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ABSTRACT

A model biomass-derived phenolic mixture was investigated for its solvent ability for extraction of a South African bituminous
coal at temperatures of 300–360 °C. A previous study showed that phenol gave the highest extraction yield of 49.5 wt. % (daf) for
bituminous coal at 360 °C, with an oil yield of 26.3 wt. % (daf). The phenolic products produced from sweet sorghum bagasse via
an alkaline liquefaction process were identified and reported earlier and a model biomass-derived phenolic mixture was
formulated, evaluated and results used in this study. The model mixture gave an extraction yield of 37.1 wt. % (daf) and oil yield of
16.9 wt. % (daf) at 360 °C. This solvent mixture was found to be less effective for high extraction yields when compared to phenol
at mild temperatures. This could be due to phenol being a better hydrogen carrier than the solvent mixture during the internal
redistribution of hydrogen in the coal. The infrared spectroscopy results of the coal and extraction products obtained using the
model mixtures showed similar functional groups. These results demonstrate that the use of a model biomass-derived phenolic
mixture has the potential to depolymerize coal and produce high-value chemicals from coal.
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1. Introduction
South Africa relies on its abundant coal reserves to meet much

of its energy demand. Coal provides 79 % of the country’s total
energy needs.1,2 The country’s synthetic liquid fuel production
contributes 40 % to the total liquid fuel demand. The remaining
60 % is sourced from the refining of imported crude oil.1,3 The
production of liquid transportation fuels synthesized from coal
provides an important alternative solution to augment the
petroleum supply, thus reducing the dependency on imported
petroleum and helping to relieve strained refinery capacity.4–6

Sasol runs an indirect liquefaction process for the production of
liquid fuels and chemicals from coal. The indirect coal liquefac-
tion facility in South Africa produces approximately 160 000
barrels of crude oil equivalent a day.1,7 However, the currently
favoured approach to producing synthetic liquid fuels, coal
gasification followed by the Fischer-Tropsch process, poses
challenges.8 For example, this includes the by-product of this
process, namely carbon dioxide (CO2), a greenhouse gas associ-
ated with global warming.9 Furthermore, a large amount of
hydrogen is used for coal processing through coal liquefaction,
which raises cost and energy consumption.10 In this study, we
examine the potential of solvent extraction for coal conversion.
This process is an alternative coal conversion process that can
produce coal-derived liquids without hydrogen and also at
lower temperatures.

Coal extraction with an appropriate solvent can be used to
study the composition, structure of coal and also as a conversion
process to produce value-added products from coal. The solvent
extraction process and explanation of the terms used to describe

the process (i.e. decomposition and depolymerization) was
summarized by Sehume et al.11 In general, solvent extraction
represents the treatment of coal with a solvent(s) to dissolve
some components of the coal, at temperatures between 200 and
400 °C.11,12 The extensive experiments, using phenol as a solvent,
for solvent extraction of coal date back to the 1920s.13,14,15 This
approach was found to be ideal as it is performed at tempera-
tures close to the boiling point of the solvent for higher extrac-
tion yields.12 It was reported that repeated extraction at increas-
ingly higher temperatures leads to a continuous increase in
extract yield.16 The change in the extract yield has been related to
the chemical nature of the solvent at higher temperatures.17,18

According to Berkowitz,19 at temperatures below ≈350 °C, the
solvent potency may depend on the ability of the solvent to
swell, peptize, and promote coal depolymerization; and the
most effective solvents are aromatics and hydroxylated
aromatics (i.e. phenol, naphthalene, α- and β-naphthols, phenyl
phenols, anthraces, or phenanthrene). Orchin and Starch20

evaluated a variety of solvents for their ability to extract coals
and showed that hydroaromatic solvents containing a phenolic
group were superior to those without one. In addition, the
presence of a phenolic OH usually leads to high extraction, but
not always. However, these authors did not state at which condi-
tions phenolic OH will not lead to high extraction yields.
Aromatic compounds, such as naphthalene, cresol, diphenyl, or
o-phenylphenol, have been reported in the literature of being
able to dissolve 20–30 % of the coal at 400 °C.21 Other studies have
shown that coal extraction with a single solvent in the system
can be limited depending on factors, such as extraction yield and
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solvent swelling.18,21–23 Coal extraction with some of the solvent
mixtures can lead to high yields of extract.16,18,22–24 The influence
of the mixed solvents was explained by the increase in the
penetration of solvents into coals by coal swelling.25 Kuznetnov18

