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Abstract—Interpretation of thermogravimetric analysis (TGA) data of organic materials
usually faces difficulties for distinguishing the weight versus temperature data into a com-
plex reaction scheme. This work proposed a general scheme to converting the TGA data
into an Arrhenius-type kinetics that regarded the pre-exponential factor, the activated energy,
and the reaction order as functions of conversion, The TGA. data of two oily sludges were
used as demonstrative examples. Agreement between obtained correlation with the experi-

mental data was satisfactory.
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INTRODUCTION

Pyrolysis process involves heating of organic
materials in an inert atmosphere, from which part of
the organic matters could be released and recycled
(Suzuki e al., 1988; Campbell and Bridle, 1989).
Heavy metals (except mercury and cadmium that ate
going to their salts) could be safely enclosed in the
solid residues (Kaminsky and Kummer, 1989).
Thermogravimetric analysis (TGA) is capable of
providing kinetic data of pyrolyzing organic materi-
als at evaluated temperatures (Caballero et al., 1995).
For interpreting the obtained TGA data, literature
works commonly adopted a skeleton model, like the
parallel scheme proposed by Conesa er al. (1997),
and then evaluated the model parameters based on
regression of pyrolysis data.

Pyrolysis of sewage sludge had been extensively
investigated (Kaminsky et al., 1982; Kaminsky and
Kummer, 1989; Stammbach et al., 1989; Piskorz et
al., 1986; Kasakura and Hiraoka, 1982; Urban and
Antal, 1982; Lu and Do, 1991; Jeyaseelan and Lu,
1996, Lu and Lau, 1996; Caballero et al., 1997
Conesa ef al., 1997; Conesa et af., 1998; Inguanzo et
al., 2002). Various skeleton models had been pro-
posed for sludge pyrolysis kinetics. For instance,
Dumpelmann et al. (1991) developed a model for
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~ pyrolysis of sewage sludge that could predict the

maximum weight loss in a fluidized bed. Conesa et al.
(1997, 1998) proposed a kinetic model for the pyro-
lysis of anaerobically digested and non-digested
sewage sludge. Chu er al. (2001) quantitatively in-

.vestigated the thermal pyrolysis characteristics of an

activated sludge sample, with an especial attention to
the presence of polyelectrolyte. These authors ob-
served two maxima on their pyrolysis curves, based
on which a two-species kinetic model was adopted.
Conesa et al. (1998) proposed the more complicated
kinetic model that contained six species during ther-
mal pyrolysis. Nevertheless, since the skeleton mod-
els could not comprehensively incorporate the actnal
chemical reactions involved, they should be consid-
ered as preliminary in nature. Conesa et al. (2001)
commented the use and the applicable range of dif-
ferent skeleton models. The difficulties faced by
researchers are to distinguish the weight versus tem-
perature data into a complex reaction scheme
(Boldyreva, 1987).

Reactions involving a very large number of
components are of interest in many processes, like
thermal and catalytic cracking, steam reforming, and
polymerization reactions {Aris and Cicarelli, 1994).
To simplify the analysis a promising approach con-
sists of describing the kinetics in terms of a continu-
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ous distribution of species rather than a discrete
number of components (Astarita and Ocone, 1988,
1990; Aris, 1989; Cicarelli et al.,, 1992; McCoy,
1993; Amundson and Aris, 1993). Such an approach
considers no real chemical scheme that occurs during
reaction, but uses some relevant process index (like
boiling point of mixture in distillation) to character-
ize the reaction for engineering application sake.
During thermal pyrolysis of complicated organic
materials, like sludge, various compounds would be
generated and released from the sample surface. In-
stead of seeking a comprehensive kinetic model, we
proposed an alternative approach: to model the or-
ganic materials as a continuous mixture of compo-
nents, with their conversion as an index parameter.
This proposal is not totally new. Conesa et al. (2001)
listed some related works using pyrolysis tempera-
ture as the continuous index. However, the use of
pyrolysis temperature could not interpret the effects
of heating rate on the pyrolysis characteristics. To
adopt the conversion as the classification index is
based on the knowledge that thermal pyrolysis is
mainly a surface reaction and the surface area of
sample would change with conversion, hence could
be used to characterize the reaction,

KINETIC MODEL

Assuming that the pyrolysis kinetic follows an
Arrhenius-type expression:

do ~E n
& —Aexp[RTJ(l o), ()
where a is the conversion; F is the activation energy;
A, the pre-exponential factor; », the reaction order;
and R, the gas constant, The parameters £, 4, and »
are taken as (yet to determine) functions of conver-
sion @ Then the distributions of these parameters
could be constructed in the following two steps. First,
Eq. (1} is arranged into the following form:

Eﬁ _ _ nie) —E(Q) i
ln[dtj—ln[/{(a)(l @) ]+(—R ](TJ.(z)

Apparently the slope of the natural logarithm of
pyrolysis rate, In(da/ds), versus 1/T curves at each
specific o estimates the value of (—E(a)/R}. The ac-
tivation energy distribution with respect to a could
be subsequently obtained.

Secondly, rearrange Eq. (2} as follows:

do
In ds

ex p[ - (f:;a))}

=Ind{a)+n(a)In(l-a). (3)

Then, together with the E(a)-distributions deter-
mined using Eq. {2) and the (da/df) data collected in
experiments, the distributions of 4 and # could be
constructed by finding the slopes and intercepts of
Eq. (3) at various ¢’s.

