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Abstract

Combining with thé:H and3C nuclear magnetic resonance (NMR) determinations, elemental analysis and molecular weight measurement,
average molecular formula of the chemical unit for the asphaltenes from Chinese Daqing crude oil were calculated. Thermal pyrolysis kinetics
of the asphaltenes had been studied using thermogravimetric analysis (TGA). The distributed activation energy model (DAEM) was used
to analyze these complex systems. The results show that the peak activation energy for pyrolysis of the asphaltenes is 245#dimeol
pre-exponential factor is 5.88 10'*s™. The DAEM method presented reasonably good results of the prediction of the weight loss curves. A
linear relationship can be found from the plots of logarithm of the pre-exponential factor against the activation energy at selected conversion
values. This phenomenon known as the compensation effect was explained and it was in agreement with the estimated chemical structure
determined by NMR.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [7-12] have been reported on the chemical structure, inter-
facial property and pyrolysis kinetics of asphaltenes. Pyroly-
Asphaltenes are the essential components with the largessis of asphaltenes is viewed chemically as depolymerization
average molecular weight in crude oils or petroleum vacuum in parallel with thermal decomposition of functional groups,
residueq1]. Some experimental eviden¢2-6] suggested  which cansupply cluesto the structure of the parent hydrocar-
that these oils be at continuous colloidal aggregated statesbon. When asphaltenes are heated prior to gasification, their
in which asphaltene aggregates with resins adsorbed on theitarge volatile content is released, leaving a char. Pyrolysis is
surface. The stability for this special structure strongly de- the rapid first step in combustion and gasification processes
pends on the solubility and the interfacial properties of as- in which the resulting char subsequently reacts with oxygen,
phaltenes. The precipitation of asphaltenes in crude oil well steam, hydrogen or carbon dioxide. Hence, knowledge of
production tubing is a practical as well as theoretical problem, thermal conversion kinetics of asphaltenes is of considerable
owing to its negative impact on the petroleum industry. The importance. Recently, Geng and L] gave a reasonable
thermal decomposition of asphaltenes is of interest becauseeview of asphaltene pyrolysis and reported the kinetic stud-
of the tendency of them to form high yields of coke and to ies and the geochemical applications. Dieckmann gt 4|
cause catalyst deactivation during processing. Many studiesused asphaltene pyrolysis kinetics to infer information about
oil expulsion temperatures.
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kinetics was studied using thermogravimetric analysis. Com- Table 1 _
bining with the NMR determination, elemental analysis and Results of elemental analysis of asphaltenes

molecular weight measurement, the average molecular for-C (%) 84.17
mula of the asphaltene unit was calculated. The aim is to give H (%) 9.06
internal relations between the NMR and the TGA results. g (%) 1.94
(%) 2.67

02 (%) 22

. @ Calculated by difference.
2. Experimental

_ 11 mg. During the TGA experiments, the sample temperature
2.1. Separation of asphaltenes increased linearly with time and the weight loss of volatiles

_ _ was recorded directly.
Asphaltenes used in the experiments were extracted from

Daging crude oil coming from Daqing Oil Field Co. Ltd.

in China. The separation of asphaltene fractions from the 3. Results and discussion

crude oil was carried out by-pentane precipitation. Thirty

volumes Oh-pentane was added to the crude oil. The mixture 3.1. Structrual parameters and model molecule

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  Elemental analysis results for the asphaltenes are listed in

filtered and Soxhlet-extracted withpentane and dried ina  Taple 1. Thé'H and!3C NMR measurement results are given
vacuum drying oven. The asphaltene sample is a laminatejn Taple 2.