have reported a coal extraction yield of 30–40 % using a solvent
mixture (1:1) of tetralin–phenol, and naphthalene-phenol,
quinoline-phenol. Miura and Mae24 reported a high coal extrac-
tion yield with carbolic oil (composed of phenolic compounds),
as an extraction solvent. They reported that the role of this
solvent is to dissociate hydrogen bonds between coal structures,
namely, the physical effect rather than the chemical effect.26 Aida
et al.23 extracted coal with supercritical water–phenol mixtures
near 400 °C. They observed that the extraction yield increased as
the ratio of phenol–water was increased, showing a maximum of
70 % at a water-phenol ratio of 4.5:0.5 and then reduced to
50–55 % for phenol. Recently, Sehume et al.11showed that phenol
has the potential to extract up to 50 wt. % (daf) of a South African
bituminous coal at a temperature of 360 °C. It was of interest to
investigate a renewable energy source material (i.e. derived
from biomass) that can produce phenolic-rich compounds that
could subsequently be used to facilitate the production of useful
liquids from South African coals.

Sehume et al.27 identified the phenolic compounds obtained
from a sweet sorghum bagasse biomass sample, which was
subjected to liquefaction using an alkaline treatment method at
low reaction temperatures. The main phenolic compounds
produced at a temperature of 280 °C and a NaOH concentration
of 3.0 M were phenol (13.8 wt. % of total liquid products),
p-cresol (6.8 wt. %), 4-ethylphenol (10.0 wt. %), 4-isopropyl-
phenol (0.9 wt. %), 2-propylphenol (0.7 wt. %), and 4-ethyl-
guaicol (1.5 wt. %). The model biomass-derived phenolic
mixture was formulated based on the constituents as in the
above-mentioned phenolic extraction results. We report in this
paper on the utilization of a model biomass-derived phenolic
mixture as a solvent for the bituminous coal in comparison to the
use of phenol.

2. Experimental Section

2.1. Materials
South African bituminous coal (Waterberg) was supplied by

Exxaro Resources Limited (South Africa).11 Sample sizes of less
than 150 µm were used in this investigation. A model biomass
derived-phenolic mixture was based on the prominence of
phenolic species identified in a previous study.27 Liquified
phenol (purity ≥89.0 % and impurities ≈10 %, water) was
supplied by Sigma-Aldrich (South Africa). The following phenol
derivatives’ were purchased from Minema Chemicals (South
Africa); p-cresol (99 %), 4-ethylphenol (99 %), 4-isopropylphenol
(98 %), 2-propylphenol (97 %), and 4-ethylguaicol (98 %). The
phenols were mixed prior to the solvent extraction and used
without further purification. The weight ratio of the phenol:
p-cresol: 4-ethylphenol: 2-propylphenol: 4-isopropylphenol:
4-ethylguaicol was 4:2:3:0.3:0.2:0.5. N2 (high purity, 99.999 %)
was supplied by Africa Oxygen Limited (AFROX, South Africa).
Tetrahydrofuran (THF) and n-hexane were purchased from
Merck Chemicals (Pty) Ltd, South Africa.

2.2. Solvent Extraction Process and Characterization of
Products

All experiments were conducted in a stainless-steel high-
pressure autoclave as described by Sehume et al.11 The autoclave
was charged with a weight ratio of 1:10 coal to solvent (model
biomass-derived phenolic mixture). Darlage and Bailey28 also

investigated solvent effects in depolymerization of coal using
coal: phenol ratio of 1:10. The reactor was sealed and flushed
with N2. The autoclave was pressurized and heated to the reac-
tion temperature in an N2 atmosphere (initial cold pressure of
0.5 MPa) at a heating rate of 4 °C min–1. The coal solvent extrac-
tion process was performed at reaction temperatures of 300, 320,
340 and 360 °C, whilst magnetically stirring the mixture at
300 rpm. The autoclave was held for 20 min at each specified
maximum temperature (±4 °C), and then cooled down to room
temperature using an electric fan. The product mixtures (solid
and liquid) were vacuum filtered and the gases produced were
calculated according to mass balance. A series of extractions
were carried out on the filtered liquid (after solvent extraction)
using a reflux system with two solvents at 85 °C for 1 h, as
described in a previous study.11 The THF-insoluble part of the
liquid residue was labelled THFI and represents the unreacted
portion of the coal. The THF-soluble part of the liquid residue
(THFS) was further extracted with hexane, and the hexane-
insoluble part of this extraction step (HI) was labelled PAAs, as it
contains a combination of preasphaltenes and asphaltenes. The
hexane-soluble (HS) product contains the oil part of the product.

