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Thermogravimetric analysis of petroleum asphaltenes
along with estimation of average chemical structure

by nuclear magnetic resonance spectroscopy
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Abstract

Combining with the1H and13C nuclear magnetic resonance (NMR) determinations, elemental analysis and molecular weight measurement,
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verage molecular formula of the chemical unit for the asphaltenes from Chinese Daqing crude oil were calculated. Thermal pyroly
f the asphaltenes had been studied using thermogravimetric analysis (TGA). The distributed activation energy model (DAEM)

o analyze these complex systems. The results show that the peak activation energy for pyrolysis of the asphaltenes is 245 kJ m−1 and the
re-exponential factor is 5.88× 1014 s−1. The DAEM method presented reasonably good results of the prediction of the weight loss cu

inear relationship can be found from the plots of logarithm of the pre-exponential factor against the activation energy at selected
alues. This phenomenon known as the compensation effect was explained and it was in agreement with the estimated chemi
etermined by NMR.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Asphaltenes are the essential components with the largest
verage molecular weight in crude oils or petroleum vacuum
esidues[1]. Some experimental evidence[2–6] suggested
hat these oils be at continuous colloidal aggregated states,
n which asphaltene aggregates with resins adsorbed on their
urface. The stability for this special structure strongly de-
ends on the solubility and the interfacial properties of as-
haltenes. The precipitation of asphaltenes in crude oil well
roduction tubing is a practical as well as theoretical problem,
wing to its negative impact on the petroleum industry. The
hermal decomposition of asphaltenes is of interest because
f the tendency of them to form high yields of coke and to
ause catalyst deactivation during processing. Many studies
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[7–12] have been reported on the chemical structure, i
facial property and pyrolysis kinetics of asphaltenes. Py
sis of asphaltenes is viewed chemically as depolymeriz
in parallel with thermal decomposition of functional grou
which can supply clues to the structure of the parent hydr
bon. When asphaltenes are heated prior to gasification
large volatile content is released, leaving a char. Pyroly
the rapid first step in combustion and gasification proce
in which the resulting char subsequently reacts with oxy
steam, hydrogen or carbon dioxide. Hence, knowledg
thermal conversion kinetics of asphaltenes is of conside
importance. Recently, Geng and Liao[13] gave a reasonab
review of asphaltene pyrolysis and reported the kinetic s
ies and the geochemical applications. Dieckmann et al[14]
used asphaltene pyrolysis kinetics to infer information a
oil expulsion temperatures.

In this work, asphaltenes for Daqing crude oil, one typ
Chinese crude oil, were separated and the thermal pyro
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kinetics was studied using thermogravimetric analysis. Com-
bining with the NMR determination, elemental analysis and
molecular weight measurement, the average molecular for-
mula of the asphaltene unit was calculated. The aim is to give
internal relations between the NMR and the TGA results.

2. Experimental

2.1. Separation of asphaltenes

Asphaltenes used in the experiments were extracted from
Daqing crude oil coming from Daqing Oil Field Co. Ltd.
in China. The separation of asphaltene fractions from the
crude oil was carried out byn-pentane precipitation. Thirty
volumes ofn-pentane was added to the crude oil. The mixture
was in a state of reflux for 1 h, and then was cooled and left
to stand for 24 h. The precipitated asphaltene fraction was
filtered and Soxhlet-extracted withn-pentane and dried in a
vacuum drying oven. The asphaltene sample is a laminate
brittle solid with metal luster.

2.2. Characteristic parameters

Elementary composition of the asphaltenes was deter-
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Table 1
Results of elemental analysis of asphaltenes

C (%) 84.17
H (%) 9.06
N (%) 1.94
S (%) 2.67
Oa (%) 2.2

a Calculated by difference.

11 mg. During the TGA experiments, the sample temperature
increased linearly with time and the weight loss of volatiles
was recorded directly.

3. Results and discussion

3.1. Structrual parameters and model molecule

Elemental analysis results for the asphaltenes are listed in
Table 1. The1H and13C NMR measurement results are given
in Table 2.

