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Abstract

This study explores the co-pyrolysis of low-rank coal with heavy oil to address challenges in processing high-viscosity crude
oil. Various coal-to-oil ratios were tested to evaluate yield and thermal behavior. Adding 20-80% heavy oil increased tar and
gas yields by 50.69% and 10.39%, respectively, while reducing semi-coke yield by 61.08%. The presence of heavy oil lowered
peak decomposition temperatures in DTG spectra and intensified corresponding peaks, indicating enhanced reactivity. A
positive synergistic effect was observed at 80% oil addition, while 20-60% additions showed a negative effect. This synergistic
effect was confirmed by TG-DTG-DSC analysis, revealing maximum weight loss and loss rates at 80% oil. Tar composition
shifted, with a 20.64% rise in aromatic hydrocarbons and decreases in alkanes, olefins, and phenols by 9.76%, 2.44%, and
2.71%, respectively. Gas analysis showed increased H,, CHs, and C,Hm, with lower CO and CO; levels, likely due to hydrogen
from oil reacting with coal's oxygen groups via hydrogenolysis. These findings suggest that co-pyrolysis with heavy oil
enhances product yield and quality, offering a promising route for upgrading heavy crude oil.
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1. Introduction

The coal industry of Kazakhstan is one of the most prominent
sectors of the national economy. According to statistical data,!!!
as of 2020, Kazakhstan ranked 10th globally in terms of coal
reserves. However, a critical issue remains the practical
utilisation of low-rank coal (LRC), which is limited due to its
unfavourable characteristics. Low-rank coals, typically
lignites or sub-bituminous coals, are characterised by low
specific energy content due to their high moisture and/or ash
content, as well as elevated emissions of harmful substances
during combustion. In light of the increasing demand for
electricity, the need to utilise such coal types is also growing.?
Nonetheless, the direct application of these coals either leads
to increased costs associated with emission control or reduces
the efficiency of power generation systems, which in turn
contributes to higher greenhouse gas emissions. Under current
conditions, marked by restrictions on carbon emissions, it is
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essential to enhance the properties of low-rank coals in terms
of moisture, ash content, and other trace elements.[?!

Pyrolysis of LRC is regarded as an optimal method for
clean and efficient production of blue coke, tar, and gas.
Among the valuable products derived from coal, tar is the
principal output of pyrolysis and can serve as an important
feedstock for the production of olefins,** value-added
aromatic compounds,® and coal tar-based materials.[*]

To improve the efficiency of the pyrolysis process and
simultaneously involve various other types of waste,
numerous researchers around the world have conducted
studies on the co-pyrolysis of coal with different additives. In
experimental studies, the following types of waste, primarily
biomass, were used as additives: elm sawdust,!” corn stover,®!
elm;® raw/torrefied biomass;!!” sugarcane bagasse, corn
residues, and corn stover;!!!l sugarcane bagasse;'?! palm kernel
shell;1"*! spent coffee grounds and waste rubber granulate;!'
pine sawdust;!'’l microalgae biomass;!'*! wheat straw, walnut
shell, and wood chips;!'"l plastic waste;!'®!°l and waste tires. 20,21
Review studies have also been conducted, focusing on
microwave pyrolysis of coal and biomass for fuel
production, and on investigating the properties of co-
pyrolysis char derived from coal mixed with biomass. ]
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These co-pyrolysis studies primarily aim to optimise the
yield and quality of pyrolysis products while also examining
the synergistic effects that may arise during co-pyrolysis. The
diverse characteristics of feedstock during co-processing can
influence the reactivity and thermal behaviour of the samples
and their products, and the synergistic effect can improve the
quality of the resulting output.?! Moreover, the co-pyrolysis
of LRC with various feedstocks can enhance the coal
conversion rate and utilisation rate.['®! In addition, co-pyrolysis
is increasingly recognised not only for its potential to increase
tar yield but also for reducing NOy, SOy, and volatile organic
compound emissions.!”!

The synergistic effect of co-pyrolysis between LRC and
biomass becomes more pronounced with decreasing coal rank,
possibly due to the original structure of low-rank coals, which
includes large pores and small clusters of aromatic structures
that are readily preserved as tar during rapid co-pyrolysis.’!
In the co-pyrolysis of LRC and biomass (apple branch), a
synergistic effect was observed, which facilitated an increase
in monocyclic and bicyclic aromatic hydrocarbons.”*! The
proportion of aromatic hydrocarbons and phenols rose
significantly compared to theoretical values, while the C<10
fraction reached 86.48%, far exceeding the theoretical value
of 12.68%. Co-pyrolysis of lignite and rice husk resulted in
greater water production and lower tar yields.?”? The addition
of rice husk led to a higher atomic C/H ratio in the resulting
char due to polycondensation reactions that produced more
condensed char. A synergistic effect was also reported for co-
pyrolysis of bituminous coal and biomass, particularly at a
mixing ratio of 70:30 (wt./wt.), 600 °C, and 0.3 MPa.?®! Tar
yields were approximately 7.2% higher than those predicted
by the theoretical sum of individual pyrolysis results, while
char yields were approximately 4.5% lower. Additionally, the
content of phenolic compounds, aromatic hydrocarbons, and
aliphatic hydrocarbons increased.

