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Before the cooperation:
Michael’s work, 1975

2

Before the cooperation: Michael’s work, 1983
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Before the cooperation: my work, 1978

Simultaneous evaluation of a series of experiments by the
method of least squares:

In later works, from 1992, the
−
differences were
normalized to compensate the different magnitudes of the experiments
and the different number of digitized points on the curves.
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Before the cooperation: my work, 1978
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Construction of simulated experiments for test evaluations at linear
heating (left) and at a stepwise heating (right).
The blue and orange lines represent the mass loss rate of first order
reactions. The thick solid lines (— , —) are the sums of the blue and
the orange curves.
(The above figures were reconstructed from the parameters published in 1978.)5

Before the cooperation: my work, 1978
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Simultaneous least squares evaluation of “experiments” simulated at
linear and stepwise heating. (A Gaussian noise of σ = 1.67×10-3 s-1
was added to the –dm/dt curves shown in the previous slide.)
(This figure was reconstructed from the parameters published in 1978.)
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September 1985: Letter to Michael
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September 1985: Letter to Michael
(He marked a sentence by red underline when he read it)

The text with larger letters :
The basic problem is the following: In the thermal analysis, relatively
complex processes are described by oversimplified single equations, and
in this way huge sets of meaningless kinetic data have been
accumulated in the literature. Incorrect [bad] evaluation methods have
also contributed to that.
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Next summer (1986) in Budapest:
Back row: Michael, a
technician, and I.

Front row:
Dr. Piroska Szabó and Dr.
Emma Jakab, who were
important participants in this
cooperation.*

Background: The mass
spectrometer and the
computer of a TGA-MS
system.
* See

the Acknowledgment at the end for a
list of 15 participating
colleagues.
This photo was published in:
G. Várhegyi, Energy Fuels 2016, 30,
doi: 10.1021/acs.energyfuels.6b00860
9

The first common work on non-isothermal
kinetics, 1989:
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The first common work on non-isothermal
kinetics, 1989:
The studied models included: (i) Parallel reactions;
(ii) Competitive reactions; (iii) Successive reactions;
(iv) Combination of parallel and successive reactions.
Examples: Cellulose in the presence of inorganic compounds (one cation per
100 monomer units)
Competitive reactions (NaCl):

Successive reactions (ZnCl2):
dehydration

char + volatiles
cellulose

cellulose

intermediates

levoglucosan
char + volatiles
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1989: Pyrolysis of cellulose catalyzed by ZnCl2
Cellulose
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1989: Pyrolysis of bagasse
3 parallel 1st order reactions (= 3 pseudocomponents)
1.5

Sugarcane bagasse
T(t): 10°C/min
obs

calc

-dm/dt

First order partial reactions:
E=172 kJ/mol
E=113 kJ/mol
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1993: A complex autocatalytic reaction scheme
and the simultaneous evaluation of a series of
experiments by the method of least squares

Thermal decomposition of cellulose in closed sample holder. The
water, which is a main volatile product, catalyzes the decomposition:
H2O
cellulose

k1
k0

H2O
intermediates

k2

char + H2O + gases

char + volatiles + H2O + gases

Várhegyi, G.; Szabó, P.; Mok W. S. L., Antal, M. J., Jr.: Kinetics of the thermal
decomposition of cellulose in sealed vessels at elevated pressures. Effects of
the presence of water on the reaction mechanism. J. Anal. Appl. Pyrolysis
1993, 26, 159-174.
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Least squares evaluation of a series of experiments:
3

T(t) = 5 °C/min
Volume = 0.15 mL

DSC signal (W/g)

Sample mass:
4.9 – 9.6 mg
2

Moisture + added
water:
0.4 – 2.6 mg

1
Várhegyi et
al., 1993
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These were the effects modelled, 1:
5

DSC signal (W/g)

4

Effect of H2O at M0 ≈ 9.3 mg (db) and volume=0.15mL
H2O = 2.36 mg
H2O = 1.17 mg

3

(1992)

Mok W. S. L., Antal, M. J., Jr.; Szabó,
P.; Várhegyi, G.; Zelei, B. Ind. Eng.
Chem. Res. 1992, 31, 1162-1166.