It appears that carbon and hydrogen are two major ele-
ments with total mass fractions of 93% in Daqing asphaltenes.
Heteroatoms, nitrogen, sulphur and oxygen, with the range
from about 2 to 3% are observed, which may give rise
to strong intermolecular forces for asphaltene aggregations.
Recently, nuclear magnetic resonance spectroscopy has be-
come a powerful tool for the analysis of petroleum products
[15–18]. The average structural group parameters as the usual
definition[19,20]obtained from NMR measurements for the
investigated asphaltenes are presented inTable 3.

It is known that the asphaltenes have been proposed to
be repeating units of similar composition and that the unit
sheets are conceived as being held together in the particle by
i
a ndent
o cause
o ent
o lec-
u from
1 er-
m s-
p unit
s lated
f ntal
ined by an elemental analyser of Carlo Erba EA1110.
olecular weight was measured by the VPO method u
Knauer type molecular weight meter with benzene as

ent. The1H and 13C nuclear magnetic resonance (NM
pectra were recorded on a Bruker Avance DMX500 N
pectrometer with CDCl3 as solvent. The chemical shift
eferred to the TMS standard.

.3. Thermogravimetric analysis

The experiments used a NETZSCH STA 409 PG/PC T
he heating rates employed were 10, 15 and 20◦C min−1 up

o the final temperatures of 800◦C. Ultra-high-purity nitro
en at room temperature was used at a flow rate control
0 ml min−1 for 20 min before starting each run. The ini

emperature of the furnace was controlled at 30◦C and laste
or 5 min. The samples were then heated to the final tem
ure at each heating rate and were held at that final tempe
or 10 min. The sample weight was over the range from

able 2
elative contents of hydrogen and carbon atoms on different position

/C type Chemical shift (δ) Definition

aro 10.0∼ 6.0 Hydrogens attached to a

ali 4.0∼ 0.4 Aliphatic hydrogen atoms

� 4.0∼ 2.0 Hydrogens attached to c

� 2.0∼ 1.0 Hydrogens in alkyl subst

� 1.0∼ 0.4 Hydrogens in terminal or
groups substituted in pos

a 160∼ 100 Aromatic carbon atoms

ali 60∼ 5.0 Aliphatic carbon atoms
phaltenes from1H and13C NMR determinations

Relative conten

ring carbons 0.1152
0.8848

in alkyl substitution� to aromatic ring carbons 0.1332
r further from aromatic ring 0.5432

d CH3 groups of saturates or hydrogens in alkyl
d further from aromatic ring

0.2084

0.4427
0.5573

ntermolecular forces and by aliphatic chains[1,4,8,9]. The
pparent molecular weight of the asphaltenes is depe
n the nature of solvent and also on the temperature be
f the different association degree in different environm
r under different condition. Published data for the mo
lar weights of petroleum asphaltenes generally range
000 to 5000[7]. In this work, the molecular weights det
ined in benzene at 45◦C by the VPO method for the a

haltenes are 3950. The average molecular weight of a
heet in the asphaltene model molecule can be calcu
rom a combination of NMR measurements and eleme
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Table 3
Average structural parameters calculated for asphaltenes

Parameter Definition Average
structural
parameters

n Carbons per alkyl side chain 6.6
fc Carbon-hydrogen weight ratio of total

alkyl groups
5.9

x Hydrogen-carbon atomic ratio of alkyl
groups

2.1

%CA Percent aromatic carbon 37.3
%C1

S Percent substituted aromatic carbon 7.1
%C1

U Percent unsubstituted aromatic carbon 12.5
%C1 Percent non-bridge aromatic carbon 19.6
%AS Percent substitution of aromatic rings 36.1
CA Aromatic carbons per average molecule 24.9
C1 Aromatic non-bridge carbons per average

molecule
13.1

RA Aromatic rings per average molecule 6.9
RS Alkyl substituents per average molecule 4.7
RN Naphthenic rings per average molecule 1.6
Cali Aliphatic carbon per average molecule 31.3
Hali Aliphatic hydrogen per average molecule 64.2

