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Abstract. Oil shale was liquefied in supercritical ethanol in an autoclave.
The effects of reaction temperature and residence time on the liquefaction of
oil shale were studied. The optimum conditions for liquefaction were 360 °C
and 210 min, which gave a shale oil yield of 18.15 wt%. According to
Fourier transform infrared spectroscopy (FT-IR) and gas chromatography-
mass spectrometry analysis (GS-MS), the main components of shale oil were
alkanes and alcohols, accounting for about 39% of the total. Shale oil
exhibited a high heating value of 37.72 MJ/kg with a water content of
0.4 wt% and a total acid number of 77.0 mg KOH/g oil.

Keywords: oil shale liquefaction, supercritical ethanol, reaction temperature,
residence time.

1. Introduction

The contradiction between oil supply and demand represents a problem for
global energy requirements. Therefore, it is very important to look for an
abundant substitute, and oil shale is one such source that may be the most
ideal alternative. Oil shale is a sedimentary rock which contains combustible
organic matter. It has been listed as an important resource to replace oil in
the 21st century. Furthermore, it has been reported that the reserves of oil
shale are about 10 trillion tons in the world, which is equivalent to
500 billion tons of shale oil. The reserves of oil shale in China are about
719.9 billion tons, which is equivalent to about 47.6 billion tons of shale oil,
which is much higher than its proven oil reserves [1-3]. At present, oil shale
is utilized in four major ways, including low-temperature carbonization to
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obtain shale oil, gasification to produce gas, manufacture of building
materials, and burning directly as a fuel.

Sub-supercritical liquefaction is an efficient thermal conversion technol-
ogy, which has been a hot topic in biomass and coal thermal conversion
technology research in recent years. Ethanol is a renewable organic solvent
and can provide active hydrogen in the liquefaction process. The reaction
conditions utilizing supercritical ethanol are mild, and the requirement for
costly equipment is minimal [4, 5]. Therefore, the study of liquefaction
technology in sub-supercritical ethanol has been attracting significant atten-
tion recently. Xu and Donald [6] studied the liquefaction of peat in super-
critical ethanol, and the results showed that the oxygen and nitrogen contents
were significantly reduced in the liquefied oil. Tao et al. [7] investigated the
liquefaction behavior of corn stalks in sub-supercritical ethanol. The results
demonstrated that when the reaction temperature was 320 °C, the yield of
heavy oil was 13.8% and that of the solid residue was 17.8%. The free
radicals in ethanol promoted the reaction of cellulose present in corn stalks
and inhibited the formation of more residues. Zheng et al. [8] studied the
liquefaction of straw in supercritical ethanol. It was found that ethanol
showed good performance in heat transfer and dissolution, and afforded a
steady hydrogen supply. Moreover, the higher concentration of ethanol could
effectively inhibit the formation of the residues and gases during liquefaction
of the straw and significantly improved the yield of the liquefied oil. Zhou et
al. [9] pointed out that the liquefied oil obtained by using either alcohols or
water as solvent differed in composition. The composition of the liquefied
oil obtained from alcohol was similar to that of biodiesel.

Reports on the liquefaction of oil shale in ethanol for shale oil production
are rare. The purpose of this study was to elucidate the effects of various
reaction conditions on the liquefaction of oil shale. It was expected that the
results would help better understand the mechanism of oil shale liquefaction,
which could provide a reference for the utilization of liquefied oil shale in
the future.

2. Materials and methods
2.1. Materials and reagents

The oil shale samples were collected from Fushun, Liaoning Province,
China. The samples were ground and passed through a 0.25 mm screen.
Anhydrous ethanol (99.7%) was employed as the reactant and acetone
(99.5%) was used as the washing solvent. Both ethanol and acetone were of
analytical grade purity (Tianjin Kemiou Chemical Reagent Co., Ltd., China).
All of the chemicals were commercially available and used as received
without further purification. The results of proximate and ultimate analyses
of oil shale are summarized in Table 1.
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Table 1. Proximate and ultimate analyses of oil shale

Proximate analysis, % Ultimate analysis, %
Mad Aad Vad Fcad N C H S Oa
1.81 79.25 17.58 1.35 1.01 | 12.09 | 2.53 | 0.52 2.79

20%=100—(C+H+N+S+ Ay + M, )%.