2.3. Characterization of Coal and Extraction Products
Proximate analyses were performed using a U-Therm TGA

thermogravimetric analyzer, and ultimate analyses of the coal
and solvent extraction products were carried out using an
Elemental Vario El cube elemental analyzer, according to the
ASTM 29541 method.11 The oxygen content was calculated by
difference. Each sample was characterized three times and the
averages were used. The petrographic analysis was conducted
by the Council for Geoscience (South Africa) using a Leica
DM600 microscope with a Carl Hilgers motorized system,
according to the ISO 7404-2 method.

The model biomass-derived phenolic mixture was character-
ized by GC/MS using an Agilent gas chromatograph (GC), model
6890 N coupled with an Agilent mass spectrometer detector
(MS), model 5975B Inert XL EI/CI equipped with a CTC Analytics
PAL autosampler. The GC was equipped with a capillary column
(Agilent 19091S; 30 m length, 0.25 mm inner diameter, 0.25 µm
film thickness). The oven temperature program was as follows:
30 °C held for 2 min, then ramped up to 320 °C at 5 °C min–1 and
held for 10 min. The total run time for the method was 50 min.
Helium at a constant flow rate of 1.0 mL min–1 was used as a
carrier gas. The injector was operated with a split ratio of 1/15
that was maintained at 250 °C throughout the analysis. The
National Institute of Standards and Technology (NIST) spectral
library was used for peak identification.

Samples were analyzed using an attenuated total reflection
Bruker Fourier Transform Infra-Red spectrometer (ATR-FTIR)
with an ALPHA’s Platinum ATR single reflection diamond ATR
module, at ambient temperature in the region of 400 to 4000 cm–1.
Infrared spectroscopy was used to elucidate the effect of the
solvent extraction process on the functional groups of the
products that were obtained at different temperatures.

The pyrolysis behaviour of the coal and PAAs was studied
by thermogravimetric analysis (TGA, SDTQ600). Samples of
approximately 12 mg were analyzed. Thermogravimetric (TG)
and derivative thermogravimetric (DTG) profiles of both the
coal and the solid residues were obtained using a heating rate of
4 C min–1. Tests were conducted over the temperature range of
60–900 °C under a nitrogen flow of 75 mL min–1.

Simulated distillation (SimDis) analyses were carried out using
an HP Model 5890 GC system, in accordance with the ASTM
D2887 method. The analysis was carried out on a high-tempera-
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ture GC-FID system that has been fitted with an ARX 2887
Restek column (10 m × 0.53 mm × 0.53 µm). This process was
followed by the injection of ~0.2 µL of the fractions into the GC
column. The distillation curves were determined on a solvent-
free basis.

The overall percentage conversion or extraction yield of coal
during the solvent extraction, using a model biomass-derived
phenolic mixture as the solvent, was calculated according to the
equation (all values indicated are weight percentages):11

Conversion or extraction yield (wt. %) = [coal charged –
unreacted coal residue (THFI)/daf coal] × 100 %. (1)

The yield of pre-asphaltenes and asphaltenes (PAAs, HI) is
defined by:

PAAs (wt. %) = [(Hexane insoluble material, THF soluble)/
daf coal] × 100 % (2)

where daf coal is the weight of the dry, ash-free coal.
The oil part of the extracted products (HS) is obtained by differ-

ence:

oil (wt. %) = [Conversion – (PAAs) – G] × 100 % (3)

where G is the yield of the gaseous products obtained after the
coal solvent extraction (obtained by mass balance). The conver-
sion or extraction yield and intermediate products yields (PAAs)
were determined gravimetrically, based on the solvent-free
dried residues.

3. Results and Discussion

3.1. GC-MS (Semi-quantitative) Analysis of the
Model Biomass-derived Phenolic Mixture

The GC-MS analysis was performed on the model biomass-
derived phenolic mixture prior to solvent extraction and the
results are shown in Fig. 1. The area percentages of the phenolic
compounds were 39.91, 17.42, 32.78, 2.05, 1.86 and 5.98 % for

phenol, p-cresol, 4-ethylphenol, 2-propylphenol, 4-isopropyl-
phenol, and 4-ethylguaicol, respectively (Fig. 1).