analysis. This is done in the following steps: (1) Total satu-
rated carbon atoms (Cs), total aromatic carbon atoms (Ca),
peripheral carbon atoms in a condensed aromatic sheet (Cp)
and theCp/Ca ratio are determined by NMR results, using
the equations given by Speight[21]. On the basis of a 100 g
sample,Ca (100) andCp (100) are obtained. (2) Plot the
Cp/Ca and averageCa values calculated for aromatic com-
pounds. The corresponding averageCa of the asphaltenes
is determined. (3) The average molecular weight of a unit
sheet is calculated fromCa (100) andCa (average): MW
(unit) = (Ca (average)/Ca (100))× 100. The detailed descrip-
tion can be found in the original references[7,21,22]. The
Ca (100),Cp/Ca andCa (average) values are 3.321, 0.496
and 26.6 for the investigated asphaltenes. Similarly, the val-
ues of 3.637, 0.422 and 38.8, 4.056, 0.367 and 38.9, 3.935,
0.490 and 25.5 can be obtained for three asphaltenes ASP-M,
ASP-H and ASP-D[9], respectively. So, the calculated NMR
molecular weight of unit sheet should be 801. It is very clear
that there have large difference between the VPO molecular
weight and the calculated value. This indicates obviously that
the asphaltenes are aggregated in the solvent of benzene. It
was also verified in previous work[2–4]. Depending on the
different molecular weights, the average number of the unit
sheet or layer (association number) is calculated as 4.9 in the
asphaltenes, which is similar to those reported in the literature
[ ntal
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f
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Fig. 1. Plots of weight loss and weight loss rate vs. time at different heating
rates.

eroatoms, for the asphaltene may be clear. Oxygen, nitrogen
and sulfur may play major roles in binding unit sheets, prob-
ably through hydrogen bonding or ether-type bonding. The
high aromatic character also provides strong�–� interaction
between aromatic rings of the molecule. This chemical struc-
ture may throw some light on the compensation effect on the
thermal pyrolysis of the asphaltenes, which will be discussed
below.

3.2. Thermogravimetric analysis

Fig. 1 presents the weight change with time (TG) and
compares the corresponding rate of weight loss versus time
(DTG) for the asphaltenes at different heating rates.

As shown inFig. 1, the final volatile yield (V* ) for py-
rolysis of the asphaltenes is 91.6%. The pyrolysis process of
the asphaltenes mainly occurs at a narrow temperature range
from 390 to 500◦C (V/V* = 0.1∼ 0.9). The temperatures cor-
responding to the maximum weight loss rates at three differ-
ent heating rates change in a narrow temperature range with
the values of 481± 5◦C. The pyrolysis of the asphaltenes
can be roughly divided into three stages referring toFig. 1.
From the initial experimental temperature to 350◦C is the
first stage. In this stage, the weight has no noticeable change
and the value of dW/dτis near to zero, which indicates that
t 0 to
4 duc-
i ird
s uc-
i m
a s and
a t the
a ed of
p side
a cond
s mical
b bro-
k cause
7–9]. From the calculated molecular weight and eleme
nalysis results inTable 1, the average formula of unit sh

or the asphaltenes can be given by C56.1H72.5N1.1S0.7O1.1.
With the average structural parameters from1H and13C

MR determinations inTable 3and the average formula
nit sheet, the CC and C H skeleton such as the aroma
ings, aromatic carbons, aromatic non-bridge carbons,
ubstituents, naphthenic rings, aliphatic carbon and alip
ydrogen, with tentative incorporation of S, N and O h
here are little chemical changes taking place. From 35
50◦C is the second stage. This is the first stage for pro

ng volatiles with relatively slow weight loss rate. The th
tage is above 450◦C, which is the second stage for prod
ng volatiles with dW/dτsharply decreasing to a minimu
nd then changing to zero. With the NMR measurement
verage molecule assumptions above, it is known tha
sphaltenes contain complex large molecules compos
olycyclic aromatics linked with naphthalene rings and
liphatic chains along with heteroatoms. During the se
tage, the intermolecular associations and weaker che
onds are destroyed. The side aliphatic chains may be
en and some small gaseous molecules are produced be
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of the lower temperature. During the third stage with higher
temperature, the stronger chemical bonds are broken and the
parent molecular skeletons are destroyed. As a result, the
larger molecules decompose into smaller molecules in the
gas phase. Finally, only coke remains.

3.3. Kinetics of thermal pyrolysis

For the systems with complex reactions such as pyrolysis
of polymers, coal, oil shale, bitumen and biomass, thermal
regeneration reaction of activated carbon, the distributed ac-
tivation energy model (DAEM) should be used[23–28]. A
variety of global kinetic analyses for complex materials were
reviewed by Burnham and Braun[28].