2.2. Liquefaction process and product separation

All the liquefaction experiments were carried out in an autoclave of 500 mL
capacity. The autoclave was equipped with a magnetic stirrer to allow oil
shale to mix well with ethanol. The autoclave was also equipped with a
temperature controller with an accuracy of +0.5 °C. During the experiment,
the temperature and pressure data were recorded by computer.

For the liquefaction process, 20 g of oil shale and 200 mL of ethanol
were added to the autoclave, which was then sealed and purged with N, to
remove the air. The autoclave was heated to the desired temperature (280—
360 °C) by an external jacket heater at a heating rate of 4 °C/min for desired
residence times (30-270 min). Upon completion, the jacket was unloaded
and the reactor was cooled to room temperature using a fan. The exhaust
valve was opened to collect the gas. Next, the reactor was opened and the
mixtures were poured out. Ethanol and acetone were used to clean the inner
wall and pipeline to obtain the mixture of the organic liquid and the residue.
The mixture was then filtered under vacuum to obtain the organic phase and
the remaining solid. The organic phase was evaporated under vacuum at
80 °C to obtain shale oil. The solid was dried at 105 °C for 12 h and its yield
was quantified.

2.3. Analytical methods
2.3.1. Physicochemical characteristics

The water content of shale oil was determined using the SYD-2122C Coulo-
metric Karl Fischer titrator (Shanghai Changji, China), which follows the
ASTM D6304-07 [10].

The total acid number (TAN) of shale oil was determined by the SYD-
264B Automatic Total Acid Number tester (Shanghai, Changji), which
follows the ASTM D664 protocol, together with the potentiometric titration
method [11].

Elemental compositions (C, H, O, N) of oil shale and shale oil were
determined by a CHONS elemental analyzer (EA3000, Italy).

The conversion of oil shale was described as follows:

m,_ —-m,
. 1shal d
Conversion = ———— = X100% . )
Miishale

The yield of shale oil was obtained using the following equation:
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Yield, = mmoi‘ x100%. @)
oilshale

The yield of residue was found by Equation (3) as follows:

Yield, ., . = residue 1000, 3)

oilshale

residue

The higher heating value (HHV) was calculated using the Boie formula
(Eq. 4) [12]:

HHV(MJ -kg ™) =0.3516C +1.16225H — 0.11090 + 0.0628N + 0.10465S.
4)

In the above equations, Myj shates Mol aNd Myesique Tefer to the masses of oil
shale, shale oil and residue, respectively; C, H, O, N and S refer to the mass
fractions of the respective elements.

2.3.2. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) was performed on the
Thermo Scientific Nicolet iS50 spectrometer (USA) to determine the func-
tional groups in shale oil over the spectral range of 4000-500 cm ' with a
resolution of 4 cm'. A background scan was performed under ambient
atmosphere prior to all measurements.

2.3.3. Gas chromatography-mass spectrometry

Shale oil was analyzed via gas chromatography-mass spectrometry (GC-MS)
by using Shimadzu’s GC/MS-QP5050 (Japan). Helium was used as the
carrier gas at a flow rate of 20 mL/min and the split ratio was 1:36. A DB-1
column (30 m x 0.25 mm % 0.25 um) was used for the separation. The oven
isothermal program was set at 28 °C for 3 min, followed by heating to
180 °C at a rate of 5 °C/min and, subsequently, to 280 °C at 10 °C/min for
10 min. The volume of the injected sample was 1 pL and the scanned masses
ranged from 20 to 500 amu in the electron ionization (70 ¢V) mode.

3. Results and discussion
3.1. Reaction temperature

The effect of reaction temperature on the yield of shale oil is shown in
Figure 1. From the figure it can be seen that the reaction temperature was the
main factor affecting the yield of shale oil. The temperature range of the
experiment was 280-360 °C.
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Fig. 1. Effect of reaction temperature on shale oil yield.