The results of co-pyrolysis involving low-rank pulverised
coal and direct coal liquefaction residue (DCLR)
demonstrated a significant synergistic effect.?”? Both
feedstocks acted as hydrogen donors, thereby promoting the
hydrogenation of small molecular radical fragments, which
led to a 5.55% increase in tar yield. Within the resulting tar,
the content of alkanes increased by 12.25%, while the levels
of aromatic hydrocarbons and phenols decreased by 11.88%
and 7.94%, respectively. The methane (CHs) content in the gas
phase rose by 19.60%, whereas the hydrogen (Hz) content
decreased by 19.05%. A synergistic effect was also observed
when DCLR was added to lignite; the actual yield of pyrolytic
char exceeded the theoretical value with increasing DCLR
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dosage. This, in turn, resulted in highly aromatic and more
ordered char structures, while the porous structure of the coal
became less developed.]

The synergistic interaction between LRC and DCLR
enhances the reactivity of radical fragments, thereby
increasing tar yield during pyrolysis.?!! Maximum tar and
hydrogen yields of 22.79% and 37.12%, respectively, were
achieved at a DCLR addition of 40%. When 60% DCLR was
used, the minimum semi-coke yield was recorded at 65.01%,
and the maximum gas yield reached 14.65%. A pronounced
synergistic effect was also observed during the co-pyrolysis of
LRC and coking coal, where the latter’s addition increased the
formation of colloidal structures and facilitated interactions
among pyrolysis products.*? Both coals served as hydrogen
donors; [H] radicals and fragments generated during pyrolysis
promoted hydrogenation reactions.

In studies examining the co-pyrolysis of various coal
grades and oil shale, synergy was also detected, where coal
provided hydrogen to the shale, resulting in increased tar
yields and the formation of high-value-added tar
components.*¥

Another promising hydrocarbon feedstock for co-
pyrolysis with LRC to produce high-value-added products is
so-called "unconventional hydrocarbon feedstock", such as
heavy (high-viscosity) crude oil and natural bitumen. This is
due to the fact that the majority of the global growth in proven
hydrocarbon reserves is attributed to these sources. For
instance, heavy oil and natural bitumen are characterised by
high contents of aromatic hydrocarbons, resinous-asphaltene
substances, elevated concentrations of metals and sulfur
compounds, as well as high density, viscosity, and coking
potential. However, processing such feedstocks requires more
complex technologies and greater financial and energy inputs
compared to conventional hydrocarbon sources. On the other
hand, due to its complex composition and high density and
viscosity, heavy oil can infiltrate the pores of coal particles
during thermal decomposition, coating them and increasing
the contact surface area. This intimate contact can facilitate
more efficient interactions between coal and oil particles.

Accordingly, the aim of the present study is to investigate
the influence of various heavy oil additives on the co-pyrolysis
process with low-rank coal, as well as to analyse the yield and
characteristics of the resulting pyrolysis products. To identify
and evaluate the synergistic effect between coal and oil, a
thermal method (TG-DTA/DSC) was employed, enabling
rapid acquisition of extensive information on the
decomposition behaviour of the samples, with the registration
of all transformation stages across a wide temperature range.*

2. Materials and methods

2.1 Materials

In this study, a low-rank coal of the long-flame type was
utilised. The coal was sampled from the “Borly” coal deposit
(Kazakhstan) and represents high-ash coal waste,
predominantly consisting of fine coal particles with sizes
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Table 1: Characteristics of the Raw Feedstocks.

Proximate analysis (wt.%) Ultimate analysis (wt.%) Molar ratio
Sample

M A A% FC C H o N S H/C O/C
coal 534 4738 2231 2497 8441 596 694 119 150 0.84 0.06
oil 6.59 0.10 90.94  2.37 83.75 10.08 396 052 1.69 143 0.04

M: moisture; A: Ash content; V: Volatile matters; FC: Fixed carbon; O": Oxygen (by difference); N: Nitrogen; S: Sulfur.

below 5 mm. After grinding in a ball mill, the coal was sieved
to achieve a particle size of less than 200 um and subsequently
dried for further use. Samples of heavy (high-viscosity) crude
oil were collected from the “Sarybulak™ oil and gas field
(Zaysan Basin, Kazakhstan). Composite representative
samples of both types of raw materials were prepared in
advance.

Table 1 presents the elemental composition of the coal and
oil. As shown, the coal is characterised by extremely high ash
content (47.38%), low volatile matter (22.31%). In contrast to
coal, the high-viscosity oil exhibits very low ash content
(0.10%) and significantly higher values of volatile matter
(90.94%) as well as carbon and hydrogen contents. The
hydrogen content in the oil is about 10%, which is favourable
for improving the quality of the pyrolysis products due to
hydrogen redistribution and the formation of a large number
of active hydrogen radicals.?*’! Furthermore, the higher H/C
ratio of the oil (compared to coal) indicates a predominance of
alkanes and olefins in the oil, while the higher O/C ratio of the
coal suggests a greater presence of oxygen-containing
compounds such as aromatic hydrocarbons, phenols, ketones,
and aldehydes.

To carry out co-pyrolysis of low-rank coal with heavy oil,
samples were prepared at different additions of oil to coal
(from 20% to 80%), i.e. at mass ratios of coal and oil being
100/0, 80/20, 60/40, 40/60, 20/80, 0/100, respectively.