The DAEM method assumes that many irreversible first-
order parallel reactions that have different rate parameters
occur simultaneously. Change in the total volatiles,V, against
time,τ, is given by

1 − V

V ∗ =
∫ ∞

0
exp

(
−k0

∫ τ

0
e
−E/RT

dτ

)
f (E) dE (1)

whereV* is the effective volatile content,f(E) the normal-
ized distribution curve of the activation energy representing
the differences in the activation energies of many reactions,k0
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Fig. 2. Arrhenius plots of ln(β/T2) vs. 1/Tat selectedV/V* values.

Fig. 3. The distribution curvesf(E).

Fig. 4. Plots of ln(k0) vs.E.
he frequency factor corresponding toE value,T the pyroly-
is temperature andRthe universal gas constant. Researc
ave developed and described some different methods f

imating f(E) andk0. Miura and Maki[27] presented a ne
nd simple method to estimatef(E) andk0(E) from three
ets of experimental data obtained at different heating
ithout assuming functional forms forf(E) andk0(E) and de
cribed the procedure in detail. The following kinetic eq
ion is derived and used:

n

(
β

T 2

)
= ln

(
k0R

E

)
+ 0.6075− E

R

1

T
(2)

hereβ is a constant heating rate. With Eq.(2), bothEandk0
t selectedV/V* values can be determined from the slope

he intercept in the Arrhenius plots of ln(β/T2) versus 1/T.f(E)
s obtained by differentiating theV/V* versusE relationship
ndk0(E) is obtained by the least square correlation betw
0 andEvalues. With the Miura’s method, we here discus
he kinetics of the pyrolysis of the investigated asphalte

Fig. 2 shows the Arrhenius plots of ln(β/T2) versus 1/T
t selectedV/V* values for the asphaltenes. On the bas

hese plots, the conversion-dependent activation energ
es were obtained. It follows that many parallel react
ith different rate parameters really occur simultaneo
uring the thermal pyrolysis of the asphaltenes. The dist

ion curvesf(E) of the activation energy are shown inFig. 3.
Fig. 4 represents the plots of logarithm of the p

xponential factork0 against the activation energyE. The
0 values are correlated to be a function ofE, represented b
0 = 5.88× 1014 e0.1395(E−245). The straight-line relationsh
s known as the compensation effect[24]. From the Arrhe
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Fig. 5. Comparison of experimentalV/V* data vs.T and those calculated
using the DAEM method.

nius equation and the transition state theory, there have the
following equations

k = k0 exp

(
− E

RT

)
(3)

k0 = kBT

h
exp

(
�S∗

R

)
(4)

wherek is the rate constant,kB the Boltzmann constant,h
the Planck constant and�S* the entropy change from the
initial state to the transition state (or, the entropy of activa-
tion). From the average model molecule deduced from NMR,
we can consider as follows. In the initial stage, the pyrolysis
was carried out along a reaction path with low activation en-
ergy and with relatively large negative value of�S* because
of the interactions between molecules from the heteroatoms
and the functional groups. Therefore, there is a small value
of k0 whenE is low. With the destroy of the intermolecular
forces and the weak chemical bonds, the number of the func-
tional groups decreases and the molecules of he asphaltene
change from a flaccid structure into a tight structure. As a
result, the activation energy for the pyrolysis becomes larger.
The lost of functional groups may lead to weaker interac-
tion between molecules and to quasi-unimolecular reaction
for the pyrolysis with relatively small negative value of�S* .
It follows that the value ofk is large whenE is high. The
i
c n for
t t on
t

a
s s are
s t the
D ki-
n

4. Conclusions

Average model molecule of the asphaltenes from Chinese
Daqing crude oil is proposed from combining with the1H and
13C NMR determinations, elemental analysis and molecular
weight measurement. With the thermogravimetric analysis
carried out at three different heating rates, the distributed
activation energy model (DAEM) was used to analyze the
pyrolysis kinetics with successful prediction of the weight
loss curves. The changes of the kinetic parameters are in
reasonable agreement with the estimated chemical structures
determined by NMR.
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