With the increase in liquefaction temperature, the shale oil yield and
conversion ratio gradually increased. The shale oil yield increased from 0.83
to 8.47 wt% when the temperature was increased from 280 to 360 °C. The
initial stage of oil shale decomposition was observed to take place at lower
temperatures. The softening of kerogen and recombination of molecules
produced asphalt and resulted in lower shale oil yield while the residue yield
was high. With increase in the reaction temperature, the further decomposi-
tion of kerogen and cracking of bitumen contributed to production of shale
oil and gas [13, 14]. With increasing temperature, the conversion ratio of oil
shale increased gradually from 6.65 to 12.45 wt%. Furthermore, the residue
yield decreased from 93.35 to 87.55 wt%, indicating a higher degree of the
decomposition of oil shale. Therefore, the optimum liquefaction temperature
was determined to be 360 °C.

3.2. Residence time

Residence time is also a key factor that affects the yield of shale oil. The
effect of residence time on shale oil yield at 360 °C is illustrated in Figure 2.
With increasing residence time, the yield of shale oil gradually increased and
the maximum yield was 18.15 wt% at 210 min. As the residence time
continued to increase, the yield of shale oil decreased. With shorter residence
time, the primary reaction of the fractures and recombination of the cross-
linking bonds in kerogen were incomplete. With increasing residence time,
the decomposition of kerogen progressed further and the shale oil yield
gradually increased to its maximum. With the further increase in the
residence time, a secondary reaction of kerogen became predominant. In this
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Fig. 2. Effect of residence time on shale oil yield.

reaction, the shale oil molecules underwent cleavage and polyreactions,
while also releasing small molecules of gas, which reduced the yield of shale
oil [15-17]. Thus, the experimental results showed that the optimum
residence time was 210 min at a temperature of 360 °C.

3.3. Analysis of shale oil
3.3.1. FT-IR analysis

The distribution of main functional groups of shale oil was analyzed by
FT-IR spectroscopy. The FT-IR spectrum of shale oil obtained under the
optimized liquefaction conditions (360 °C, 210 min) is shown in Figure 3.
FT-IR can provide information about the functional groups, the aliphatic and
aromatic ring structures, and the aromatic organic composition of shale oil.
The position and intensity of the absorption peaks depend on the number of
functional groups of the compounds and the form and total amount of
specific chemical bonds [18].

The absorbance peaks between 3650 and 3000 cm ™' were attributed to the
—OH stretching vibrations. The detection signal of these peaks was wide and
strong, indicating that alcohols and phenolic compounds were produced after
liquefaction of oil shale. The peaks between 3000 and 2700 cm ' were
caused by the C—H stretching, bends and deformations in the methyl and
methylene groups. This observation indicated the presence of aliphatic and
alkyl aromatic compounds. A very small absorbance peak occurred in the
region between 2500 and 2000 cm ', which was attributed to the stretching
vibration of the alkynyl moiety. The absorbance peaks between 1700 and
1500 cm ' were assigned to the C=0 and C=C stretching vibrations. Thus, it
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Fig. 3. Fourier transform infrared spectroscopy of shale oil.

was concluded that there were alkynes and olefins compounds in shale oil.
The vibrational absorption peaks of the C—O group appeared at 1300 and
910 cm ', indicating that shale oil contained alcohols and ester compounds.
The absorption peaks below 910 cm ™' could be attributed to the C—H vibra-
tions in aromatic compounds and their derivatives. These results showed that
shale oil contained alcohols, phenols, esters, ketones, olefins, carboxylic
acids, aldehydes, and other compounds.

3.3.2. GC-MS analysis

The GC-MS analysis of shale oil was carried out under the optimum lique-
faction conditions, at 360 °C and for 210 min. A total of 60 species were
detected in shale oil, of which compounds with the relative content higher
than 0.5% accounted for 59.97% of the total. Most of these species were
identified as hydrocarbons and either chain or cyclic oxygen-containing
compounds, with different mass fractions, from 2 to 44 carbon atoms. At the
same time, the compounds contained the alcohol hydroxyl, aldehyde,
carbonyl, carboxyl, ester and other functional groups (Fig. 4). The alkane
content in shale oil was 30.38%. The species of alkanes and the distribution
of carbon numbers are displayed in Table 2.

The second largest component was alcohols (8.77%), followed by esters,
ketones, olefins, carboxylic acids and aldehydes. The compounds with the
highest content were n-tridecane and n-octacosane. These two compounds
may be obtained from the decomposition and polycondensation of kerogen
in oil shale because kerogen typically contains a large number of aliphatic
and aromatic compounds [19]. In addition, the main esters in shale oil were
ethyl hexanoate and ethyl octanoate. The ketones were primarily aliphatic
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ketones such as 2-octanone and 2-decanone. Furthermore, the heteroatomic
compounds were mainly oxygenated. Also, nitrogen and chlorine compounds,
such as 3-chlorooctane and 4-n-pentylpyridine, were present in small amounts.