SAMPLE DATA

The TGA data for thermal pyrolysis of the oil
sludge were extracted from Shie (2001) and were
used herein for sample calculation. The oil sludge
was taken on Sep. 22, 1997 from the petroleum re-
finery plant of the northern Taiwan. The thermal
analyzer (SETARAM, 77A-92) was employed for
recording the thermographs with Ar (sample #1) and
CO, (sample #2) as the carrying gas. The oil sludge
is first drying at 378K for 24 h. The cell temperature
was heated at a rate of 0.09K/s, 0.21K/s, or 0.36K/s
till 873K, for demonstrating the effects of heating
speed. The weight-time (w-f) data represent the TGA
curve (Figs. 1(a)-(b)).
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Fig. 1. TGA data with three heating rates, 0.09, 0.21,
and 0.36K/s; (a) sample #1; (b) sample #2.
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Define the pyrolysis conversion as ratio, a=
(w; — w)/(w; — wy), where w, w;, and wyare the sample
weight at time ¢, at time zero (initial), and at the end
of the test, respectively. Figures 2(a) and (b) depict
the da/dt versus T data for these two samples (sam-
ples #1 and #2) at three different heating rates. These
curves show a single-peak characteristic, with their
peaks occur at higher temperatures and/or at greater
heating rates when CO; is present.

At each conversion «, there are three (da/ds)
values could be obtained at three distinct heating
rates. Then the E(e) values could be estimated at
each ¢ using linear regression technique. Based on
Egq. (2), the E(a)-distributions were constructed and
demonstrated in Figs. 3(a) and 3(b). As the reaction
proceeded, the activation energy generally increased
with conversion, with a local minimum occurring at
a = 0.25 for the sample #2. The range for the E/R for
samples #1 and #2 are 8,000-12,600K and 8,700-
16,500K, respectively.
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Fig. 2. Conversion rates of oily sludge with temperature
and three heating rates, 0.09, 0.21, and 0.36K/s.
(a) sample #1; (b) sample #2.

With the FE(a)-distributions depicted in Fig. 3
and the (do/df) data in Fig. 2, we can plot Eq. (3) in
Figs. 4(a} and 4(b). Then the intercept and the slope
estimate the distributions of 4 and ». Figures 5 and 6
illustrate these distributions. The oily sludge pyro-
Iyzed in Ar-gas would exhibit a frequency factor
ranging 1,000-4,000 s, with a local maximum occur-
ring at &= 0.4, The addition of CO; would instead
yielded a very high frequency factor at low a.
Meanwhile, thie reaction order » for sample #1 ranges
-2 to +0.4, and that for sample #2, —12 to +32. Ap-
parently these values are mot reasonable for real ki-
netics, and are merely the fitting parameters to rep-
resent the TGA data. _

Figure 7 demonstrates the sample data and the
fitting. The agreement between the experiments and
the correlation based on the distributions of E, 4, and
n in Figs. 3, 5, and 6 is satisfactory. Notably, despite
the Arrhenius-type kinetics in Eq. (1), no compli-
cated kinetic schemes are a priori assumed for data
interpretation. This proposed scheme is hence skele-
ton-model free and is general for interpreting all
kinds of TGA data,
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Fig. 3. The distributions of activation energy for the
pyrolysis processes determined by data regres-
sion using Eq. (2). (2) sample #1; (b) sample #2.
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Fig. 4. Graphical construction of Eq. (3) for data regression. (a) sample #1; (b) sample #2.
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Fig. 5. The distributions of frequency factor for the pyrolysis processes determined by data regression using Eq. (3).
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Fig. 6. The distributions of reaction order for the pyrolysis processes determined by data regression using Eq. (3).
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Fig. 7. Comparisons between the fitting results and the experimental data. (a) sample #1; (b) sample #2.

For the sake of comparison, the average activa-
tion energy is defined as follows:

1
Eng = | (o) dar. )

Replace the E(a) by E,., estimated above, the aver-
age n and A4 values could be estimated from the slope
and intercept by linearly regressing all data presented
in Fig. 4. An average kinetic parameter represents a
horizontal line in Figs. 3, §, and 6. All the demon-
strated E-, A-, and n-distributions in these figures are
markedly deviated from a constant. The employment
of average parameters in reactor design and optimi-
zation may lead to erroneous conclusion.

A constraint for the validity of the proposed
scheme remains the hidden assumption that the in-
trinsic kinetics of pyrolysis would not be affected by
the applied heating rates. Restated, the In(da/ds)
should be linearly dependent on (1/7), or the pyroly-
sis rate should follow an Arrhenius-like behavior.
This assumption fails for the flocculated wastewater
sludge as demonstrated by Chu e al. (2001), whose
pyrolysis kinetics shifted when the heating rate in-
creased beyond 20K/min. This occurrence would
lead to a poor regression of TGA data using Eq. (2).

CONCLUSION

Lump-parameter kinetic model is commonly
adopted in literature for interpreting the thermogra-
vimetric analysis (TGA). A skeleton chemical
scheme is normally required for model construction,
which limits the accuracy of data fitting and the
applicable range for the proposed model. To build up
an appropriate kinetic model is a challenging task for
related researchers. This work proposed an alterna-
tive approach for modeling the sludge as a continu-

ous mixture using an Arrhenius-type kinetic expres-
sion. Rather than searching for an average kinetic
parameter valid over the entire temperature range
investigated, a two-step procedure was employed to
construct the distributions of the activation energy,
the pre-exponential factor, and the reaction order as
functions of sample conversion. Such an approach
could be considered as “skeleton model-free” and
could be utilized for thermal contactor design with-
out taking into account the detailed structure of the
chemical scheme involved.

NOMENCLATURE
A pre-exponential factor, s~
E activation energy, N-m/mol
E,g  average activation energy, N .m/mol
n reaction order
R gas constant, N.m/mol-K
T temperature, K
4 reaction time, §
w sample weight at time ¢, kg
wr sample weight at the end of test, kg
w; sample weight at initial time, kg
Greek symbol
a conversion
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