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Introduction

In recent years, new pyrolysis methods have been
proposed for the production of oil from oil shales [1].
The use of electromagnetic wave technology in the
oil industry has been greatly developed in the last few
years, and many leading companies in the world are
trying to use this technology [2]. Microwave heating
has advantages over conventional heating, such as
energy savings, time, uniform heating, and selective
heating, which affects some materials more [3]. In
the extraction method using hot recycled solids, heat
is transferred to the oil shale by hot solid particles,
usually oil shale ash. In direct heating, a rotary kiln is
used for this process. In addition, the decomposition
of oil shale at a temperature of 500 °C is completed
through recycled particles, and gas, gas condensate,
and produced oil are separated from the solids [4].
Moreover, Zhou et al. showed that if the water/shale
ratio in the oil shale sample is 3, the maximum amount
of shale oil can be extracted at a temperature of 365
°C, which varies in different percentages. However,
according to the experiments conducted by Zhao et
al., oil shale is produced when the temperature reaches
above 366486 °C [5, 6]. In this study, the effect of
ash and moisture on oil extracted from oil shale by
microwave heating was investigated and compared
with direct heating.

Materials and Methods
In each stage of the experiment, 30 g of oil shale
powder from the Serglou Formation located in the
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carpet of Lorestan Mountain with a grain size of 4 mm
was used. The oil shale samples were irradiated once
by conventional heating and once by using microwaves
to extract the produced oil-shale from them. For this
purpose, the Fisher device developed with microwaves
with a frequency of 2450 kHz and conventional heating
was used. The power of the machine was set at 900 W
and heated up to 700 oC (coking temperature) [7].
The amount of saturated, aromatic, resin and
asphaltene (SARA) compounds of oil-shale was
determined in each stage by ASTM D-4124 and IP-
143 methods. The amount of elemental compounds of
the produced oil-shales, including their carbon, sulfur,
nitrogen and oxygen elements, were also measured
using the Vario Max-CHNS elemental device (ASTM
D5453) - (ASTM D4294). Also, some compounds and
bonds and bonds of the produced oil shale were also
determined using Fourier transform infrared (FTIR)
and nuclear magnetic resonance (NMR) methods [8].
The Fourier transform infrared spectrometer was
measured using a Vortex 70 FTIR device made by
Bruker, Germany. The basis of the device’s work is that
first the sample under test must be prepared and placed
in the place where the sample is placed. The liquid
sample (such as crude oil extracted from oil shale) is
placed as a drop between two sodium chloride tablets.
Sodium chloride is off at the frequency between 650-
4000 cm'. As a result, they will not have an effect on
the test. Then, based on the irradiation of PO light and
the exit of light with intensity P from the sample, the
device calculates the wavelength of light and the



percentage of light passing through the sample and by
applying the Fourier transform, it outputs the spectrum
of the desired sample.

In order to investigate the presence and arrangement
of hydrogen and carbon in the aromatic rings and
aliphatic chains of the crude oil sample extracted
from oil shale, two types of 1H-NMR and 13C-NMR
nuclear magnetic resonance tests were used.

To prepare the sample, 40 mg of the sample was
poured with 1 cc of deuterated chloroform solvent into
a test tube with a diameter of 0.5 cm and shaken. After
mixing the sample, the test tube was placed in the space
of the two poles of the magnet and was rotated by the
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fast air flow so that the sample becomes uniform. The
nuclear magnetic spectrum is ultimately based on the
measurement of electromagnetic radiation in the radio
frequency region.

Results and Discution

In the microwave irradiation process, the presence
of ash increases oil recovery. Also, the amount of oil
produced is directly related to the weight of ash; in this
way, an increase in the ash present leads to an increase
in the amount of oil produced. However, such a trend
does not apply to the conventional heating process.
Table 1.

Table 1 oil extracted from oil shale sample by conventional and microwave heating in the presence of ash.

Sample conventional heating Microwave heating
Oil shale 59 4.7
Oil shale & 25% Ash 6.3 4.9
Oil shale & 50% Ash 6.4 4.5

Qualitatively, there is an optimum value in microwave
heating due to the increase in carbon and decrease
in sulfur, but in conventional heating, increasing the
weight of ash does not improve, Fig 1.