3.2. Characterization of Samples
The elemental analysis, X-ray fluorescence (XRF) and maceral

composition results as reported earlier for the coal are summa-
rized in Table 1.11 The proximate and ultimate analyses shows
that the coal compromises of 34 wt. % (ad) volatile matter, 50
wt. % (ad) fixed carbon and 81 wt. % (daf) carbon content. The
most abundant oxides in the ash were SiO2 (62.3 %), Al2O3

(20.4 %) and Fe2O3 (8.7 %) contributing up to 91.4 % of the total
ash composition (Table 1). In most bituminous coals a portion of
the SiO2 may be present as free quartz; however, much or all of
the SiO2 is likely present in clays. All of the Al2O3 will be in clays
or similar minerals. Probably most or all of any Fe2O3 are due to
the oxidation of pyrite, FeS2, during the ashing process. The
petrographic constituents of this coal decreased in the order
vitrinite (52.8 %), inertinite (29.4 %), reactive semifusinite (6.7 %),
and liptinite (3.5 %).

In Table 2, the results from the proximate analysis of the
unreacted coal residues (THFIs) and the extraction products
(PAAs) after the solvent extraction treatment are summarized.
The results show that the ash percentages of THFIs increased
from 10.4 and 14.2 wt. % with increasing extraction temperatures
between 300 °C and 360 °C. The inorganic materials in the coal
are largely or completely un-extracted, while the amount of
organic substance extracted increases with temperature. There-
fore, inevitably the ash yield will increase as observed in this
study. The ash percentage trend is also similar to the results
obtained through the use of pure phenol (10.4 wt. % up to 20.6
wt. %).11 The volatile matter contents of approximately 45 wt. %
and ash percentages of approximately 0.3 wt. % of the PAAs
remain constant at the various experimental temperatures for
the solvent extraction process reported in this study. The nitro-
gen and sulphur contents of THFIs (300–360 °C) were somewhat
lower than that observed for the coal. In general, the ultimate
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Figure 1 GC-MS spectrum of the model biomass-derived phenolic mixture
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analysis characterization results of THFIs and PAAs using a
model biomass-derived phenolic mixture are similar to results
obtained in a previous study using phenol.11

3.3. Coal Conversion as a Function of Temperature and
Product Distribution

Figure 2 shows the coal conversion and overall product distri-
bution after solvent extraction at 300–360 °C using a model bio-
mass-derived phenolic mixture. As the temperature increases,
the yield of the residue (THFIs) decreases, while the conversion
increases. Using pure phenol as a solvent the same trend was
observed.11 Figure 2 shows the coal conversions of 14 wt. %,
20 wt. %, 32 wt. % and 37 wt. % using a model biomass-derived
phenolic mixture at 300 °C, 320 °C, 340 °C and 360 °C. The yield
of the solid residues (THFIs) during the solvent extraction

decreased from 86 to 63 wt. % (daf) when treated between 300 °C
and 360 °C. Pew and Withrow29 reported approximately
43.6 wt. % extract and 63.8 wt. % residue after solvent extraction
of a Pittsburgh No. 8 seam coal using phenol in an atmosphere of
carbon dioxide. Kiebler30 observed extracts of 39.7, 40.4 and
49.1 wt. % for Pittsburgh seam coal with phenol, m-cresol and
o-phenyl phenol, respectively. However, their results showed
that the solvents which gave the greatest yield of extract
appeared to be most affected by oxidation, based on a high
material balance (>100 %). Fieldner and Ambrose21 reported that
compounds, such as cresol, diphenyl, or o-phenylphenol, could
only dissolve 20–30 % of the coal. Larry and Bailey28 observed
extraction yields of 32 wt. % and 36 wt. % daf for phenol/o-cresol
and phenol/catechol solvent mixtures in the presence of a cata-
lyst (sulphuric acid), respectively, using high-volatile bitumi-
nous coal from the Pond Creek seam. Some of these results
corresponded with the conversion yield of nearly 37 wt. %
obtained at 360 °C. However, this value was lower than that
obtained in the experiments where pure phenol was used as a
solvent, where conversion of nearly 50 wt. % was observed.11The
effectivity of phenol-based solvents is characterized signifi-
cantly by their ability to dissolve or penetrate coal structure.25

