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Abstract

Kinetic tests on pyrolysis of waste automobile lubricating were carried out with a thermogravimetric analysis (TGA) technique at heating
rates of 0.5, 1.0, and 2°@ min~? in a stirred batch reactor. The main region of decomposition of waste automobile lubricating oil was
between 400 and 46Q at each heating rate. The corresponding kinetic parameters including activation energy were determined by the
degree of conversions. The ranges of activation energies were from 281.78 to 447.66katnohversion in the range of 0.11-0.96 and
the reaction order was 1.35. The effects of heating rate on the product distribution have been studied. The distribution of the liquid products
shifted slightly to smaller carbon numbers as the heating rate decreased.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Pyrolysis studies have been widely attempted to convert
solid fossil fuels and organic materials such as coal, tire,
Billions of gallons of waste automobile lubricating oil are waste plastics, waste woods, and oil shales into liquid and
generated every year in the world. A number of studies to gaseous hydrocarbons and a solid char reqi@u&8]. Ther-
remove various pollutants existing in the waste lubricating mogravimetric analysis for the pyrolysis characteristics has
oil and simultaneously to reuse these resources as valuabldeen extensively studied by other researcfie9s21] Liou
products have been attempted. Some of the technologiest al.[9] and Reina et alf10] studied the behavior of the
successfully applied the operation of the newly developed activation energy with the degree of conversion of rice husk
regenerating plants and obtained the re-refined lubricatingusing a thermogravimetric (TGA) technique. The pyrolysis
oil. The quality of re-refined Iubricating oil is equivalent kinetics of waste automobile lubricating oil have received
to that of new lubricating 0i[1-3]. The Phillips re-refining little attention.
process combines chemical demetallization with hydrotreat- The main purpose of this work is to determine the global
ment to produce high yields of base oils from waste lubes kinetic parameters during the pyrolysis of waste automobile
[1]. Kim and co-workerg4,5] investigated a novel technol-  lubricating oil. A TGA technique was applied to the pyroly-
ogy for obtaining more valuable product oils from the waste Sis of waste automobile lubricating oil in a stirred batch re-
lubricating oils. The waste lubricating oils were mixed with actor. The global pyrolysis kinetic parameters and effect of
atmospheric distillation residuum from a crude oil and then heating rate on carbon number distribution are investigated.
were distilled under a vacuum. These methods of disposal
are no longer practicable because it causes an additional
sludge disposal. Therefore, a better solution from an envi-
ronmental and economic standpoint is to thermally reprocess
the waste automobile lubricating oil into volatile products.

2. Experiment

A schematic diagram of the autoclave (R-201, Reaction
Engineering) for the pyrolysis of waste automobile lubri-
cating oil is shown inFig. 1 The reaction was carried out
"+ Corresponding author. Teh:82-33-520-9294; fax4+82-33-521-9907.  in @ stirred batch reactor, and the experiment was operated
E-mail address: ks7070@dreamwiz.com (S.-S. Kim). at an atmospheric pressure. The experimental apparatus
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Nomenclature

pre-exponential factor (3)
activation energy (kJ mof)
pyrolysis rate constant (8)
reaction order

gas constant 8.314 kJ (kmol Kyt
pyrolysis time (s)

pyrolysis temperature (K)
weight of sample at timé(g)
initial weight of sample (g)

final weight of sample (g)
conversion of waste automobile lubricating oil
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1. Nitrogen bomb 9. Condenser

2. Flowmeter 10. Circulator

3. Ball valve 11. Solenoid valve
4. Heater 12. Cylinder

5. Pyrolysis reactor 13. Wet gas meter
6. Thermocouple 14, Reservoir

7. Stirrer 15. Balance

8. Temperature, pressure and 16. Computer

rpm controller 17.GC

Fig. 1. Schematic diagram of pyrolysis reactor. (1) Nitrogen bomb; (2)
Flowmeter; (3) Ball valve; (4) Heater; (5) Pyrolysis reactor; (6) Ther-

mocouple; (7) Stirrer; (8) Temperature, pressure and rpm controller; (9)
Condenser; (10) Circulator; (11) Solenoid valve; (12) Cylinder; (13) Wet
gas meter; (14) Reservoir; (15) Balance; (16) Computer; (17) GC.

Table 1

Properties of waste automobile lubricating oil

Dynamic viscosity (fis™1) 0.50
Density (at 20C, gcnt3) 0.8797
Gravity (15.4/4) 0.8833
Paraffin (wt.%) 58
Naphthane (wt.%) 42
C12—Co5 (Wt.%) 16.58
>Cys (Wt.%) 83.42

is characterized as a semi-batch operation, because py-
rolyzed vapors are removed continuously during the course
of the reaction. The cylindrical pyrolysis reactor of stainless
steel has a volume of 1000 émThe reactor is equipped
with a mechanical agitator to minimize the temperature
profile in the reactor. The temperature of the pyrolysis reac-
tor was adjusted by means of a PID temperature controller
equipped with a programmable device. A standard ther-
mocouple (chromel-nickel) was installed into the sample
material to provide an accurate temperature of the sample
during the analysis. This procedure allowed the tempera-
ture of the sample to be registered at every moment and the
inaccuracy of the measurements caused by the temperature
gradient was minimized.