2.2 Experimental procedure
The samples were air-dried until an approximate equilibrium
was achieved between the sample moisture content and the
ambient atmosphere. The coal and oil were thoroughly mixed
by mechanical stirring to ensure homogeneous distribution of
oil over the coal particles. A sample portion of 50 g was placed
into an aluminium retort and heated under a nitrogen
atmosphere (flow rate: 100 mL/min) at a heating rate of
10 °C/min up to 500 °C, with an isothermal hold at the final
temperature for 90 minutes. The decomposition products were
directed into a condenser cooled with an ice—water mixture,
where tar and water were condensed. The gaseous products,
after sampling for analysis, were vented to the atmosphere.
Following pyrolysis, the yield of the liquid product and
the solid residue was determined gravimetrically, while the
yield of pyrolysis gas was calculated by mass balance, i.e. by
subtracting the mass of the liquid product and solid residue
from the initial sample mass. All experiments were performed
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in triplicate, and average values were reported.

2.3 Analysis and characterization

The proximate analysis data presented in Table 1 were
obtained experimentally using a LABSYS Evo TG-DTA/DSC
instrument (SETARAM, France) in accordance with ASTM
D7582-12 “Standard Test Methods for Proximate Analysis of
Coal and Coke by Macro Thermogravimetric Analysis.” The
measurements included moisture, volatile matter, ash, and
fixed carbon content.

The ultimate (elemental) analysis of coal and oil was
performed using a Flash EA 1112 elemental analyzer (Thermo
Fisher Scientific, USA). This analysis determined the content
of carbon, hydrogen, nitrogen, and sulfur. Oxygen was
calculated by difference.

All results presented in Table 1 are original experimental
data and not derived from literature sources.

To investigate the thermal behaviour of the samples
during pyrolysis, thermal analysis was performed using a
LABSYS Evo TG-DTA/DSC instrument (SETARAM,
France), which enables simultaneous thermal analysis. This
model allows for the concurrent measurement of
thermogravimetric analysis (TG), differential thermal analysis
(DTA), and differential scanning calorimetry (DSC). The
analysis was conducted on approximately 5 mg of sample over
a temperature range from ambient to 1000 °C, at a heating rate
of 20 °C/min. Nitrogen was used as the carrier gas to maintain
an inert atmosphere. The nitrogen volume flow rate was 60
mL/min.

Thermal decomposition parameters such as Tonset, Tmax,
DTGmax, and weight loss were extracted using the
manufacturer’s integrated analysis software (SetSoft 2000).

Elemental composition (Table 1, ultimate analysis) of the
raw materials was determined using an automated elemental
analyser (Flash EA 1112). The pyrolysis tar composition was
analyzed using a GC-MS system (GCMS-QP2010 Plus,
Shimadzu) equipped with a DB-5 capillary column (60 m
length, 0.25 mm inner diameter, 0.25 pm film thickness).
High-purity helium (99.999%) was used as the carrier gas at a
flow rate of 1 mL/min. Ionization was performed by electron
impact at 70 eV. The injector (TINJ) and detector (TDET)
temperatures were both maintained at 300 °C. A splitless
injection mode was employed with an injection volume of 1
pL. Data processing was carried out using GCMS solution
software. The liquid samples were analyzed directly, without
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derivatization. Infrared spectroscopy of the pyrolytic char was
conducted using a Fourier-transform infrared
(FTIR)spectrometer Shimadzu IRTracer-100, equipped with
an ATR-8000A accessory featuring a diamond crystal. The
composition of the gaseous products obtained from coal and
oil pyrolysis was determined by gas adsorption
chromatography using a Crystallux 4000M chromatograph
(Meta-Chrom, Russia), equipped with a thermal conductivity
detector: Hayesep R packing column (80/100 mesh) (length -
3 m, diameter — 3 mm ), NaX packing column (60/80 mesh)
(length -3 m, diameter — 3 mm), detector — flame ionisation,
carrier gas — helium. Column temperature regime — isothermal
at 90 °C, helium flow rate 30 ml/min. Detector temperature —
210 °C, evaporator temperature — 150 °C.

2.4 Calculation of theoretical values
To investigate the interaction between coal and oil during the
co-pyrolysis process, the experimental yields of pyrolysis
products (tar, gas, and semi-coke) and the mass loss of the
samples (as observed through TG-DTG-DSC analysis) were
compared with calculated (theoretical) values. The latter were
determined based on the assumption of no interaction between
coal and oil, using a weighted average approach according to
Eq. (1)P¢ and (2).57

The theoretical yields of individual pyrolysis products
during co-pyrolysis (Y al,i) were calculated using the following
weighted average equation:

Yeali = (1 = X) Yecoali + X Yoili )

where 7 denotes the type of pyrolysis product (tar, gas, or semi-
coke); Ycali is the calculated yield of product i during co-
pyrolysis; Ycoali and Yoii are the experimentally measured
yields of product i from coal and oil, respectively; and x is the
mass fraction of oil in the mixture.

The theoretical mass loss (Zca) during co-pyrolysis was
determined using Eq. (2):

Zca1= XZcoal T yZoil (2)

where Zcoa and Z,i represent the experimental mass loss
values for coal and oil, respectively, obtained from individual
pyrolysis. x and y are the mass fractions of oil and coal in the
mixture, respectively.