From the perspective of saturated, aromatic, resin and
asphaltene fractions, there is also an optimum value for
microwave heating, in which the asphaltene fraction
is minimal and the saturated fraction is maximal. In
conventional heating, increasing the weight of ash
does not show improvement in the fractions Fig 2.
The results of FT-IR, C&H-NMR spectra also confirm

that in microwave heating, with increasing ash weight,
aliphatic groups first increase and then decrease, and
this is accompanied by a decrease and increase in the
length of aliphatic chains. The aromatic group indices
are also accompanied by a decrease and increase. All of
which confirm the optimal value in microwave heating.
In conventional heating, not only the aliphatic group
index and chain length have not improved, but the
aromatic groups and their entanglement have always
increased. This indicates the lack of a constructive role
of ash in improving the extracted oil in conventional
heating, Table 2.
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Fig. 2 SARA Analysis of produced oil by ash in conventional and Microwave heating.

Table 2 Base on CNMR & HNMR , Average molecular property of produced oil in the presence of ash and Microwave heating.

Sample C, C, £ n, n, 9 o T

Microwave Base 37.98 | 62.02 | 0.62 | 3.86 | 0.34 0.28 |2.19 |2.42]0.536
Microwave Ash 25% 43.49 | 56.51 | 0.56 | 3.3 [0.32 0.21 |2.53 |2.15]0.509
Microwave Ash 50% 31.89 | 68.11 | 0.68 | 3.49 | 0.32 0.19 |3.03 291 |0.614

C,: Sum of aliphatic area component

C,.: Sum of Aromatic area component

nl: No. of carbon in alkyl (paraffin) group
f : Aromatic fraction (f +f =1)

9: Aromatic Condensation Index
T: Substituent rings

®: Aromatic condensation degree
As: peripheral aromatic carbon

The presence of moisture in the microwave heating
process is not beneficial and causes a decrease in
the extracted oil. Although this has improved the
efficiency in conventional heating. Qualitatively, it
is evaluated positively due to the increase in carbon
content and the decrease in sulfur in microwave
heating, but in conventional heating, adding moisture
is not an improvement, Fig 3.
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Fig. 3 Elemental analysis of extracted oil from oil shale
by conventional and microwave heating in the presence of
water.

From the perspective of saturated, aromatic, resin and
asphaltene fractions, for microwave heating, asphal-
tene fraction does not change significantly and satura-
tion fraction also decreases. Moreover, in conventional
heating, adding moisture causes a decrease in saturated
fraction and an increase in asphaltene fraction, which
indicates that moisture is not effective, Fig. 4.
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Fig. 4 SARA Analysis of extracted oil from oil shale by con-
ventional and microwave heating in the presence of water.



Theresults of FT-IR and C&H-NMR spectra indicate that
in both heating conditions, aliphatic groups are reduced
and aromatic ring indices are increased. Therefore, the
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overall results confirm the ineffectiveness of moisture
in heating processes, Table 3.

Table 3 Average molecular indices calculated from CNMR and HNMR spectra for crude oil extracted from oil shale by con-

ventional and microwaves heating in the presence of water.

Sample C, C, f n, n, 9 ® T
Microwave Base 37.98 | 62.02 | 0.62 |3.86 | 0.34 0.28 |2.19 | 2.42 | 0.536
Microwave 2.9% water 32.68 | 67.3210.67 |3.33 |0.33 021 |3.12 | 2.87 | 0.597
Conventional Base 28.19 | 71.81 | 0.71 4.7 |0.37 029 | 2.22 | 2.46 | 041
Conventional 2.9% water | 24.52 | 75.84 | 0.75 | 5.94 | 0.37 0.44 |2.72 | 2.89 | 0.49

C,: Sum of aliphatic area

component
C - %um of Aromatic area 9: Aromatic Condensation Index
commponent T: Substituent rings
nl: No. of carbon in alkyl ®: Aromatic condensation degree
(paraffin) group ) As: peripheral aromatic carbon
f: Aromatic  fraction
(fal+far:l)
Conclusions Regarding the saturate, aromatic, resin, and asphaltene

During the microwave irradiation process, the presence
of ash enhances oil recovery. Furthermore, the amount
of oil produced is directly related to the weight of the
ash; specifically, an increase in the amount of ash leads
to an increase in oil yield. However, this trend does not
apply to the conventional heating process.

