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Abstract The compositional and structural changes that
coal asphaltenes undergo with increasing thermal matura-
tion were investigated using solid-state '*C NMR and
Fourier transform infrared spectroscopy. The results show
a gradual increase in the relative proportion of carbon
content with a concomitant decrease in the hydrogen, sul-
phur and oxygen content. The amount of aromatic carbon
also increases while the aliphatic carbon decreases with
increasing maturity. Ester and carboxylic groups are par-
ticularly sensitive to maturation and decrease in relative
abundance with increasing maturity while the amount of
aromatic carbonyl groups increases. In general, the as-
phaltenes were observed to evolve towards a more ther-
mally stable structure with increasing amounts of aromatic
moieties and relatively lower amounts of aliphatic moi-
eties. The results are in agreement with the ultimate
dominance of the island molecular architecture (the Yen—
Mullins model) in asphaltenes.

Keywords Asphaltenes - Coals - FTIR -
Solid-state '*C NMR - Thermal maturation

1 Background

Asphaltenes are complex mixture of carbonaceous macro-
molecular substances that have been associated with many
problems including obstruction of reservoirs, plugging of
wells and pipelines as well as fouling and stabilisation of oil—

< Aminu Bayawa Muhammad
ambayawa@yahoo.co.uk

Civil Engineering & Geosciences, Newcastle University,
Newcastle upon Tyne, NE1 7RU, UK

@ Springer

water emulsions in the petroleum industry (Galoppini 1994;
Kokal and Sayegh 1995; Khadim and Sarbar 1999; Shedid
and Zekri 2006; Ma et al. 2008). Although the term is mainly
applied to the heaviest components of petroleum, its func-
tional solubility-based definition allows extension to include
similar substances from coals and bitumens (Behar et al.
1984; William 1985; Solli and Leplat 1986) and composi-
tionally the two are quite similar (Badre et al. 2006).

The composition of asphaltenes has been a subject of
many investigations (Bunger and Li 1981; Peters 1986;
Sheu and Mullins 1995; Sheu 2002; Sabbah et al. 2011;
Mullins et al. 2012; Muhammad and Abbott 2013; Wu
et al. 2013). In general asphaltenes macromolecules are
considered to consist of aliphatic side-chains linked to
aromatic moieties via C-C, C-O and C-S bonds (Yen
1974; Peng et al. 1997). The aromatic moieties consist
largely of condensed pericyclic sheets of 4 and 20 rings
(Groenzin and Mullins 1999; Badre et al. 2006) while the
alkyl moieties have been shown to average at C; to C; in
size (Calemma et al. 1995), although homologues in range
of C, to over Cj;, have observed (del Rio et al. 1995; Peng
et al. 1999; Muhammad and Abbott 2013). Furthermore,
the aliphatic moieties have been found to consists of both
acyclic (n-alkyl and iso-alkyl) and cyclic (hopanoids,
steroids etc.) alkyl groups (Mojelsky et al. 1992; Trifilieff
et al. 1992; Peng et al. 1999; Strausz et al. 1999;
Muhammad and Abbott 2013). A more complex structure
in which the aromatic moieties in the asphaltenes are fur-
ther interconnected by aliphatic bridges (i.e. the so called
polymeric structure) has been subject of intense debate
(Bunger and Li 1981; Hammami et al. 1995; Speight 2004;
Badre et al. 2006; Strausz et al. 2008; Mullins 2009).

The effect of thermal stress on the molecular composi-
tion of aliphatic moieties and stereochemistry of the ali-
cyclic moieties has been reported (Muhammad and Abbott
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2013). However, the destructive effect of ruthenium oxide
oxidation on aromatic moieties prohibits obtaining a
complete picture of the thermal evolution of the as-
phaltenes. In this paper, NMR and FTIR were employed to
reveal the changes undergone by the aromatic moieties, as
well as aliphatic moieties, of the asphaltenes with possible
consequence on the molecular architecture of these enig-
matic complex substances.

2 Materials and methods
2.1 Samples

Four pulverised coal samples, namely North Sea Brent coals
C04, C56, C69 [with vitrinite reflectance (Rg) values of
0.40 %, 0.56 %, 0.69 %, respectively] and C15 (R, value of
1.50 %) from Harvey Beaumont seam, County Durham,
United Kingdom, were used in this investigation. The sam-
ples cover the thermal maturation range from late diagenesis
(Ro = 0.2 %-0.450 %) through catagenesis (Rg = 0.6 % —
0.9 %) into metagenesis (Ryp = 0.9 % — 2.0 %) stages of
transformation of sedimentary organic matter.