3. Results and discussion

3.1 Yields of pyrolysis products

The results of the co-pyrolysis process of low-rank coal and
heavy oil are presented in Fig. 1. The addition of oil in
proportions ranging from 20% to 80% led to favourable co-
pyrolysis performance, as evidenced by a substantial increase
in tar yield (from 16.34% to 67.03%) and gas yield (from 6.15
% to 16.54%), as well as a significant reduction in semi-coke
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yield (from 77.51% to 16.43%). For incremental oil additions
of 0-20%, 20-40%, 40-60%, and 60-80%, the tar yield
increased by 8.49%, 14.93%, 9.02%, and 26.74%, respectively.
This increase in tar and gas yields is presumably due to the
high content of heavy hydrocarbons in the oil (e.g., resins and
asphaltenes), which generate reactive free radicals upon
heating, thus promoting the thermal decomposition of coal and
favoring liquid and gas formation. The free radicals generated
during the co-pyrolysis process accelerate the thermal
decomposition of coal by facilitating the cleavage of strong
carbon—carbon (C-C) and carbon-hydrogen (C-H) bonds
within the coal matrix. Moreover, the higher content of
the
naphthenic and paraffinic fractions-promotes the formation of

hydrogen-rich compounds in oil-particularly its

liquid products while

generation of semi-coke.

simultaneously suppressing the
The above-mentioned processes that contribute to the

increased formation of liquid and gaseous products may

hypothetically correspond to the following key chemical

reactions (R — hydrocarbon group; Re — hydrocarbon radical,

H — hydrogen radical; Ar — aromatic group):

1. Cracking of heavy oil fractions (resulting in lower

molecular weight liquid and gaseous products):

. R-CH,- CH>— CH>-R’' — R— CH,* + « CHx— CH>—R’

(homolytic cleavage of C-C bonds forming hydrocarbon

radicals);

« R-CH,- CH3 — R— CHy* + * CH3 (homolytic cleavage

of C—C bond in alkyl side chains);

« R—- CH3z — Re + * CHj3 (thermal radical cleavage of

methyl groups);

. R— CH»- CH,— CH3; — R—CH3 + CH,= CHy;

. R— CH,— CH»— CH3— R— CH3* + CH,= CH, + He

(radical cracking with ethylene formation);

«  R—-CH>- CH>-R — R-CHa* + * CH>-R (radical cracking

of alkanes);

« R-CH>- CH>- CH>-R’ —» R-CH= CH; + R'- CH3;R-

CH,— CHy— CH>— CH3 — R—CHj3 + CH,=CH- CH3

(cracking with alkene and alkane formation);

« Ar— CH»- CH»>OH — Ar-CH=CH: + H,O (thermal

dehydration of aromatic alcohol);

« R-COOH — R-H + CO> (decarboxylation of carboxylic

acid);

« R-CHO — R-H + CO (decarbonylation of aldehyde);

«  Ar-R-R’"— Ar—Re+ R'« (radical cleavage of side chains

in aromatic hydrocarbons);

« R-CH»- CH3; — R—CH= CH; + H; (dehydrogenation of

ethyl side chains forming vinyl groups);

. CH3;- CH>—R — CH>=CH-R + H; (dehydrogenation of
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Fig. 1: Effect of Various Oil Additions (0—100%) on the Experimental (solid line) and Theoretical (dashed line) Yields of Co-

Pyrolysis Products with Coal.

linear alkanes forming a-olefins).

2. Initiation of coal pyrolysis by oil-derived radicals:

e Ar— CH,-Ar" + R* — Ar—CHe—Ar' + RH (cleavage of
methylene bridges between aromatic coal structures by oil
radicals);

e Ar-H + R — Are + RH (hydrogen abstraction from
aromatic coal fragments);

e Re (from oil) + Ar— CH>— CH>-Ar — R-CH>—-CH>-Ar +
Are (radical transfer activating aromatic structures in coal);

e CHs* + Ar—-OH — CH4 + ArOe (hydrogen transfer from
phenol to methyl radical).

3. Hydrogenation of coal radicals by hydrogen-containing
compounds in oil:

e CsHip — CsHoe + He (decomposition of naphthenes
producing hydrogen radicals);

e Are+ He — Ar—H (stabilization of coal radicals);

e Re + He — RH (stabilization of hydrocarbon radicals
forming liquid fractions);

e Are + CHs — Ar-H + CHzse (hydrogenation of aromatic
radicals forming stable Ar—H structures);

e Are+ R-CHj3; — Ar-H + R—CHze (hydrogen transfer from
oil alkyl groups to coal radicals);

e CH3s* + He — CHj4 (radical methanation).

4. Accelerated thermal decomposition of coal functional
groups:

e Ar—COOH — Ar-H + CO; (decarboxylation with CO,
release);
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e Ar-CHO — Ar-H + CO (decarbonylation with CO
release);

e Ar-CH>-OH — Ar-H +

e CHxO (cleavage of hydroxymethyl groups forming
formaldehyde);

e Ar—-CO-CH3; — Ar* + CHz* + CO (thermal radical
decarbonylation of ketones).

5. Alkylation of aromatic coal structures by oil-derived
radicals:

e Are + CH3z* — Ar— CHj3 (radical recombination forming
alkyl-substituted aromatics);

e Ar-H + CHz* — Ar— CHs+ He (radical alkylation of
aromatic rings by methyl radicals);

e Ar-H+Re— Ar-R+He* (e.g., Ar-H + C,Hs* — Ar— C,Hs
+He) (radical alkylation forming liquid products such as
alkylbenzenes—toluene, ethylbenzene, etc.).

A comparable effect of adding heavy oil to low-rank coal
at a coal-to-oil ratio of 8:2 was observed in,?8] where tar and
gas yields increased by 12.18% and 7.74%, respectively, while
the solid residue yield decreased by 20%.