Regarding the saturates, aromatics, resins, and
asphaltenes fractions, there exists an optimal
microwave heating level at which the asphaltene
fraction reaches a minimum and the saturate fraction
reaches a maximum. In conventional heating,
an increase in ash content does not result in an
improvement in the fractions.

Results from FT-IR and '"H-NMR spectra confirm that
during microwave heating, as the ash content increases,
the abundance of aliphatic groups initially rises and
then falls—a trend accompanied by corresponding
changes in aliphatic chain length. Aromatic group
indices also exhibit similar fluctuations, all of
which point to an optimal level for the microwave
heating process. In contrast, under conventional
heating, neither the aliphatic group indices nor the
chain lengths show improvement; instead, aromatic
groups and their degree of entanglement consistently
increase. This indicates that ash plays no constructive
role in enhancing the quality of the oil recovered via
conventional heating.

The presence of moisture during microwave heating is
detrimental, resulting in a reduction of recovered oil,
whereas in conventional heating, it actually improves
efficiency. Qualitatively, however, microwave heating
yields positive results—specifically an increase
in carbon content and a decrease in sulfur—while
the addition of moisture offers no such benefit in
conventional heating.

fractions, microwave heating results in no significant
change to the asphaltene fraction, while the saturate
fraction decreases. In contrast, during conventional
heating, the addition of moisture leads to a reduction in
the saturate fraction and an increase in the asphaltene
fraction, indicating that moisture is ineffective in this
context.
The results obtained from FT-IR and 'H-NMR
spectra indicate that, under both heating conditions,
aliphatic groups decreased while aromatic ring indices
increased. Consequently, the collective results confirm
that moisture does not play a significant role in the
heating processes.

Nomenclatures
FTIR: Fourier Transform Infrared
NMR: Nuclear magnetic resonance
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Table 1. oil extracted from oil shale sample by conventional and microwave heating in the presence of ash

Sample Conventional heating Microwave heating
Oil shale 5.9 4.7

Oil shale & 25% Ash 6.3 4.9

Oil shale & 50% Ash 6.4 4.5

1.Ash
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Fig. 1 Component of produced oil by ash in conventional and Microwave heating.
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Fig. 3 FTIR of produced oil under microwave irradiation in the presence of ash.
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1.0-H Stretching Vibration

2. C-O Stretching Vibration

3. C-H Symmetric And Asymmetric Stretching Vibration
4. Substituent Rings
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Fig. 4 FTIR of produced oil under conventional heating in the presence of ash.
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Fig. 5 H-NMR of produced oil under microwave irradiation in the presence of ash.
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Fig. 6 C-NMR of produced oil under microwave irradiation in the presence of ash.
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Table 2 Base on CNMR & HNMR , Average molecular property of produced oil in the presence of ash and Microwave heating.

Sample C, C, f n, n, 9 ® A T
Microwave Base 37.98 | 62.02 0.62 3.86 0.34 0.28 2.19 242 | 0.536
Microwave
43.49 | 56.51 0.56 33 0.32 0.21 2.53 2.15 0.509
Ash 25%
Microwave Ash 50% 31.89 | 68.11 0.68 3.49 0.32 0.19 3.03 291 0.614
C,;: Sum of aliphatic area component 9: Aromatic Condensation Index
C,: Sum of Aromatic area component nl: T: Substituent rings
No. of carbon in alkyl (paraffin) group ®: Aromatic condensation degree
f : Aromatic fraction (f +f =1) As: peripheral aromatic carbon
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Fig. 7 H-NMR of produced oil with and without ash by conventional heating.
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Fig. 8. C-NMR Spectrum of three produced oil samples under electron linear accelators or conventional microwave heating

in the presence of ash.
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Table 3. Base on CNMR & HNMR , Average molecular property of produced oil in the presence of ash and conventional

heating.
Sample C, C, £ n, n, 9 ® A, T
Conventional Base 28.19 | 71.81 0.71 4.7 0.37 0.29 222 2.46 0.41
Conventional Ash 25% | 25.76 74.24 0.74 5.5 0.4 0.47 2.68 2.84 0.42
Conventional Ash 50% | 21.46 | 78.54 0.78 5.8 0.4 0.53 3.05 3.36 0.47

C,: Sum of aliphatic area component
C,.: Sum of Aromatic area component
nl: No. of carbon in alkyl (paraffin) group
£ : Aromatic fraction (f +f =1)

9: Aromatic Condensation Index
T: Substituent rings
®: Aromatic condensation degree

As: peripheral aromatic carbon
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Table 4 oil extracted from oil shale sample by conventional and microwave heating in the presence of water.