brittle solid with metal luster. It appears that carbon and hydrogen are two major ele-
ments with total mass fractions of 93% in Daging asphaltenes.
2.2. Characteristic parameters Heteroatoms, nitrogen, sulphur and oxygen, with the range

from about 2 to 3% are observed, which may give rise
Elementary composition of the asphaltenes was deter-to strong intermolecular forces for asphaltene aggregations.
mined by an elemental analyser of Carlo Erba EA1110. The Recently, nuclear magnetic resonance spectroscopy has be-
molecular weight was measured by the VPO method using come a powerful tool for the analysis of petroleum products
a Knauer type molecular weight meter with benzene as sol-[15-18]. The average structural group parameters as the usual
vent. ThelH and*3C nuclear magnetic resonance (NMR)  definition[19,20]obtained from NMR measurements for the
spectra were recorded on a Bruker Avance DMX500 NMR investigated asphaltenes are presentethbie 3.

spectrometer with CD@las solvent. The chemical shift is It is known that the asphaltenes have been proposed to
referred to the TMS standard. be repeating units of similar composition and that the unit

sheets are conceived as being held together in the particle by
2.3. Thermogravimetric analysis intermolecular forces and by aliphatic cha[is4,8,9]. The

apparent molecular weight of the asphaltenes is dependent

The experiments used aNETZSCH STA 409 PG/PC TGA. on the nature of solvent and also on the temperature because
The heating rates employed were 10, 15 ané@fin—1 up of the different association degree in different environment
to the final temperatures of 80C. Ultra-high-purity nitro- ~ or under different condition. Published data for the molec-
gen at room temperature was used at a flow rate controlled toular weights of petroleum asphaltenes generally range from
50 mImin~! for 20 min before starting each run. The initial 1000 to 500q7]. In this work, the molecular weights deter-
temperature of the furnace was controlled at@@nd lasted ~ mined in benzene at 4& by the VPO method for the as-
for 5min. The samples were then heated to the final tempera-phaltenes are 3950. The average molecular weight of a unit

ture ateach heating rate and were held at that final temperaturéheet in the asphaltene model molecule can be calculated
for 10 min. The sample weight was over the range from 9 to from a combination of NMR measurements and elemental

Table 2
Relative contents of hydrogen and carbon atoms on different positions in asphaltenéslfaoai'3C NMR determinations
H/C type Chemical shift () Definition Relative content
Haro 10.0~6.0 Hydrogens attached to aromatic ring carbons 0.1152
Haji 4.0~0.4 Aliphatic hydrogen atoms 0.8848
Ho 4.0~2.0 Hydrogens attached to carbons in alkyl substitutido aromatic ring carbons 0.1332
Hg 2.0~1.0 Hydrogens in alkyl substitutigs or further from aromatic ring 0.5432
Hy 1.0~0.4 Hydrogens in terminal or isolated gligroups of saturates or hydrogens in alkyl 0.2084
groups substituted in positioyt and further from aromatic ring
Ca 160~ 100 Aromatic carbon atoms 0.4427

Caii 60~5.0 Aliphatic carbon atoms 0.5573
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Table 3
Average structural parameters calculated for asphaltenes 100 -z 10
Parameter  Definition Average %
structural 80 16
parameters "

Carbons per alkyl side chain 6.6 60 112 o
fe Carbon-hydrogen weight ratio of total 5.9 §° : °

alkyl groups > o 10°C min! b 1.8 %
X Hydrogen-carbon atomic ratio of alkyl 21 40F o 15°Cmin” b

groups | 4 20°Cmin”
%Ca Percent aromatic carbon 37.3 DTG ?; 12
%C, S Percent substituted aromatic carbon 7.1 20 -+ 10°C min' %
%C,Y Percent unsubstituted aromatic carbon 125 F ngog :::1 L, - -30
%Cy Percent non-bridge aromatic carbon 19.6 0 T T S TP T SR S
%Ag Percent substitution of aromatic rings 36.1 0 10 20 30 40 50 60 70
Ca Aromatic carbons per average molecule 24.9 T/min
Cy Aromatic non-bridge carbons per average  13.1

molecule Fig. 1. Plots of weight loss and weight loss rate vs. time at different heating
Ra Aromatic rings per average molecule 6.9 rates.
Rs Alkyl substituents per average molecule 4.7