Larsen et al.31 reported that phenol can readily give up a hydro-
gen atom to form a phenoxy radical. The phenoxy radicals are
capable of abstracting a hydrogen atom from a good donor site
in the coal, regenerating phenol. Therefore, phenol may serve
as a good hydrogen carrier. Alkyl-substituted phenols were
reported to be undesirable due to the formation of benzylic
radicals resulting in the incorporation of the alkyl phenol into
the coal structure.32

3.4. The Effect of Temperature on Gas Yields during
Solvent Extraction

The gaseous product yields obtained after coal solvent extrac-
tion at temperatures of 300–360 °C through mass balance are
shown in Fig. 3. The temperature range above 250 °C has been
reported to mark the onset of the active thermal decomposition
of bituminous coal. 19,33 As it can be seen from Table 1 (dilatation
results) that the coal used in this study begins to soften at about
397 °C. The results show that gaseous products progressively
increased with increasing temperature (7–9.6 wt. %). Similar
trends were also reported for coal extraction using phenol as
a solvent (300–360 °C).11 However, the gaseous yields of the
present study, using a model biomass-derived phenolic mixture,
were slightly more than that obtained in a previous study using
phenol, where the yields were 4.9, 6.2, 6.3 and 6.4 wt. % at 300,
320, 340 and 360 °C.11 It is more likely that the gaseous products
can be due to gases that could have been chemisorbed onto the
coal surface, apart from the gases resulted from the thermal
rupture of the labile bonds in the coal structure.

3.5. The Effect of Temperature on PAAs during
Solvent Extraction

Figure 4 shows the effect of temperature on the conversion of
coal and PAAs during the coal extraction process using a model
biomass-derived phenolic mixture. It can be seen from Fig. 4 that
the conversion increased from 14 to 37 wt. % with increasing
reaction temperatures (300–360 °C). The PAAs are an intermedi-
ate product in coal extraction or liquefaction which can be
further converted to oil and/or gases.34,35 PAAs were grouped
together as one fraction due to the similarity in their dissolv-
ing ability in THF and n-hexane.35 The yield of PAAs slowly
(4–7 wt. %) increased as the temperature increased between
300 °C and 320 °C which is in the range of the thermal decompo-
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Table 1 Proximate ultimate, XRF and petrographic results for the coal.11

Chemical properties Standard methods Coal
used

Proximate analysis (wt.%, ad)a

Inherent Moisture ISO11722 3.1
Volatile matter ISO 562 34.2
Ash ISO 1171 10.9
Fixed carbon By difference 51.8

Ultimate analysis (wt.%, daf)b ISO 29541

Carbon 80.9
Hydrogen 5.5
Nitrogen 1.9
Sulphur ISO 19579 1.3
Oxygen By difference 10.4
H/C (Atomic ratio) 0.82

Dilatation SANS 6072

Softening temperature (°C) 397
Temperature of maximum contraction (°C) 501
Maximum contraction (%) 27

XRF (wt. %) ASTM D4326

Fe2O3 8.7
MnO 0.1
Cr2O3 0.1
V2O5 0.2
TiO2 2.6
CaO 1.4
K2O 1.0
P2O5 0.1
SiO2 62.3
Al2O3 20.4
MgO 0.8
ZnO 1.1
SO3 1.1

Petrographic analysis (vol. %, m.m.f.b.) ISO 7404-2

Vitrinite 52.8
Liptinite 3.5
Reactive semifusinite 6.7
Total inertinite 29.4
Visible mineral matter 7.5
Vitrinite reflectance 0.6

* aad: air-dried basis.
* bdaf: dry-ash-free basis.
* Note – Gieseler fluidity and some values from dilatation were not determined
due to sample size.
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sition of the coal.11 Between 320 °C and 340 °C, the PAAs yields
increased, which also parallels the increasing conversion as a
function of temperature in this temperature range. In the
present study, the yield of PAAs (15–10 wt. %) slowly decreased
with increasing temperature between 340 °C and 360 °C. This
drop in the PAAs yield in this temperature range corresponds
with an increase in the oil yield as a function of temperature (see

below, Section 3.6). Similar trends were also reported for coal
extraction using phenol at this temperature range.11

3.6. The Effect of the Temperature on Oil Yield during
Solvent Extraction

The effect of temperature on the yield of oil after solvent
extraction using a model biomass-derived phenolic mixture is
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Table 2 Proximate and ultimate analyses of coal solvent extraction products using a model biomass-derived phenolic mixture and phenol11

(unreacted coal residues (THFIs) and PAAs).