The experimental sample was waste automobile lubricat-
ing oil from an automobile maintenance shdpble 1shows
the characteristics of the sample used in this study. The prop-
erties of the sample were characterized according to ASTM
D 2140.

A sample mass of 300g was employed for all experi-
mental runs. To make an oxygen-free atmosphere, nitrogen
was introduced into the reactor at a large rate of flow; then
the nitrogen was cut off and the mixing rate was set at 100
rpm throughout the experiment. The heating rate was con-
trolled at 0.5, 1.0, or 2.6Cmin~1 in order to heat up the
pyrolysis temperature from 300 to 500. At temperatures
below 300°C, the heating rate was controlled X@min—1
because waste automobile lubricating oil did not decompose
under 300C. The deviation of temperature in the reactor
was £1°C for the pyrolysis temperature of 300-50D.

The decomposed gas was condensed with cooling fluid at a
temperature of OC in the condenser. The cooling fluid was
made up of the mixture of ethanol and deionized water. The
yields of liquid pyrolysis products were determined gravi-
metrically by weighing condensed liquid product, while the
volume of uncondensed gases were determined by using a
wet gas meter. The experimental data were recorded on a
personal computer during the entire period every 10s. The
raw hexadecimal data were then converted to ASCII format
using a user-written BASIC program. The liquid products
were analyzed by gas chromatography with a flame ioniza-
tion detector (Young Lin-M600D). A capillary column HP-1

of 0.53mm i.d., and 5m length was employed. The peaks
were identified by matching retention times with reference
compoundg22]. The conditions for the gas chromatogra-
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Table 2
Condition of gas chromatography
Detector FID
Column i.d. 0.53mmx 5m, HP-1
capillary column
Carrier gas Helium, 17 mlmirt
Injector temperature Initial temperature 100C
programming
Final temperature 400
Heating rate 10C min—t
Oven temperature Initial temperature 50C
programming
Final temperature 350
Heating rate 106C min—t
Detector temperature 35C

maintained at OC to condense the products. The volume
of gas was in the range of 0.87-2.811 for 0.5-Z0nin~!

and that of produced oil was 91.64-93.28 wt.%. Variation of
heating rate did not have a significant effect on the formation
of oil in a stirred batch reactor. The weight of uncondensed
gas is much smaller than that of waste automobile lubricat-
ing oil and produced oil. In this study, the calculation of
conversion was limited to produced oil.

Fig. 2shows the degree of conversion versus temperature
for dynamic experiments at different heating rates of 0.5, 1.0,
and 2.0°Cmin~L. For a low heating rate of 0% min—1,
it can be observed that the degree of conversion increases
sharply untilT = 440°C and X = 0.92. At temperatures
above 440C, the curve has a smooth slope and tends asymp-
totically to the maximum degree of conversion. All three
heating rates exhibited the same patterns of thermal decom-
position. These results indicate that waste automobile lubri-

phy used in the analysis of hydrocarbons are represented irfating oil is pyrolyzed in one stage in the temperature range

Table 2

3. Results and discussion

3.1. Thermogravimetric analysis results

of 300-500°C.

3.2. Rate of reaction

An instantaneous rate of conversion{/dt is obtained
from the curve inFig. 3 at the given reaction temperature.
One maximum rate of conversion occurs at a specific re-

For all thermogravimetric experiments, the results are ex- action temperature for each heating rate. As showhign
pressed as a function of the degree of converXipwhich

is defined as
w

X=—"—

Wo — Woo

whereW is the initial mass of

uct oil; and W, is the mass of unpyrolyzed oil sample.

1)

sampl&V the mass of prod-

3, the increase of heating rate shifted the rate curve right-
wards and made the maximum rate. As the heating rates
increased, the rate curves showing maximum rateXafitd

also increased. As the heating rate increases, higher instan-
taneous thermal energy is released into the reaction system
and results in higher rate of conversion. The resultsiof 3

also indicate that a larger fraction of waste lubricating oil is

As mentioned irSection 2 the condenser temperature was pyrolyzed in the reaction temperature range of 430450
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Fig. 2. The effect of pyrolysis rate waste automobile lubricating oil on heating rate.
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Fig. 3. Variation of the instantaneous reaction rate with temperature at different heating rates for pyrolysis of waste automobile lubricating oil.