2.2 Extraction of bitumen

Known weights of the coal samples were extracted for 72 h
with DCM/MeOH mixture (93:7, v/v) using Soxhlet ex-
traction method. The solvent was removed from the ex-
tracts by rotary evaporation (30 °C, 25 mmHg) followed
by drying under nitrogen stream until a constant weight
was obtained.

2.3 Precipitation of asphaltenes and elemental
analysis

The coal bitumen, dissolved in 1 cm? of DCM, was treated
with 40 cm® of n-hexane. The mixture was stirred for 2 h
and allowed to equilibrate for 24 h. The asphaltenes were
recovered by centrifugation (3500 rpm, 15 min) and re-
dissolved in 1 cm® DCM followed by re-precipitation with
40 cm® of n-hexane. After stirring for 30 min, the as-
phaltenes were recovered. This was repeated two more
times. The dry asphaltenes were extracted with n-hexane
for 10 days using the Soxhlet method to remove co-pre-
cipitated maltene (Alboudwarej et al. 2002). After drying,
carbon, hydrogen, nitrogen and sulphur composition of the
asphaltenes were determined using a Carlo Erba 1108
Elemental Analyser. The oxygen content was obtained by
difference.

2.4 FTIR measurements and curve-fitting
of the spectra

About 1 % (w/w) mixture of the asphaltenes in KBr
powder (99.5 % IR spectroscopic grade, Sigma-Aldrich)
was prepared with an agate mortar and pestle. 13 mm
pellets were prepared from about 200 mg of the ho-
mogenised sample/KBr powder using a Specac 15 Ton
Manual Hydraulic Press.

Thermo Nicolet Nexus 870 FTIR spectrometer (Thermo
Nicolet Corp.), with DTGS KBR detector and XT-KBr
beam splitter, was used to acquire the IR spectra in the
mid-infrared region (400—4000 cm™') by co-adding 70
scans at a resolution of 4 cm™".

Prior to curve-fitting with GRAMS/AI (Thermo Scien-
tific, Inc.), each spectrum was: (i) normalised to the con-
centration of the asphaltene in the pellets, (ii) baseline
corrected using multipoint option, and (iii) smoothened
using Savitzky-Golay algorithm to reduce noise. Curve-
fitting of relevant spectral regions and assignment of bands
were done as described in the literature (Maddams 1980;
Painter et al. 1981; Yen et al. 1984; Ibarra et al. 1996).
Model trend with best fit (from R? values) was adopted in
plots of areas of absorption bands against vitrinite
reflectance.

2.5 Solid-state 13C NMR measurements

The Soxhlet extracted asphaltene samples were used
without further preparation. The solid-state '°C NMR
spectra were obtained on a Varian VNMRS 400 spec-
trometer using a double-resonance (H-X) MAS probe
equipped with a 4 mm rotor. All the spectra were obtained
at 100.56 MHz with 700 scans. The rotor was spun at
12 kHz. A pulse repetition delay of 2 s and a cross polar-
ization (CP) contact time of 0.50 ms were applied for all
the experiments. Modulated (TPPM) decoupling was car-
ried out at a nutation frequency of 76 kHz. Dipolar de-
phasing (DP) delay was set at 40.0 ps. Spectral referencing
is with respect to external neat tetramethylsilane.

The data obtained was used to estimate (Eqs. 1-5): the
fractions of the aromatic carbon that is protonated (i.e.
tertiary aromatic carbon, /%) and nonprotonated (quater-
nary aromatic carbon, jZ’N ); fraction of the total carbon that
is protonated (/) and nonprotonated (f3); as well as the
fraction of the total hydrogen present in the aromatic sys-
tems (H,) (Wilson et al. 1984; Wilson and Vassallo 1985).