Product Chemical Standard 300 °C 300 °C11 320 °C 320 °C11 340 °C 340 °C11 360 °C 360 °C11

properties methods

Proximate analysis (wt.%, air-dry basis)

Moisture ISO11722 1.8 2.0 2.2 2.1 2.6 2.8 2.6 2.6
Volatile Matter ISO 5621 39.9 44.7 38.3 43.0 35.9 31.7 32.3 28.5
Ash ISO 1171 10.4 10.2 11.3 10.5 12.3 18.5 14.4 20.6
Fixed Carbon By difference 47.9 43.1 48.2 44.4 49.2 47.0 50.7 48.3

THFIs Ultimate analysis (wt.%, dry-ash-free basis) ISO 29541

Carbon 77.9 79.1 81.3 79 81.9 82.9 82.2 82.2
Hydrogen 5.1 5.1 5.3 4.8 5.3 5.1 5.1 4.8
Nitrogen 1.6 1.6 1.5 1.6 1.4 1.9 1.6 2.0
Sulphur D4239-14 1.2 0.9 1.1 0.9 1.1 1.0 1.2 1.1
Oxygen By difference 14.2 13.3 10.8 13.7 10.3 9.1 9.9 9.9
H/C (Atomic ratio) 0.79 0.77 0.78 0.73 0.78 0.74 0.74 0.70

Proximate analysis (wt.%, air-dried basis)

Moisture ISO11722 2.6 1.7 3.2 2.2 3.4 2.1 2.4 2.2
Volatile Matter ISO 5621 45.5 56.2 46.5 57.1 45.9 54.0 46.9 55.5
Ash ISO 1171 0.3 0.9 0.2 0.8 0.3 0.9 0.3 0.9
Fixed Carbon By difference 51.6 41.2 50.1 39.9 50.4 43.0 50.4 41.4

PAAs Ultimate analysis (wt.%, dry-ash-free basis) ISO 29541

Carbon
Hydrogen 80.7 80.1 81.8 80.8 81.1 81.3 80.9 81.8
Nitrogen 5.4 5.1 5.5 5.2 5.3 5.1 5.3 5.1
Sulphur 1.5 2.0 1.3 1.9 1.3 2.0 1.4 1.8
Oxygen D4239-14 0.7 0.7 0.7 0.7 0.7 0.8 0.6 0.7
H/C (atomic ratio) By difference 11.7 12.1 10.7 11.4 11.6 10.8 11.8 10.6

Figure 2 Coal conversion and extraction product distribution using a biomass-derived phenolic mixture and phenol.11
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shown in Fig. 5. As shown earlier, an increase in the PAAs yield is
coupled with higher coal conversions. The same trend is also
observed with oil yields as coal is converted into solvent extrac-
tion products. From these results (Fig. 5), it can be seen that an
increase in temperature also increased oil yields (300–360 °C).
The oil yield in this temperature range increased from 1 wt. % to
17 wt. % and with the most significant change observed above
320 °C. The oil yield increased by nearly 5 wt. % between extrac-
tion temperatures of 340 °C to 360 °C, whilst the conversion
increased by nearly 5 wt. %. The oil yield observed at 360 °C
using phenol as a solvent was higher, at 27 wt. %, than the
17 wt. % observed in this study using the biomass-derived
phenolic mixture.11 The higher oil yields observed for phenol as a
solvent are a result of phenol being a better hydrogen carrier
during depolymerization of coal as compared to alkyl-substi-
tuted phenols, thus leading to higher coal extractions.

3.7. ATR-FTIR Spectroscopy
Figures 6–8 show the ATR-FTIR spectra of the coal, PAAs, and

hexane soluble products (oil). ATR-FTIR spectrometry represents
a relatively useful means of characterization of coal and coal-
derived products in terms of functional groups. Table 3 shows a
summary of bands of the functional groups observed in Figs. 6–8.