A comparison of experimental and theoretical yields of
pyrolysis products revealed that only at an 80% oil addition
did the experimental yields of tar and gas exceed their
respective theoretical values, indicating the occurrence of a
positive synergistic effect between coal and oil. In contrast, oil
additions in the range of 20% to 60% resulted in experimental
yields that were either lower than or approximately equal to
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Fig. 2: TG/DTG/DSC Curves of Coal (A) and Oil (B) Samples.

the theoretical values, suggesting a negative synergistic effect
The observed positive synergistic effect is presumably
attributable to the significant differences in the properties of
the coal and oil feedstocks. This is further supported by
findings reported in,**! where it is noted that varying chemical
and physical characteristics of different feedstocks can lead to
synergistic interactions. For instance, during the co-pyrolysis
of biomass waste and oil sludge, the synergistic effect resulted
in an increase in oil yield and improvement in its quality, due
to an elevated H/C ratio (from 1.5 to 2.0) and an increase in
higher heating value (from 19.5 to 24.5 MJ/kg).[>]

Thus, the optimal coal-to-oil ratio appears to be 20:80,
which may be explained by several factors. At high oil content,
the number of radicals formed from oil decomposition
with
macromolecules, disrupting their structure and enhancing the

becomes sufficient to actively interact coal

release of volatile matter. Moreover, the high concentration of
hydrogen-rich compounds in the oil helps to stabilise the coal-
derived radicals effectively.

In contrast, at lower oil content (20-60%), coal undergoes
less extensive degradation, and the reactions are primarily
governed by dehydrogenation and polymerisation processes
within the coal matrix, thereby limiting the yields of liquid
products and gases. Insufficient hydrogen-donating
compounds at these lower oil ratios also result in more intense
coke formation, with resinous intermediates undergoing

6 | Eng. Sci., 2025, 36, 1664

secondary polymerization.

Overall, at higher oil contents, oil droplets more
thoroughly coat the coal particle surfaces, increasing coal
porosity and improving heat transfer. These effects
collectively promote greater liquefaction of the coal matrix
and substantially enhance tar and gas yields.

3.2 TG-DTG analysis

To confirm the presence of a synergistic effect between coal
and oil during co-pyrolysis, a series of TG-DTG-DSC
experiments was conducted. The TG-DTG-DSC curves
obtained from the pyrolysis of coal, oil, and their mixtures are
presented in Fig. 2 and 3. Based on these curves, the key
thermal parameters at different coal-to-oil mass ratios are The
observed decrease in the temperature at which pyrolysis
summarised in Table 2 begins when heavy oil is added up to
40% (Table 2) can be explained by the fact that light oil
fractions begin to thermally decompose at relatively low
temperatures (up to ~200°C), forming active radicals that
initiate coal pyrolysis and accelerate its decomposition. In
addition, the presence of oil in the pores of coal particles
improves heat transfer and reduces the strength of bonds,
which also lowers the energy barrier for the reaction to start.
A further increase in oil content from 40 to 80% leads to an
increase in the pyrolysis start temperature, which may be
associated with an increase in the total proportion of medium-
and high-boiling fractions in the coal-oil mixture, whose
evaporation temperature exceeds 200°C. At an oil content of
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Table 2: Pyrolysis Characteristic Parameters at Different Oil Addition Levels.

Oil Content  Tonset Timax  (°C) / DTGimax Tamax (°C) / DTGamax T3max (°C) / DTGsmax  Tend (°C) Weight loss
(Wt%) (°C) (% min!) (% min™!) (% min™!) (Wt%)
0 436.03 - 506.83 /1.47 712.84/0.55 846.79 16.65
20 140.57 270.43 /1.50 511.01/1.04 712.83/0.54 779.47 30.90
40 127.40 243.37/3.05 457.93/2.02 666.11/0.54 773.18 49.27
60 165.67 261.03/4.26 456.91/291 - 769.15 59.80
80 170.36 271.48/6.56 44328 /4.79 - 763.84 86.87
100 159.76 299.43/ 8.04 - - 721.16 97.72

Tonset — onset temperature of pyrolysis, Timax, T2max, T3max —temperature at which the maximum weight loss rate is reached within a

specific temperature range, Tend — final temperature of the pyrolysis process.
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Fig. 4: DSC Curves of Coal, Oil, and Coal-Oil Mixture Samples.
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100%, the pyrolysis start temperature decreases again, which
is apparently due to the absence of the solid phase of coal,
since it is precisely this phase that can create diffusion and
thermal barriers in mixed systems and requires additional
energy to heat up and break the strong chemical bonds in its
structure.

Analysis of the obtained data revealed that oil additions in
the range of 20-80% led to a significant increase in sample
weight loss (approximately from 17% to 87%). Notably, the
highest weight loss was observed at 80% oil addition,
compared to other oil additions (20-60%). This is clearly
illustrated in the TG and DTG spectra (Fig. 3), as well as in
Table 2, which summarises the DTGmax values and total
weight loss during pyrolysis. For example, the weight loss
difference between 60% and 80% oil addition was 27.07%,
the largest among all tested compositions. Moreover,
comparative analysis of the experimental and theoretical data
showed that only at 80% oil addition were the experimental
TG-DTG curves situated below the theoretical ones (Fig. 3),
indicating a positive synergistic effect. In contrast, at oil
additions of 20-60%, the experimental curves lay above the
theoretical ones, indicating a negative synergistic effect.