Naphthenic rings per average molecule 1.6 .
E’:ﬁ A“F‘:hatic Carbo% pper averagge molecule 313 eroatoms, for the asphaltene may be clear. Oxygen, nitrogen

Hai Aliphatic hydrogen per average molecule B4 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 stramgr interaction

analysis. This is done in the following steps: (1) Total satu- Petween aromatic rings of the molecule. This chemical struc-

rated carbon atoms (G total aromatic carbon atoms £G ture may throw some light on the compensation effect on the
peripheral carbon atoms in a condensed aromatic shggt (C thermal pyrolysis of the asphaltenes, which will be discussed
and theC,/C, ratio are determined by NMR results, using below.
the equations given by Speigtl]. On the basis of a 100 g
sample,C, (100) andC, (100) are obtained. (2) Plot the 3.2. Thermogravimetric analysis
Cp/C4 and average€, values calculated for aromatic com-
pounds. The corresponding avera@g of the asphaltenes Fig. 1 presents the weight change with time (TG) and
is determined. (3) The average molecular weight of a unit compares the corresponding rate of weight loss versus time
sheet is calculated frort, (100) andC, (average): MW (DTG) for the asphaltenes at different heating rates.
(unit) = (G4 (average)/g(100))x 100. The detailed descrip- As shown inFig. 1, the final volatile yield () for py-
tion can be found in the original referendés21,22]. The rolysis of the asphaltenes is 91.6%. The pyrolysis process of
Ca (100), Cp/C4 and C, (average) values are 3.321, 0.496 the asphaltenes mainly occurs at a narrow temperature range
and 26.6 for the investigated asphaltenes. Similarly, the val- from 390 to 500C (V/V' =0.1~ 0.9). The temperatures cor-
ues of 3.637, 0.422 and 38.8, 4.056, 0.367 and 38.9, 3.935responding to the maximum weight loss rates at three differ-
0.490 and 25.5 can be obtained for three asphaltenes ASP-Ment heating rates change in a narrow temperature range with
ASP-H and ASP-[)9], respectively. So, the calculated NMR  the values of 48%5°C. The pyrolysis of the asphaltenes
molecular weight of unit sheet should be 801. Itis very clear can be roughly divided into three stages referringrig. 1.
that there have large difference between the VPO molecularFrom the initial experimental temperature to 38Dis the
weight and the calculated value. This indicates obviously that first stage. In this stage, the weight has no noticeable change
the asphaltenes are aggregated in the solvent of benzene. &nd the value of dW/dis near to zero, which indicates that
was also verified in previous wofR—4]. Depending on the  there are little chemical changes taking place. From 350 to
different molecular weights, the average number of the unit 450°C is the second stage. This is the first stage for produc-
sheet or layer (association number) is calculated as 4.9 in theing volatiles with relatively slow weight loss rate. The third
asphaltenes, which is similar to those reported in the literature stage is above 45@, which is the second stage for produc-
[7-9]. From the calculated molecular weight and elemental ing volatiles with dW/dsharply decreasing to a minimum
analysis results ifable 1, the average formula of unit sheet and then changing to zero. With the NMR measurements and
for the asphaltenes can be given bys@H72.5N1.1S0.701.1. average molecule assumptions above, it is known that the
With the average structural parameters frifhand3C asphaltenes contain complex large molecules composed of
NMR determinations ifmable 3and the average formula of  polycyclic aromatics linked with naphthalene rings and side
unit sheet, the €C and G-H skeleton such as the aromatic aliphatic chains along with heteroatoms. During the second
rings, aromatic carbons, aromatic non-bridge carbons, alkyl stage, the intermolecular associations and weaker chemical
substituents, naphthenic rings, aliphatic carbon and aliphaticbonds are destroyed. The side aliphatic chains may be bro-
hydrogen, with tentative incorporation of S, N and O het- ken and some small gaseous molecules are produced because
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of the lower temperature. During the third stage with higher

temperature, the stronger chemical bonds are broken and tht
parent molecular skeletons are destroyed. As a result, the
larger molecules decompose into smaller molecules in the
gas phase. Finally, only coke remains.