These results show that the coal and the coal-derived products
spectra were nearly similar in functional groups and with
minimal apparent structural changes observed after extraction
temperatures.42 The peaks within 700–800 cm-1 can also be attrib-
uted to mineral matter especially in the case of the coal and THFI
residues. However, the peaks around this region were observed
to be weak for extraction products (HI and HS fractions) due to
the absence of mineral matter.43 Similar results were observed
for bituminous coal and extraction products using phenol as a
single solvent system in a previous study.11 The FTIR results,
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Figure 3 Gaseous products after solvent extraction using a model biomass-derived phenolic mixture and phenol.11

Figure 4 Coal conversion and PAAs yields using a model biomass-derived phenolic mixture and phenol.11
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Figure 5 Coal conversion and oil yields using a model biomass-derived phenolic mixture and phenol.11

Figure 6 The infrared spectrum of the coal sample and unreacted coal residues (THFIs) after the coal solvent extraction at temperatures between
300 °C and 360 °C, using a model biomass-derived phenolic mixture.

Table 3 Characteristic ATR-FTIR bands of functional groups.

Wavenumber Assignment Reference(s)
(cm–1)

3600–3100 O–H stretching vibrations of hydrogen-bonded hydroxyl groups 11,36,37
3100–2800 Aromatic C-H stretching mode 11,36,38
3000–2800 Aliphatic C-H stretching mode 11,36,39
2900–2800 Aliphatic C-H stretching mode 11,36,40
1600 Aromatic ring (C=C in plane) stretching symmetric 37,39
1450 Symmetric aliphatic C-H deformation of methylene 11,36,40
1133–1060 Stretching vibration of the ether groups, C-O stretch and OH bending vibrations 39
900–650 Assigned to the C-H out-of-plane vibration of aromatic ring structures 40,41
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therefore, indicate a similar extraction process for pure phenol
and a model biomass-derived phenolic mixture despite the
differences in the extraction yields (see Section 3.3).

3.8. SimDis GC Analysis
The distillation curves of the coal-derived liquefied HS

fractions obtained through coal extraction using a model
biomass-derived phenolic mixture at the temperature range of
300–360 °C, are shown in Fig. 9. The fractionation of coal liquids
is based largely on schemes modified and developed for the
characterization of petroleum.44–47 It is important to note that the
evaluation of the distillation curves of the HS fractions has been
determined on a phenol-free basis due to the hindrance of
the phenols peak that masks the low boiling point fraction

(79–191 °C) peaks.11 The HS fractions contain compounds with a
wide range of boiling points (208–520 °C) with about 40 % of
the composition distilling off below ≈360 °C. The HS fractions
produced at 360 °C yielded the highest boiling point distribution
with regard to constant recovered mass, followed by fractions
produced at 340 °C, 320 °C, and 300 °C. For components boiling
below 500 °C, the variation of boiling point distributions when
phenol was used as a solvent was the reverse; the highest boiling
point distribution was observed for the extract produced at
300 °C, and the lowest for the 360 °C extract. The present study
shows that the properties of the HS fractions were affected by
the type of solvent; considering that the coal and process condi-
tions were kept the same throughout the extractions using pure
phenol and using the model phenolic mixture (300–360 °C).
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Figure 7 The infrared spectrum of hexane-insoluble products (PAAs) after the coal solvent extraction at temperatures between 300 °C and 360 °C,
using a model biomass-derived phenolic mixture.

Figure 8 The infrared spectrum of the hexane soluble products (oil) after the coal solvent extraction at temperatures between 300 °C and 360 °C, using
a model biomass-derived phenolic mixture.
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The boiling point distribution of HS fractions using a model
biomass-derived phenolic mixture for coal extraction are
summarized in Table 4. The quality of the oil obtained depends
significantly on its boiling point distribution.42 The boiling point
fraction of kerosene decreases as the extraction temperature
increases (16–11 wt. %). The study shows that the extraction tem-
perature has little effect on the number of products in the boiling
fractions, with the distillate fuel oil, light vacuum gas oil and
heavy vacuum gas oil fractions remaining the same with values
of approximately 14 wt. %, 50 wt. %, and 22 wt. %, respectively.
The largest proportion of the boiling fractions obtained with the
model biomass-derived phenolic mixture could be arranged in
decreasing order of light vacuum gas oil, heavy vacuum gas oil,
distillate fuel oil, and kerosene (300–360 °C). From these results,
nearly 70 % of the total fractions corresponded to light vacuum
gas oil (LVGO) and heavy vacuum gas oil (HVGO), with about
50 % correlating with LVGO which were obtained at low extrac-
tion temperatures. The LVGO fractions through advanced
processes (i.e. hydrocracking) can be used as a feedstock prefera-
bly to produce C3–C4 compounds, light, and middle distillates.

