012; Lin et al.,
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2017). (1) The operation temperature of process water is high,
which needs to consume lots of heat energy and emit a lot of
greenhouse gas. (2) The HWBE needs a lot of fresh surface
water. On average 3—4 barrels of water are consumed for each
barrel of asphalt production. Only 75-87% of the process
water can be recycled. (3) The HWBE will produce a large
number of tailings when recycling asphalt. The tailings are
the mixture of water, sands, clay and residual asphalt. The
existence of tailings will cause serious environmental harm.
The chemical substances such as ammonia, mercury and naph-
thenic acid in tailings will have toxic effects on animals, espe-
cially aquatic organisms. At the same time, the water and
pollutants in the tailings will penetrate into the surrounding
soil, contaminate the groundwater and damage the surround-
ing wildlife. (4) Heavy oil-water emulsions are easy to be
formed in the process of HWBE. The emulsions will not only
corrode the equipments, but also seriously reduce the oil qual-
ity and increase the production cost. In addition, the asphalt
recovery of oil-wet oil ores is low by HWBE. The pyrolysis
method can be used to recover asphalt from different uncon-
ventional ores, and it does not need to consume a lot of water
in the pyrolysis process. But the pyrolysis process need high
operating temperature, large energy consumption, large equip-
ment investment (Zhang et al., 2017). In addition, coke, CO,
and CO will be produced after pyrolysis. These are harmful
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Fig. 9 Asphalt recovery from Iranian oil ores by composite solvent extraction with different times of the extraction by solvents (a:
Toluene@ Xylene, b: Toluene@THF, c: Toluene@PE, d: Toluene@ Ethanol).
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to the environment. Therefore, pyrolysis method is not suitable
for large-scale industrial application in recovering asphalt
from unconventional oil ores.

Compared with HWBE and pyrolysis methods, solvent
extraction method possess many advantages, including normal
temperature operation, no water participation, solvent can be
recovered in large quantities, high extraction rate and wide
application range. However, in order to make the solvent
extraction process better for industrial application, the follow-
ing three key problems need to be solved in the process of sol-
vent extraction (process flow chart). However, in order to
make the solvent extraction process better for industrial appli-
cation in recovering asphalt from unconventional oil ores, the
following three key problems need to be addressed in the pro-
cess of solvent extraction (Fig. 11).

(1) The appropriate solvent should be selected, and the
effect, cost toxicity of solvent extraction should be considered.
Based on this, our group developed green environment-
friendly amino acid ionic liquid and switchable solvent, which
can be used to recover asphalt from unconventional oil ores,
and the asphalt recovery can reach 95.33% and 96.00%
respectively (Li et al., 2018; Zhang et al., 2018). The results
show the green and environment-friendly solvents will be a
better choice for the recovery of asphalt from unconventional
oil ores by solvent extraction.

(2) It is necessary to optimize the process conditions of sol-
vent extraction, and the operation parameters of solvent
extraction have an important influence on the separation
effect. For example, Li et al. studied the effects of various

operating parameters on the separation of Athabasca oil ores
by n-heptane@toluene composite solvents by multi factor
orthogonal method, the results show the liquid-solid ratio
and stirring rate are important parameters affecting asphalt
recovery, while the stirring time and temperature have little
influence (Li et al., 2012). The content of asphaltene in asphalt
product is more sensitive to temperature and mixing time.
Painter et al. used ionic liquid to assist organic solvent for sol-
vent extraction. Three-phase system was formed by adding
ionic liquid into the extraction system, and asphalt extraction
liquid was obtained by standard solid—liquid and liquid-liquid
separation (Pulati et al., 2012, 2016; Hogshead et al., 2011).
The bottom were sand and clay, the middle was ionic liquid
layer, and the top is asphalt-organic solvent layer. The asphalt
and organic solvent layer at the top can be easily separated by
decantation or other methods. The addition of ionic liquid
promoted the separation of asphalt from the surface of sand
and clay particles, effectively avoided the entrainment of clay
particles in organic phase, and the sand in tailings was rela-
tively clean. Sui et al. developed a separation process of hydro-
philic switchable solvent assisted organic solvent extraction for
separation of asphalt in unconventional oil ores (Sui et al.,
2016). In order to improve the recovery rate and reduce the
entrainment of residual sands, water-soluble switchable sol-
vent (tertiary amine) was used to assist organic solvent to
extract asphalt from oil ores. The improvement of separation
effect is mainly due to the adsorption of water-soluble reversi-
ble tertiary amine protonated cations, adsorbed at the surface
of asphalt and mineral solids and formed ion pairs, it leads to

Solvent recovery
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Schematic diagram of solvent extraction process.



The solvent extraction is a potential choice to recover asphalt

the improve wettability of mineral solids. The weakening of
interaction between asphalt and mineral solids makes asphalt
more effectively separated from oil ores.

(3) The residual solvents in residual sands should be
removed after extraction. After extraction, there will be a cer-
tain amount of residual solvent in the residual sand, which not
only causes the loss of solvent, but also brings environmental
harm. Due to the existence of residual solvent, the residual
sand cannot be discharged directly. The series of treatments
need to be carried to reduce the residual solvent content to
reach the environmental protection standard before discharge.
Aiming at the problem of solvent residue, our group developed
the gas bubbling method to remove residual solvents in resid-
ual sands. After using organic solvents to extract asphalt from
unconventional oil ores, the 97.6% toluen in residual sands
can be removed by gas bubbling method (Wang et al., 2020).
It shows the gas bubbling method possess potential application
prospect in the separation process of unconventional oil ores.

To sum up, solvent extraction is a better choice for recov-
ering asphalt from unconventional oil ores, it possess potential
industrial application prospect in the separation of unconven-
tional oil ores, and it is expected to carry out large-scale indus-
trial application in the future.

4. Conclusions

In this work, the HWBE, pyrolysis and solvent extraction method have
been applied for recovering asphalt from different unconventional oil
ores. It is found that the solvent extraction method performs much bet-
ter than that of HWBE and pyrolysis method. The three oil ores have
been extracted by solvent extraction with four different typical sol-
vents, including toluene, THF, xylene, PE and ethanol. It is discovered
that toluene possess the best extraction effect, and the asphalt recovery
is more than 96% after second extraction. The various composite sol-
vents, including toluene@xylene, toluene@THF, toluene@PE, and
toluene@ethanol, are used to recover asphalt from oil-wetted Iranian
oil ores. It is found that composite solvents perform much better than
single solvent in separating asphalt from Iranian oil ores, and compos-
ite solvents (toluene@xylene) possess more strong ability in recovering
asphalt than other three composite solvents. In addition, it is observed
that the volume ratio of composite solvents is 1:1, the most asphalt is
recovered from Iranian oil ores. No matter single solvent or composite
solvents is used to recover asphalt from unconventional oil ores, more
than 95% of the solvent can be recovered. It is also found that increas-
ing the extraction times is proven to significantly enhance the asphalt
recovery. Therefore, solvent extraction method is the potential choice
to recover asphalt from unconventional oil ores. Indeed, our previous
research results also showed that switchable solvent and amino acid
ionic liquids have excellent performance in the separation of unconven-
tional oil ores, and in the removal of residual solvents by gas bubbling
method. As a result, in order to promote the industrialization process
of solvent extraction in recovering asphalt from unconventional oil
ores, we suggest that future studies modify the two kinds of green sol-
vents, further improve the asphalt extraction rate and optimize the gas
bubbling method process parameters.
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