A _N+P 12In+P (121)(0.88)M +P

f“*T T T T

(1)
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3 Results and discussion
3.1 Elemental composition

The percentage carbon content of the asphaltenes increases
with increasing maturity of the coals of the coals (Fig. 1a),
while atomic O/C and S/C ratios decrease with increase in
maturity (Fig. 1). These are similar to observations of
Rouxhet et al. (1980) in coals and kerogens. Unlike other
elements, however, the relative nitrogen content (N/C ra-
tio) increases with increasing maturity of the coals
(Fig. 1d). This might be due to two dynamic processes
occurring during the diagenesis of the organic matter.
Firstly, relative to carbon, the loss of oxygen and sulphur
might occur more rapidly (Fig. 1b, c) than nitrogen
(Fig. 1d) as suggested by the stiffness of the gradients of
the respective plots of the element against maturity

901
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(Fig. 1). Secondly, a significant proportion of the total ni-
trogen might be fixed in or transformed into functionalities
(e.g. aromatic pyridinic and pyrrolic nitrogen (Baxby et al.
1994)) that are relatively more stable than sulphur and
oxygen functional groups. Therefore, although the absolute
amounts of the nitrogen might be decreasing with in-
creasing maturity, the overall observable effect is its rela-
tive enrichment in the residual organic matter with
increasing maturity (Fig. 1d). In general, however all the
trends (Fig. 1) appear to stabilise as higher maturity level is
approached suggesting the transformation proceeds to-
wards a more stable carbon-rich equilibrium structure.

3.2 Distribution and evolution of carbon
in asphaltenes

The solid-state '*C NMR spectra of the asphaltenes re-
vealed two broad peaks between 0-60 and 100-150 ppm
(Fig. 2a) which are generally assigned to aliphatic and
aromatic carbons, respectively (Weinberg et al. 1983;
Wilson and Vassallo 1985) although they can be decon-
volved into many peaks assignable to different types of
aromatic and aliphatic carbons, respectively (Dutta Ma-
jumdar et al. 2013). The values of the aromaticity factor
(f,) obtained (Table 1) are similar to reported carbon
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Fig. 1 Plots of (a) %C, (b) O/C, (¢) S/C, and (d) N/C against vitrinite reflectance showing the evolution of the relative amounts of elements in

the asphaltenes with increasing maturity
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Fig. 2 Molecular illustration showing evolution of aromatic and aliphatic moieties of asphaltene macromolecule with increase in thermal stress

Table 1 Structural parameters

Sample C04 C56 C69 C15

calculated from theasphaltenes’

solid-state '*C NMR spectra Vitrinite reflectance, R 0.40 0.56 0.69 1.50
Aromaticity factor, f, 0.42 0.48 0.56 0.63
Fraction of protonated aromatic carbon, /% 0.34 0.46 0.47 0.43
Fraction of non-protonated aromatic carbon, /& 0.66 0.54 0.53 0.57
Fraction of aromatic carbon, jf;’ 0.14 0.22 0.26 0.27
Fraction of aromatic hydrogen, H, 0.17 0.28 0.28 0.41

aromaticity of petroleum asphaltenes (Andrews et al. 2011;
Dutta Majumdar et al. 2013) although much lower than
those of coal asphaltenes (Andrews et al. 2011) possibly
due to the effect of thermal liquefaction of the coals (see
Sect. 3.4). In general, the aromaticity factor increases with
increasing maturity (Table 1) suggesting aromatisation of
aliphatic (naphthenic) structures with increasing maturity
although dealkylation may also occur simultaneously
(Rouxhet et al. 1980; Buch et al. 2003). However, the
former is further supported by increase in both the fraction
of aromatic hydrogen (H,) and the fraction of the total
carbon that is protonated (tertiary) aromatic carbon ()“;1)
with maturity (Table 1).

Furthermore, the distribution of the aromatic carbon
shows that over 50 % of the carbon is in the form of non-
protonated (i.e. quaternary) carbon as reflected by f“V
although it appears to be independent of maturity
(Table 1). It should however be noted that the relatively
high value of /%" of C04 asphaltene does not necessarily
mean it has more condensed aromatic moieties than the
more matured asphaltenes; rather, it may be a reflection of
positive contributions to /%" from alkylated (therefore non-
protonated) carbons which are more abundant in less ma-
ture samples. Thus, as the alkyl groups are replaced with
hydrogens following dealkylation with increasing maturity,
the apparent proportion of the quaternary carbon (%) falls

and aromatic hydrogen (H,) rises (Table 1). In general,
increase in the aromaticity of the asphaltene with increas-
ing maturity is mainly due to aromatisation of aliphatic
carbon and possibly increasing condensation of the aro-
matic structures. These observations are consistent with
results obtained by Wilson and Vassallo (1985) in their
study of distributions of carbon in coals with increasing
thermal stress.