and the maximum rate of conversion occurred at 416, 420 Activation energyE, based orEq. (5) is determined from
and 425C for heating rate of 0.5, 1.0 and 28 min~1, a relationship between Infddt) and 17. Thus, a family
respectively. The rate of weight variation reflects the lateral of parallel straight lines of slope E/R was obtained. The
shift with an increase in the rate, as the heating rate was in-activation energy ) corresponding to the selected con-
creased from 0.5 to 29¢C min~1. The lateral shift to higher  version was obtained. For example, when the conversion
temperatures for the maximum region of weight variation was 11%, temperatures were 403.42, 407.50, and 41T.33
was observed by other workers. For example, Liou g9&l.  with the heating rates of 0.5, 1.0, and 2@min~—1, respec-
showed a lateral increase in the maximum rate of weight tively. The values of In(d/dt) were 2.33, 3.06, and 3.48,
change of 20C, as heating range was increased from 2 to with corresponding values of TJK~1] at 1.478 x 1073,

5°C min—?! for acid-leached rice husk. 1.469 x 1073, and 1448 x 103, The activation energy
was 287.32kJmott at 11%.Fig. 4 was shown like this:
3.3. Activation energy In(dX/dt) as ay-axis and IT[K~1] as anx-axis at conver-

sions of 11, 30, 50, 70, and 90%.

Thermogravimetric analysis for the differential method  The intercept (InfX")) can be calculated frorfig. 4 at
and for the integral method has been extensively studied byeach conversion. The apparent order of reactijrafd the
other researcherfd9-21] The derivation of pyrolysis ki-  pre-exponential facto®y) are obtained by curve fitting based
netic data in this work follows that of previous investigators on Eq. (6)

[9,10]. The rate of conversionXddt, in thermal decompo-

sition is expressed by IN(AX") = In A + nIn(X) ®)
ax = kf(X) ) The variation of activation energy as a function of conver-
dr sion is presented iRig. 5 The activation energies increased
The reaction rate constaktis expressed by the Arrhenius ~ with the conversions increasing. As mentionedrlable 1,
equation the composition above g was 83.42% and that of between
_E Ci12and Gs was 16.58% at the waste automobile lubricating
k=A exp(E) 3) oil. Also, the waste automobile lubricating oil was the mix-
ture of paraffin (58%) and naphthane (42%), respectively.
A function of conversion independent of temperatd(¥), Thus, the decomposition of waste automobile lubricating
is expressed as oil involves the breaking of relatively weak chemical bonds
fX) = X" (4) at low conversion. The greater activation energy is observed

o ] in the later period of the conversions. That is, as the conver-
Substituting=gs. (3) and (4)nto Eq. (2)and taking anatural  sjons increased also increased and seemed to be approach-
logarithm, the above equation yields ing relatively stronger chemical bond dissociation energy.
n (d_X) E1 Waste automobile lubricating oil chains are not branched at

= In(AXY) — RT ©) all and polystyrene and polypropylene are highly branched.
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Fig. 4. Application ofEq. (5)with heating rate of 0.5, 1.0, and 28 min~L. The conversion values are: 11, 30, 50, 70, and 90%.
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Fig. 5. Calculated activation energies at different conversions for pyrolysis of waste automobile lubricating oil.

Westerhout et al[24] studied the pyrolysis of HDPE, relations that reaction orden)(of 1.35 was determined.

LDPE, PP and PS using a TGA in the temperature range of The average activation energ¥)( overall order of re-

365-450C. They reported that the pyrolysis rate increased action ), and pre-exponential factorA)l are listed in

in the following order: HDPE< LDPE < PP < PS, which Table 3

implies that the pyrolysis rate increases to the extent of

branching. This means that the polymer having a side chainTable 3 ) o

decomposes at low temperature and the activation energy iSK|net|c parameters of waste automobile lubricating oil

relatively low. Avg. E (kJmolt) 322.69
In order to obtain the order of reaction, plotting of " 135

data was as shown iRkig. 6. Fig. 6 showed such linear AGT) 334.22
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of carbon number distribution on waste automobile lubricating oil.
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Table 4 (TGA) at heating rate of 0.5, 1.0, and 20©. The activation
Carbon number distribution of oil according to boiling point distribution energies changed as a function of the conversion during the
of the pyrolysis products (wt.%) thermal decomposition. The activation energies increased

Heating {ate Cs—Cp1 Wt.%)  Ci—Cos (Wt.%)  >Cps (Wt.%) with the increase of conversions. The average activation en-
(Cmin™) ergy was 322.69 kJmol at the conversion of 0.11-0.96,
Waste automobile  — 16.59 83.41 and the overall reaction order was 1.35.

lubricating oil The distribution of the product oil shifted slightly to higher
0.5 16.83 55.85 27.32 b b th the i " heai te. Th "
1.0 13.39 49.95 36.66 carbon numbers wi e increase in heating rate. The resu
20 10.98 42.95 46.07 shows that the energy for decomposition of organic matter

decreased and caused carbon number to increase.
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