Sample Microwave Heating Conventional heating
Oil Shale 45
Oil Shale
With 4.7
2.9 wt% water
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Fig. 9 Elemental analysis of extracted oil from oil shale by conventional and microwave heating in the presence of water.
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2. S-H Stretching Vibration
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Fig. 11 FTIR spectrum of extracted oil by conventional and microwave heating in the presence of water.
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Fig. 12 HNMR spectrum of oil extracted from oil shale formation by conventional and microwave heating in the presence of
water.
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Fig. 13 CNMR spectrum of extracted oil from oil shale by conventional and microwave heating in the presence of water.
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Table 5 Average molecular indices calculated from CNMR and HNMR spectra for crude oil extracted from oil shale by con-

ventional and microwaves heating in the presence of water.

Sample C, C, f n, n, 9 ® A, T

Microwave Base 3798 | 62.02 | 0.62 3.86 0.34 0.28 2.19 2.42 0.536
Microwave 2.9% water 32.68 | 67.32 | 0.67 3.33 0.33 0.21 3.12 2.87 0.597
Conventional Base 28.19 | 71.81 | 0.71 4.7 0.37 0.29 222 2.46 0.41
Conventional 2.9% water 2452 | 75.84 | 0.75 5.94 0.37 0.44 2.72 2.89 0.49

C,: Sum of aliphatic area component 9: Aromatic Condensation Index

C,.: Sum of Aromatic area component T: Substituent rings
nl: No. of carbon in alkyl (paraffin) group ®: Aromatic condensation degree
f : Aromatic fraction (f +f =1) As: peripheral aromatic carbon
SIS, 53 aBlige gmg Sole L (0 o S 5 A

Jsb 5 (Sladl slaog S (arlis Les a0 oo
Sy, glwog,5 aSly olaidls S5 0 )2
Ol ezl l8le e LT (S iien o g
i Syt 3 ST ol i e 5 S
Al oo (Je—aro 200 )| 000l Jlas
gl Lo (o0l ail$ o b 052y
Jlazwl cdi jials caw g 0990 dbo 59,01
Fose D)l 3 ol ) 4z ST Bl oo 00
oS blad an cwl oans 5 o]y 09y o
s3ilw ials 5 )8 jlade iolilan a g L
i S—ie 99,0k gle—l L (2ol o
Cosb, (59958l (Joene (230, 0 (Jg 00,5 oo
Al o 00— Sgps

orlil 5 0y «Slog | el sla by olSas
e el (5 59,Sale Ly (2o sl
b s ialS o LBl A g ol (e L
ol e Ssb) o558l (Jgane (20> o
a8 03,5 o0 el (3 ilidl g el i
Ll Csb ) 09 S50 Sl

ol FTIR «C&HNMR Lol 5l Jol> zls
Slwog )3 (2o, > el g0 o 0 a S 0SS
Ssilog,] glpdil> sl ozl 5 ials Ssla]
g pie Age ol faazs i alazily il
b ge (@00l slaanlb e coygb 05

. "..: 2 .09_:’@ - I J - ‘ .‘)5‘ o

e alaily S 059 L gody ood (e
i ol plS o iollas g b oasls
IO a il egad 1 oy iz Jl>

Gl g S il e Az g L aeS blad 4y
glo—l Lo (2o )= )0 oy Jlade jodls
Jy—ore (23D > 50 (Jg o)l 3925 999,500
Al oo 00ps 3p e S (339 Al B

5 oty S—legl eelil sla iy oFas
L ool (sl g ke S s olla]
aiaS ol Gy O 30 45 0l 0525 59,500
S oo gy ) e a iy elal By g
) ot SB35 Gl (Jg—ene (200>
e oo et e o