3.3 Thermal evolution of functional groups
in the asphaltenes

The absorption bands obtained from curve-fitting of the
asphaltenes IR spectra are assigned to various functional
groups as outlined in Table 2. The O-H/N-H band of the
asphaltenes is prominent irrespective of the maturity of the
coals suggesting the functionalities are not significantly
affected by increase in maturity until at much higher
maturation levels (Rouxhet et al. 1980) not covered in this
study.

The total absorption due to the five aliphatic C-H
stretching vibrations (3000-2800 cmfl) indicative of
aliphatic moieties decreases with increase in maturity
(Fig. 3a). Furthermore, the intensities of the two alkyl bands
at 1455 and 1346 cm ™' decrease with increasing maturity
(Fig. 3b) indicating dealkylation as the asphaltenes are
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Table 2 List and assignment of Peak Peak Centre (cm™") Assignment
infrared absorption bands
obtained from the curve-fitting 1 3400 v OH/HN
of the FTIR spectra of the 2 3050 v C—H aromatic
asphaltenes from the coal v
samples 3 3017 v C—H aromatic
4 2954 as. v RCHj aliphatic
5 2923 as. v R,CH, aliphatic
6 2897 v R3CH aliphatic
7 2869 sy. RCHj; aliphatic
8 2851 sy. R,CH, aliphatic
9 1768 C=0 esters
10 1698 C=0 carboxyl group
11 1654 C=0 conjugated ketone
12 1607 v C=C aromatic
13 1497 C=C aromatic
14 1455 d as. CH3;—, CH,—
15 1346 d sy. CH,—C=0
16 1270 v C-0 in aryl ethers
17 1226 v C-0, 60H, phenoxy & ethers
18 1180 v C-O phenols & ethers
19 1107 v C-O tert. Alcohols & ethers
20 1066 v C-O sec. alcohols
21 1030 v C-O ethers
22 874 8 1H—isolated hydrogen on aromatic ring
23 859 O 1H—isolated hydrogen on aromatic ring
24 838 d 2H—adjacent hydrogens on aromatic ring
25 815 & 2H—adjacent hydrogens on aromatic ring
26 785 8 3H—adjacent hydrogens on aromatic ring
27 764 8 4H—adjacent hydrogens on aromatic ring
28 749 8 4H—adjacent hydrogens on aromatic ring
29 723 8 2H—adjacent hydrogens on aromatic ring
30 701 8 SH—adjacent hydrogens on aromatic ring

as asymmetric, sy symmetric

exposed to increasing thermal stress. All these are in agree-
ment with decrease in aliphatic carbon with increasing ma-
turity as observed from 13C NMR results (Sect. 3.2). Thisisa
further indication that both dealkylation and aromatisation of
aliphatic units occur simultaneously as maturity increases as
illustrated in Fig. 2. However, the two other bands at 1424
and 1375 cm ™', also commonly assigned to aliphatic moi-
eties appear to be independent of maturity of the coals within
the maturity region under investigation.

The aromatic C—H stretching vibrations (3000-3100 cm™ 1)
are barely detectable in the immature C04 asphaltenes but in-
crease with increasing maturity with the strongest absorption
observed in C15 asphaltene (Fig. 3a). The evolution of the
aromatic structures is further revealed by increase in the in-
tensities of the nine bands between 900 and 700 cm ™" with
increase in maturity (Fig. 3c, d). These bands are indicative of
aromatic C—-H out-of-plane deformations (Yen et al. 1984;

@ Springer

Ibarra et al. 1996) from different environments (Table 2). Note
however that although the bands at 838 and 723 cm ™' are re-
spectively commonly assigned to cyclic methylene (—CH,-)
and Cs, methylene units (Guiliano et al. 1990), the fact that the
intensities of the bands increase with increasing maturity
(Fig. 3d) suggest they are more likely to be due to aromatic C—
H deformation in agreement with Ibarra et al. (1996). The
differences in the slopes of the plots in Fig. 3d suggest that the
different aromatic C-H evolve at different rates during
maturation.