The average boiling point of the hydrocarbon constituents of

the fractions was calculated as shown in a previous study.11 It
can be observed that the average boiling point (WABP) of HS
fractions obtained using a model biomass-derived phenolic
mixture increased with extraction temperatures from 368 to
380 °C (Table 4). This trend is in contrast with the results obtained
by using phenol as the extraction solvent where the WABP of HS
fractions decreased with extraction temperatures (425–372 °C).11

Thus, the decrease in average boiling points may be related to
the difference in the average molecular mass of the extracts
obtained using these solvents.

4. Conclusions
The utilization of a model biomass-derived phenolic mixture

for the solvent extraction of a South African bituminous coal
under mild conditions was investigated. The choice of a pheno-
lic mixture as a model for the extraction of bituminous coal
allowed this study to investigate the feasibility of coal extraction
using a biomass-derived solvent. This model biomass-derived
phenolic mixture was found to be effective in extracting
14–37 wt. % of coal with increasing temperature (300 °C up to
360 °C). Alkyl-substituted phenols showed less depolymeriza-
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Table 4 Boiling point distributions for the different HS fractions based on crude oil fractions obtained using a model biomass-derived phenolic
mixture and phenol11 as extraction solvent.

Boiling fraction/ Boiling Unit HS– HS– HS– HS– HS– HS– HS– HS–
definition range/°C 300 °C 300 °C11 320 °C 320 °C11 340 °C 340 °C11 360 °C 360 °C11

Medium naphtha 79–121 wt.% – – – – – – – –
Heavy naphtha 121–191 wt.% – – – – – – – –
Kerosene 191–277 wt.% 16.0 14.0 16.0 15.0 14.0 20.0 11.0 17.0
Distillate fuel oil 277–343 wt.% 14.0 16.0 13.0 23.0 14.0 26.0 14.0 30.0
Light vacuum gas oil 343–455 wt.% 50.0 23.0 49.0 27.0 49.0 26.0 52.0 31.0
Heavy vacuum gas oil 455–566 wt.% 20.0 34.0 22.0 18.0 23.0 19.0 23.0 18.0
Residual oil >566 wt.% – 12.0 – 16.0 – 8.0 – 3.0
Total – wt.% 100.0 99.0 100.0 99.0 100.0 99.0 100.0 99.0
Initial boiling point – °C 208.8 209.8 208.0 208.6 210.2 208.6 210.2 209.2
Average boiling point 100–550 °C 367.56 424.6 370.2 403.0 372.4 380.7 380.2 371.6
(WABP)
Final boiling point – °C 519.4 615.4 519.4 615.6 520.0 612.4 520.0 600.6

Figure 9 Distillation curves of the HS products obtained using a model biomass-derived phenolic mixture and phenol11 at different extraction
temperatures.
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tion ability than compared with phenol may be due to poor
hydrogen carrier capability. The extraction yields were influ-
enced by the effect of physical properties of the solvent used in
coal extraction.

The THFIs and PAAs obtained using a model biomass-derived
mixture had similar H/C atomic ratios, which are similar to the
H/C of the coal. These results confirm that PAAs are the interme-
diate product coal and oil in coal extraction. The drop of the
PAAs yield between 340 °C and 360 °C during coal conversion
corresponded with an increase of the oil yields as a function of
temperature. The ATR-FTIR spectra of the coal and the extrac-
tion products showed nearly the same functional groups with
no significant structural changes. These results show that the
extraction production of the phenol-based solvents during coal
extraction are of a similar chemical nature, despite differences in
the extraction yields.

SimDis results showed that the increasing extraction tempera-
ture influenced the number of products in the boiling fractions.
The differences in the boiling point distribution obtained using
phenolic based solvents may be related to the difference in
average molecular mass of the extracts during coal extraction
(300–360 °C). However, more work ought to be carried out using
biomass-derived phenolic solvent to examine the nature of the
extracts (i.e. carbon distribution and the molecular weight distri-
bution) and all alkyl-substituted phenols that may lead to higher
extractions at maximum experimental conditions. The utiliza-
tion of a biomass-derived solvent will assist in the facilitation of
the production of useful liquids from South African coals and
address environmental challenges associated with the currently
favoured approach of producing synthetic liquid fuels, indirect
coal liquefaction.
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