-14.2

144

3.3. Kinetics of thermal pyrolysis
-14.6

In(B/T?)

For the systems with complex reactions such as pyrolysis
of polymers, coal, oil shale, bitumen and biomass, thermal = -148+
regeneration reaction of activated carbon, the distributed ac- 1
tivation energy model (DAEM) should be usf3—28]. A -15.04
variety of global kinetic analyses for complex materials were ]
reviewed by Burnham and Brayia8]. 152

0.9
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The DAEM method assumes that many irreversible first- 1.2
order parallel reactions that have different rate parameters
occur simultaneously. Change in the total volati\ésagainst

T T T
1.40 145 1.50 1.55

1000/ T (K™Y

time,z, is given by Fig. 2. Arrhenius plots of In(A2) vs. 1/Tat selected//V' values.

\% o v —E/RT 0.21
— = /0 exp(—kO/Oe dt) f(E)dE 1) |

0.18
whereV' is the effective volatile contenf(E) the normal- 1
ized distribution curve of the activation energy representing 0154
the differences in the activation energies of many reactlens,
the frequency factor correspondingEwalue, T the pyroly-
sis temperature aridthe universal gas constant. Researchers &
have developed and described some different methods for es
timating f(E) andkg. Miura and Maki[27] presented a new
and simple method to estimaféE) and kg(E) from three ]
sets of experimental data obtained at different heating rates 45
without assuming functional forms fé(E) andkg(E) and de-
scribed the procedure in detail. The following kinetic equa- .00

0124

0.09

0.06

tion is derived and used: 120
B koR E1
In{ = )=In{— 0.6075— — = 2
<T2> < E + RT 2)

whereg is a constant heating rate. With Ef), bothE andkg

LI
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T T T
160 180
E/

T T T T ™ T °
200 220 240 260 280

kJ mol’

Fig. 3. The distribution curveE).

at selected//V' values can be determined from the slope and 40
the interceptin the Arrhenius plots of In(#) versus 1/Ti(E)
is obtained by differentiating thé/V" versusE relationship
andkg(E) is obtained by the least square correlation between
ko andE values. With the Miura’s method, we here discussed
the kinetics of the pyrolysis of the investigated asphaltenes. 30
Fig. 2 shows the Arrhenius plots of In(B?) versus 1/T
at selected//V' values for the asphaltenes. On the basis of ;O
these plots, the conversion-dependent activation energy val-— %
ues were obtained. It follows that many parallel reactions
with different rate parameters really occur simultaneously
during the thermal pyrolysis of the asphaltenes. The distribu-
tion curvedf(E) of the activation energy are shownHig. 3.
Fig. 4 represents the plots of logarithm of the pre- 15

35

20

L 1 1 1 1 L 1

exponential factokg against the activation enerdy. The 120
ko values are correlated to be a functiorigfrepresented by

ko =5.88x 10 &0-1395(E~245) The straight-line relationship

is known as the compensation eff¢2#]. From the Arrhe-

140
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E/kJ mol”

Fig. 4. Plots of In() vs.E.
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10 4. Conclusions
sl ° 10 °C min” Average model molecule of the asphaltenes from Chinese
’ o 15°Cmin’ Daging crude oil is proposed from combining with fitéand
4 20°C min” 13C NMR determinations, elemental analysis and molecular
064 Caloulated weight measurement. With the thermogravimetric analysis
< carried out at three different heating rates, the distributed
N activation energy model (DAEM) was used to analyze the
047 pyrolysis kinetics with successful prediction of the weight
loss curves. The changes of the kinetic parameters are in
02 reasonable agreement with the estimated chemical structures
determined by NMR.
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