The DTG curve of 100% coal exhibited three main
decomposition stages, with peak weight loss rates occurring at
90.06, 506.83, and 712.84 °C. These values are consistent with
data reported for other types of coal.?>3840411 The small peak at
90.06 °C on the DTG curve reflects a slow weight loss rate and
is attributed to the release of physically adsorbed moisture
from the raw sample.[*!] The addition of 20% oil caused this
initial peak to broaden and gave rise to a new major peak that
was not observed in 100% coal. With further oil addition, this
peak became more prominent, appearing within a narrow
range of 270-299 °C, and was the most intense among the
three. This first decomposition stage is likely associated with
the release of low-boiling-point compounds (present in the oil),
the cleavage of weak chemical bonds, and recombination
reactions with the release of CO; and light volatile
compounds. ]

As the temperature increased, the second decomposition
stage occurred. Here, the peak weight loss temperature shifted
to lower values (from approximately 507 °C to 443 °C), and
for 100% oil, this peak was completely absent. This stage
corresponds to the intense breakdown of stronger chemical
bonds in the organic matter of coal and oil, particularly
oxygen-containing functional groups, resulting in the
formation of significant amounts of gas. During this stage,
depolymerisation and decomposition of coal and oil structures
occur, forming semi-coke, and radical fragments produced by
bond cleavage interact with active hydrogen atoms to generate
large quantities of volatiles and tar.[*"]

At temperatures exceeding 650°C, the third
decomposition stage was observed. Similar to the second peak,
the third DTG peak also shifted to lower temperatures (from
713 °C to 666 °C) with increasing oil content, and disappeared
completely at oil additions of 60% and 80%. This stage may
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involve condensation and carbonisation reactions leading to
the formation of coke, alongside the release of small amounts
of gaseous products. The disappearance of the second and
third peaks may be attributed to the accelerating effect of high
oil additions, which promote early release of most volatiles
before reaching Tamax and T3max.

The DSC curve of the coal sample exhibited an
endothermic peak at 90 °C, attributed to heat absorption
during the removal of physically adsorbed moisture, which is
consistent with the DTG curve (Fig. 4). In all DSC spectra,
two major thermal events were identified: an exothermic peak
in the range of 415488 °C and an endothermic peak around
766 °C. The first peak was significantly more intense, as it
corresponds to primary thermal processes such as the
decomposition of organic matter, dehydrogenation, and the
formation of semi-coke. The second peak is mainly associated
with the release of residual volatiles and coke formation.

The addition of oil led to a substantial increase in the
intensity of the exothermic peak compared to the coal alone,
due to the higher content of volatile compounds and more
intense hydrocarbon decomposition. At 80% oil content, not
only was the peak intensity markedly enhanced, but the
exothermic peak also shifted to a considerably higher
temperature, closely resembling the thermal behavior of pure
oil—further confirming the presence of a synergistic
interaction between coal and oil.

3.3 Results of the component analysis of pyrolysis tar
Table 3 presents the component composition of tar obtained
from the pyrolysis of coal, oil, and a coal—oil mixture at the
optimal ratio of 20:80. The results of the pyrolysis tar analysis
showed that the tar derived from coal and oil primarily
consisted of alkanes, olefins, aromatic hydrocarbons, and
phenols. Small quantities of alcohols, ketones, and aldehydes
were also detected.

The high content of aromatic hydrocarbons in coal-
derived tar (50.27%) may be attributed to the development of
polycyclic structures and dehydration of the coal matrix
during pyrolysis. The relatively high amount of phenolic
compounds (15.37%) is likely due to the cleavage of oxygen-
containing functional groups throughout the pyrolysis process.

In contrast, the high alkane content in oil-derived tar
(31.82%) suggests a low degree of aromatisation, while the
low phenol content (5.18%) may be related to the limited
presence of heteroatoms in the original oil feedstock.

The theoretical percentage content of the components in
the pyrolysis tar was calculated using the following Eq. (3):

Wcal = 0.2Wcoal + 0.8W0i], (3)

where Weoa (%) is the percentage content of a given
component in the tar derived from coal pyrolysis, and. Wi (%)
is the corresponding value from oil pyrolysis.

Comparative analysis of the theoretical and experimental
data revealed a substantial increase in the content of aromatic
hydrocarbons (by 20.64%) and a noticeable reduction in
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Table 3: Component Composition of Pyrolysis Tar.

Components, wt%

Sample ;
Alkanes  Olefins Aromatic Phenols Alcohols Ketones Aldehydes
Hydrocarbons

Coal 12.45 3.18 50.27 1537 1.51 1.74 1.64

Oil 31.82 8.42 37.25 5.18 2.26 0.53 0.83

Coal * Oil 18.19 493 60.49 451 1.54 1.58 1.96
(20/80) . . . . . . .
Theoretical value ~ 27.95 7.37 39.85 7.22 2.11 0.77 0.99

alkanes (by 9.76%), as well as slight decreases in olefins (by
2.44%) and phenols (by 2.71%). The significant increase in
aromatic hydrocarbons can be attributed to the
dehydrogenation and dehydrocyclization of long-chain
alkanes and alkyl-aromatic compounds in heavy oil, as shown
in Eq. (4-6).

CiHontz — CiHon+ Ha (dehydrogenation of alkanes)  (4)

CuHan — CyHan + Hz (dehydrocyclisation of alkenes)  (5)

CnHono aromatic hydrocarbons +

(formation of benzene rings)

— Hx (6)

Moreover, the high concentration of hydrocarbon radicals
in the mixture promotes radical condensation reactions,
leading to the formation of polycyclic aromatic hydrocarbons,
for example, through benzene condensation into polyaromatic
compounds such as naphthalene, with hydrogen release. The
decrease in alkane content may be attributed to their thermal
decomposition into short-chain radicals, which subsequently
undergo secondary aromatisation, as shown in Eq. (7-8).