35

N

i NLE.

T
Alkanes Alcohols Esters Ketones Olefins Acids Aldehydes

Fig. 4. Relative content of various substances in shale oil.

Table 2. GC-MS analysis of alkanes in shale oil

No RT Compound Formula Area, %
1 16.564 Cyclopropane, 1-heptyl-2-methyl Ci i Hx 0.68
2 18.794 Cyclohexane, pentyl- Ci1Hp 0.74
3 19.301 5-Ethyldecane C,Has 1.03
4 19.458 Undecane, 3,7-dimethyl- Ci3Hog 0.54
5 19.646 2,6-Dimethyldecane Ci1oHye 2.42
6 19.943 Undecane, 3,4-dimethyl- Ci3Hyg 0.78
7 20.097 3,8-Dimethyldecane CoHye 1.11
8 21.054 Bicyclo[4.1.0]heptane, 7-pentyl- CoHn 0.58
9 22.031 Cyclohexane, hexyl- CioHyy 0.64
10 22.644 Octane, 4-methyl- CoH,o 0.81
11 22.959 Undecane, 3-ethyl- Ci3Hog 0.6
12 23.101 Dodecane, 3-methyl- Ci3Hog 0.67
13 23.809 Undecane, 6-ethyl- Ci3Hyg 1.02
14 23.945 Tridecane Ci3Hyg 3.98
15 25.091 Undecane, 3,5-dimethyl- Ci3Hyg 1.26
16 25.286 Undecane, 4-ethyl- Ci3Hyg 0.74
17 25.469 5-Methyltridecane Ci4Hzg 0.56
18 25.786 Dodecane, 2,6,11-trimethyl- CisHsp 0.85
19 25.925 3,8-Dimethyldecane CoHye 0.68
20 31.799 Pentadecane CisHs, 3.21
21 35.981 Eicosane CyoHyo 1.85
22 40.037 Pentadecane, 8-heptyl- CyoHye 0.91
23 43.007 Octacosane CygHsg 3.38
24 44.841 Dotriacontane Cs,Hgg 0.71
25 45.89 Tetratetracontane Cy4Hog 0.63
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3.3.3. Characteristics of shale oil

The physicochemical characteristics of shale oil are important reference
indicators for the design, evaluation and selection of the conveying device
and the shaping of the treatment device. Furthermore, these parameters have
a direct impact on the application scope and utilization efficiency of shale
oil. Therefore, the water content, TAN and HHV of shale oil were
determined and ultimate analysis was performed under the optimal lique-
faction conditions. These results are presented in Table 3.

Table 3. Characteristics of shale oil

Characteristic Shale oil
Physicochemical Water content, wt% 0.4
characteristics TAN, mg KOH/g oil 7.0
HHV, MJ/kg 37.72
C, % 77.01
H, % 9.96
Ultimate analysis 0,%* 10.27
N, % 2.06
S, % 0.70

# Calculated by difference.

Water content can directly affect the HHV and flame temperature of shale
oil. The water content of shale oil was found to be 0.4 wt%. Furthermore, the
shale oil was acidic and its TAN was 77.0 mg KOH/g oil. The HHV of shale
oil (37.72 MJ/kg) was higher than that of bio-oil derived from lingo-
cellulosic biomass [4]. The contents of C and H were also relatively high;
the H/C atomic ratio was 1.55 and the O/C atomic ratio was 0.10.

4. Conclusions

The reaction temperature and residence time during the liquefaction process
of oil shale had a significant effect on the yield of shale oil. The optimum
operating conditions were the following: liquefaction temperature 360 °C
and residence time 210 min. Fourier transform infrared spectroscopy and gas
chromatography-mass spectrometry analyses showed that the main compo-
nents of shale oil were alkanes and alcohols, which accounted for about 39%
of the total. The higher heating value of shale oil was 37.72 MJ/kg and its
water content was 0.4 wt%. This study demonstrated that shale oil could be
obtained when oil shale was liquefied using supercritical ethanol, which
provided a new method for oil shale utilization.
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