The carbonyl (C=0) functionalities from ester
(1768 cm™') and carboxyl group (1698 cm™Y) (Guiliano
et al. 1990; Ibarra et al. 1996) decrease with increasing
maturity while the highly conjugated carbonyl group of the
quinone-type (1654 cm™') increases with maturity
(Fig. 3e) in agreement with observations of Rouxhet et al.
(1980) in coals. Lost of the ester and carboxyl groups
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appear to precede loss of hydroxyl groups even in coals
(Rouxhet et al. 1980). This indicates both the quinone-type
carbonyl group and hydroxyl group are thermally more
stable than ester and carboxyl groups in asphaltenes.
Although the bands at 1607 and 1497 cm™' are com-
monly assigned to aromatic C=C stretching vibrations
(Guiliano et al. 1990; Ibarra et al. 1996), in this study both
bands decrease with increasing maturity (Fig. 3f) and
correlate positively with O/C ratio (R* > 0.80; p < 0.05)

Vitrinite reflectance, R, (%)

and thus might be due to oxygen functional groups possibly
carboxylate ion (Nakanishi 1962).

Intensities of the six bands obtained from curve-fitting
the spectral region between 1300 and 1000 cm ™' decrease
with increasing maturity (Fig. 3g, h). Although these bands
are quite difficult to assign due to the many functional
groups that absorb in the region (Socrates 1980; Painter
et al. 1981), the stiffness with which they decrease with
increasing maturity suggests they might be due to various

@ Springer



428

Chin. J. Geochem. (2015) 34(3):422-430

Fig. 4 Simplified diagram
illustrating thermal evolution of
archipelago-type asphaltene
molecules into island-type
molecules with increasing
thermal maturation

C-O functional
(Table 2).

groups from different environments

3.4 Possible implication to the molecular model
of asphaltenes

The molecular structure of asphaltenes has been subject of
intense investigations (Badre et al. 2006; Sabbah et al.
2010, 2011; Mullins et al. 2012; Alvarez-Ramirez and
Ruiz-Morales 2013). Consequently, it has now been shown
that the dominant molecular architecture is the Yen—Mul-
lins model, which consider asphaltenes to have the so-
called island structure consisting of a condensed
heteroaromatic core with alkyl side chains (Mullins et al.
2012).

The observed structural evolution of asphaltenes with
increase in thermal maturation may have a fundamental
implication in asphaltene chemistry. First, asphaltene
molecules from relatively immature sedimentary organic
matter may be dominated by aliphatic moieties relative to
aromatic moieties. Second, even if thermally immature
asphaltene contain relatively significant archipelago-type
molecular architecture, at higher degree of thermal matu-
rity most of the inter-aromatic aliphatic linkages, as well as
aliphatic side chains (Buch et al. 2003), would be lost to
thermal dealkylation. This will ultimately generate com-
plex, albeit more aromatic, molecular units dominated by
island molecular architecture (the Yen—Mullins model) as
illustrated in Fig. 4 in agreement with the observed
dominant molecular architecture of asphaltenes from pet-
roleum and artificially matured coal (Badre et al. 2006;
Sabbah et al. 2011; Wu et al. 2013). It worth noting that
thermal liquefaction of coal could result in its artificial
thermal maturation and this could partly be the reason why
coal asphaltenes have been reported to have higher relative
carbon content and lower hydrogen content (and thus lower
H/C atomic ratio) than the petroleum asphaltenes (Andrews

@ Springer
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O = aromatic core

Thermal maturation

‘Island’ structures

=aliphaticmoiety

et al. 2011). This therefore buttresses the need to investi-
gate thermally immature asphaltenes (e.g. extracted from
virgin immature coal) and particularly to determine the
relative significance of the archipelago structures in them.

4 Conclusion

Thermal maturity was observed to affect the composition
of asphaltenes from coals of different ranks. With in-
creasing thermal stress, asphaltenes were observed to
evolve towards an equilibrium structure or composition in
which aromatic moieties become dominant over aliphatic
moieties as a result of increasing aromatisation and
dealkylation. Distribution of alkyl moieties shifts towards
increasing proportions of the lower molecular weight ho-
mologues with increasing thermal maturity. The thermal
stress also results in loss of oxygen functionalities from
ester and carboxyl groups while hydroxyl groups appear to
be more stable. The results are in agreement with the ul-
timate dominance of the island structure (the Yen—Mullins
model) in petroleum asphaltenes.
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