R — CH3 — Re+ CH4 (homolytic bond cleavage), @)

®)

In the presence of coal-derived radicals, active hydrogen
atom redistribution occurs, facilitating the breakdown of
saturated chains and thereby reducing the alkane content in the
tar.

Re+ He — R — H (radical hydrogenation)

Since phenols predominantly originate from oxygen-
containing functional groups, their decreased content may be
attributed to the relatively small proportion of coal (20%) in
the blend. Furthermore, the high concentration of hydrogen
radicals generated from the oil may promote the
hydrogenation of phenolic groups to hydrocarbons, as shown
in Eq. (9).

CsHsOH + H- CsHs
(hydrogenation of phenol to benzene)

+ H,O

—

©

Phenols may also be converted into cyclitols, which can
further decompose into light gaseous hydrocarbons and
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H:0.381 Meanwhile, the contents of alcohols, ketones, and
aldehydes remained nearly unchanged, likely due to their
lower susceptibility to secondary transformations.

Table 4 shows that the contents of the light and heavy
fractions in coal-derived tar are 44.61% and 13.59%,
respectively, which contrasts significantly with the
corresponding values in oil-derived tar-15.17% and 36.07%,
respectively. This difference directly influenced the
distribution of light and heavy fractions in the tar obtained
from the coal—oil mixture. Compared to the theoretical values,
the content of the light fraction in the mixed tar decreased by
7.53%, while the medium and heavy fractions increased by
4.86% and 7.55%, respectively.

The reduction in the light fraction may be attributed to the
hydrogenation of light hydrocarbons (present in oil), followed
by their cracking into low-molecular-weight gases and H2O. It
may also result from the aromatisation of light alkanes and
olefins (from oil) into higher molecular weight aromatic
compounds. Conversely, the increase in medium and heavy
fractions may be associated with the hydrogenolytic cracking
of the heavy fraction in the oil and the inhibition of cracking
of high-molecular-weight gaseous products generated during
coal pyrolysis.

Table 4: Changes in the Distribution of Carbon Atoms in
Pyrolysis Tar.

Number of carbon atoms

Sample

Ce-Cio Ci1-Cro Cao+
Coal 44.61 32.75 13.59
0Oil 15.17 39.82 36.07
Coal + Oil (20/80) 13.53 43.27 39.12
Theoretical value 21.06 38.41 31.57

3.4 FTIR analysis results for the semi-coke

Fig. 5 presents the FT-IR spectra of solid semi-coke obtained
from the pyrolysis of coal, oil, and coal—oil mixtures with
varying oil additions. Five prominent absorption peaks were
observed at 1002—-1015 cm™', 1421-1456 cm™!, 1595-1607 cm
129202976 cm’, and 3661-3669 cm’. The shifts in

Eng. Sci., 2025, 36,1664 | 9


https://www.espublisher.com/

Research article

Engineered Science

=
5=
5
=
2
g
2
—Coal
—60% 0il
1015 em?t
500 1000 1500 2000

Wavenumber/cm!

29210 cmrl
—40% Oil
—Qil

—20% 0il
80% 0O1il

2500 3000 3500 4000

Fig. 5: FT-IR Spectra of Semi-Coke Samples.

these peaks due to oil addition may be attributed to changes in
the organic structure, which is closely related to functional
groups that induce inductive or hydrogen-bonding effects.*”

The most intense absorption peaks were observed in the
regions of 1002-1015 cm! and 2920-2976 cm’!,
corresponding to out-of-plane C—O bending vibrations and
antisymmetric stretching vibrations of —CH>— groups,
respectively.

The peaks at 1002-1015 cm™ indicate the presence of
esters and epoxide compounds on the surface of the char.
However, with the addition of oil at 60% and above, the
intensity of this peak significantly decreased, which may be
due to the supply of sufficient hydrogen from the oil, causing
the epoxide compounds to crack and form hydrocarbon
gases.! In the oil itself, C—O vibrations were no longer
present, which were destroyed during pyrolysis. The
intensities of the peaks at 2920-2976 cm™' (asymmetric
stretching vibrations of -CH>—) clearly did not change, nor did
the intensities of the peaks at 1421-1456 cm!, which
correspond to the bending vibrations of —CH>—. This indicates
that the addition of oil does not significantly affect the
formation of aliphatic hydrocarbons. The low-intensity peaks
at 1595-1607 cm™ correspond to the stretching vibrations of

the oil promotes the thermal removal of oxygen in the form of
H-0, CO, and CO; through dehydration, decarboxylation, and
decarbonylation reactions; the breaking of C—O bonds under
the influence of hydrogen and hydrocarbon radicals (formed
from the oil); the formation of a more stable aromatic structure
of the semi-coke, which prevents the fixation of oxygen
groups; heavy oil contains many asphaltenes and resins,
condensed polycyclic hydrocarbons, which upon heating
transition into more stable oxygen-free structures, suppressing
the formation of new oxygen-containing functional groups.