FTIR «C&H-NMR Lol 5 ol xobs
sm9le Lo (200l > 0 a0 uS (e 0l s
S—ladl glmeg 5l m Sl 55 Gimliél Lo
Lol sl (il g aisli g0 (2S5 2l
ol (Sadl glmo ooy Jobo (iml3l 5 tnls
Al L ol pan 5 (Silog)l 09,5 slo ezl
e e dge (Sop a5 Bl oe il



Oy 9 (5590 e v Caghy g S50 g (o) 2

&l
[1]. Mutyala, S., Fairbridge, C., Paré, J. J., Bélanger, J. M., Ng, S., & Hawkins, R. (2010). Microwave
applications to oil sands and petroleum, A review, Fuel Processing Technology, 91(2): 127-135, doi.org/10.1016/j.
fuproc.2009.09.009.
[2]. Zhu, J., Yang, Z., Li, X., Qi, S., Fang, Q., & Ding, Y. (2019). The experimental study of microwave heating
on the microstructure of oil shale samples. Energy Science & Engineering, 7(3), 809-820. doi.org/10.1002/
ese3.311Digital Object Identifier (DOI).
[3]. Wang, Z., Deng, S., Gu, Q., Cui, X., Zhang, Y., Gorelick, S., Wang, H. (2019). Subcritical water extraction
of Huadian oil shale under isothermal condition and pyrolysate analysis, Energy & fuels, 28(4): 2305-2313, doi.
org/10.1021/ef5000062.
[4]. Zendehboudi Sohrab, Shale Oil and Gas Handbook, ISBN: 978-0-12-802100-, 2017 Elsevier Inc.pp 334.
[5]. Zhu, J., Yang, Z., Li, X., Wang, N., & Jia, M. (2018). Evaluation of different microwave heating parameters
on the pore structure of oil shale samples. Energy Science & Engineering, 6(6), 797-809. doi.org/10.1002/
ese3.253Digital Object Identifier (DOI).
[6]. Zhao, L., Yang, D., Kang, Z. Q., & Zhao, Y. S. (2015). Gas generation law of oil shale heated by superheated
steam. Journal of Taiyuan University of Technology, 46(3), 323-326.
[7]. Naderi, H., Shekarifard, A., & Taheri Shakib, J. (2024). Investigating the Effects of Heating Rate and
Granulation on Extracted Oil-Shale using Microwaves and Conventional Heating Methods. Journal of Petroleum
Science and Technology, 14(1), 71-84. DOI:10.22078/jpst.2024.5375.1928.
[8]. Tong, J., Han, X., Wang, S., & Jiang, X. (2011). Evaluation of structural characteristics of Huadian oil shale
kerogen using direct techniques (solid-state 13C NMR, XPS, FT-IR, and XRD). Energy & fuels, 25(9), 4006-
4013.
[9]. Reddy, B. R., Ashok, I., Vinu, R. (2025). Preparation of carbon nanostructures from medium and high ash
Indian coals via microwave-assisted pyrolysis. Advanced Powder Technology, 31(3), 1229-1240.
[10]. Taheri-Shakib, J., Shekarifard, A., & Naderi, H. (2017a). The experimental investigation of effect of
microwave and ultrasonic waves on the key characteristics of heavy crude oil, Journal of Analytical and Applied
Pyrolysis, 128, 92-101, doi.org/10.1016/j.jaap.2017.10.021.
[11]. Taheri-Shakib, J., Shekarifard, A., & Naderi, H. (2017b). The experimental study of effect of microwave
heating time on the heavy oil properties: Prospects for heavy oil upgrading, Journal of Analytical and Applied
Pyrolysis, 128, 176-186, doi.org/10.1016/j.jaap.2017.10.012.
[12]. Taheri-Shakib, J., Shekarifard, A., & Naderi, H. (2018a). Experimental investigation of comparing
electromagnetic and conventional heating effects on the unconventional oil (heavy oil) properties: Based on
heating time and upgrading, Fuel, 228, 243-253, doi.org/10.1016/j.fuel.2018.04.141.
[13]. Naderi H., Shekarifard A., Taheri Shakib, J. (2023) Considering and assessing electron accelerators'
approaches on the amount and quality of the produced oil from Iran's oil shail sample, Petroleum Research, 129,
2023, 43-57.