3.5 Results of the component analysis of pyrolysis gas

The results of the pyrolysis gas analysis are presented in Table
5, from which it is evident that co-pyrolysis of coal and oil
leads to an increase in the concentrations of H,, CHy, and
C,Hp,, while the concentrations of CO and CO; decrease.
The increased formation of H, and CH4 may be attributed to
the fact that, during coal pyrolysis, a carbon-rich solid residue
known as semi-coke is produced, which can act as a catalyst
for the dehydrogenation and cracking of oil. This may also
lead to a reduction in CO formation, as semi-coke can interact
with or capture oxygen-containing species. Moreover, radicals
originating from the coal matrix may further promote the

carbonyl groups C=0, but again, with the addition of oil at 60%cracking of oil-derived hydrocarbons, thereby increasing the

and above (as in the case of the peaks at 1002—1015 cm™), the
intensity of the peaks significantly decreased almost to zero,
indicating a substantial reduction of carboxylic, aldehyde, and
ketone groups on the surface of the semi-coke. The peaks at
3661-3669 cm™ correspond to the stretching vibration of
hydroxyl (-OH), indicating the formation of such groups as
carboxylic acids, phenols, and alcohols. However, as in the
previous cases, the addition of oil at 60% led to the complete
destruction of these groups. Thus, high oil addition (60% and
above) leads to a significant reduction in oxygen-containing
functional groups on the surface of the semi-coke. This may
be due to the following factors: an increase in radicals from
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yield of light hydrocarbons (C,Hy,) in the pyrolysis gas.

Table 5: Component Composition of Pyrolysis Gas.

Component Composition

Sample

CO,% Hz,% CHs,% CO2,% CuHm, %
Coal 27.64 2341 1034 20.31 1.53
Oil 13.37 3853 21.29 8.84 5.07
Coal + oil

10.69 4557 2695 4.81 6.93
(20/80)

The observed decrease in CO and CO; content may also
result from the fact that, during standalone coal pyrolysis,
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oxygen-containing functional groups (e.g. carboxylic,
carbonyl, and phenolic groups) decompose to form CO and
CO,. However, during co-pyrolysis, the oil releases a
significant amount of hydrogen, which reacts with these
oxygenated groups in coal, promoting hydrogenolysis. As a
result, CH4 and H,O are formed instead of CO and CO..

4. Conclusion

As a result of the conducted study on the co-pyrolysis of low-
rank coal with heavy oil at various mixing ratios, the following
conclusions can be drawn:

1. The addition of high-viscosity oil in the range of 20-80%
significantly enhanced the co-pyrolysis process, leading to a
substantial increase in tar yield from 16.34% to 67.03%. A
gradual increase in pyrolysis gas yield was also observed—
from 6.15% to 16.54% —while the yield of semi-coke
markedly decreased from 77.51% to 16.43%. This increase in
product yield is mainly attributed tothe high content of resins
and asphaltenes in the heavy oil.

2. Thermal analysis via TG-DTG-DSC revealed three major
decomposition stages for coal, with characteristic temperature
peaks at 90.06 °C, 506.83 °C, and 712.84 °C. The addition of
20% oil resulted in the broadening of the low-temperature
peak and the appearance of an additional peak at 270-299 °C,
whose intensity increased with further oil addition. As the co-
pyrolysis temperature rose, the second stage (peak at 507—
443 °C) and third stage (peak at 713—666 °C) became evident.
However, at oil additions of 60—100%, these decomposition
peaks disappeared, indicating that most volatile compounds
were released before reaching Tamax and Tsmax. This is likely
due to the strong interaction between free radical fragments
derived from both coal and oil, accelerating decomposition.
3. Both the reactor experiments and TG-DTG-DSC thermal
analysis confirmed a pronounced positive synergistic effect at
the coal/oil ratio of 20/80(%). At this ratio, maximum mass
loss and increased DTGmax values were observed. Furthermore,
only under this condition did the experimental yields of tar and
gas exceed the theoretical values (Fig. 1), and the experimental
TG-DTG curves were located below the theoretical TG-DTG
curves (Fig. 3). This behaviour is attributed to the significant
differences in the physicochemical properties of low-rank coal
and heavy oil.

4. GC-MS analysis of the pyrolysis tar from the coal-oil
mixture demonstrated a substantial increase in aromatic
hydrocarbons and a reduction in alkanes, olefins, and phenols.
Simultaneously, gas composition analysis revealed an increase
in the concentrations of H,, CHs4, and C,H,,, along with a
decrease in CO and COa, due to the presence of oil in the
system.

5. The results of this study demonstrate the feasibility and
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effectiveness of the co-pyrolysis of low-rank coal with heavy
oil for the production of high value-added products. This
addresses one of the key challenges in the energy sector and
presents an approach with considerable potential for the
development of efficient and environmentally sustainable
processing  both
unconventional hydrocarbon feedstocks. The methodology

technologies  for low-grade  and
not only enhances product yields but also improves product
quality and overall process efficiency.

6. Moreover, as previously mentioned, the coal and oil
feedstocks used in this study exhibit contrasting chemical and
physical
composition,

properties (such as proximate and ultimate
H/C density, viscosity,
conductivity, etc.), which contributed to the pronounced

ratio, thermal
synergistic effect observed. Therefore, the results of this
study—including the co-pyrolysis method—can be applied
not only to other similar feedstocks (even those with
characteristics different from those used here), but also to
other types of raw materials, such as plastic and rubber waste,
oil shale, biomass, and other organo-mineral materials. Thus,
a key condition for enhancing the efficiency and optimizing
the co-pyrolysis process is a significant difference in the
physicochemical properties of the feedstock components.
Furthermore, co-pyrolysis of mixtures containing more than
two types of feedstocks is of particular interest, as it not only
promotes more complete interaction between components, but
also expands the range of usable raw materials and increases
the flexibility of the technology.
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