H2O = 0.65 mg
H2O = 0.08 mg
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These were the effects modelled, 2:
5

DSC signal (W/g)

4
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(1992)

Effect of M0 (db) with 6.6% moisture in volume=0.15mL
M0 =22.0 mg

Mok W. S. L., Antal, M.
J., Jr.; Szabó, P.;
Várhegyi, G.; Zelei, B.

M0 =18.7 mg

Ind. Eng. Chem. Res.
1992, 31, 1162-1166.

M0 =14.7 mg
M0 = 9.2 mg
M0 = 4.9 mg
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Least squares evaluation of a series of experiments
(1993):
Várhegyi et al., 1993

of =

!

"

#

Here $#%&' is an experimental quantity (DSC signal) normalized by
the initial sample mass. Subscript k distinguishes the experiments
evaluated together. $#()*( denotes the predicted values of the k th
experimental curve which is obtained by the numerical solution of
the kinetic equation at each iteration step. Npoints denotes the
number of ti time points at which a digitized value is available.
Nexper is the number of experimental curves evaluated together. hk
is the highest point of the given experimental curve; this
normalization serves to counterbalance the magnitude differences.
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Kinetics of a complicated devolatilization process
(2002):

A high-temperature heat treatment of the charcoals serves to produce
valuable biocarbons that have good electrical conductivity.
The chemistry of the devolatilization is not simple. A charcoal formed
below 500°C contains a wide variety of chemical structures built from
carbon, oxygen (ca. 20% of the charcoal), hydrogen, and (occasionally)
nitrogen.
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A distributional approach (Vand 1943, Pitt 1962,
Anthony and Howard 1976)
There is a huge number of elementary reactions during the
pyrolysis of most organic samples
The problem is similar to the mechanics of the molecules
in physics: if we have many molecules in a system, we
cannot write up the Newtonian equations for each; instead
of that one can employ statistical mechanics ...
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A distributional approach (Vand 1943, Pitt 1962,
Anthony and Howard 1976), continued
Organic samples usually contain many different pyrolyzing
species.
(Even the same chemical species may have differing reactivity if their
pyrolysis is influenced by other species in their vicinity.)

A simplification: On a molecular level we assume that each
species undergoes a first-order decay.
The reactivity differences are described by different activation
energy values.
A distribution function is assumed for the activation energies to
keep the number of the (unknown) model parameters at a
reasonable level.
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Kinetics of charcoal devolatilization (2002):
TGA-MS experiments were evaluated;
More than one DAEM was assumed because the charcoal
devolatilization takes place in very wide temperature domain
where different type of reactions occur (as the TGA-MS curves
indicated);
A single DAEM was enough for the observed intensities of CH3+,
C2H3+, and C2H5+. Two parallel DAEMs were needed for the
double peak of the H2+ intensity. Four DAEMs were needed for
the description of the overall –dm/dt curve.

The evaluation was based on more than one experiment.
The series of experiments evaluated together included linear
and stepwise T(t) programs;
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Kinetics of charcoal devolatilization (2002),

continued
The method of the least squares was employed;
The DAEMs were solved numerically along the given T(t)
functions at each set of parameters that arose during the
minimization of the least squares sum by the parameters.
A high-precision numerical method was employed which was freshly
published that times by Donskoi and McElwain.
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A simple prediction test, 2002:
Least squares
evaluation
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(a)

900
800

40°C/min
experiment

10°C/min
experiment

600
500

—

Temperature (°C)

700

400

Calculated
curves

300
10

20

30

40

50

60

70

80

Time (min)

Testing the prediction capabilities of the model: The intensity of ion
CH3+ (methane) was described by one DAEM reaction. The evaluation of two
linear T(t) experiments allowed a prediction at a stepwise T(t).
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A simple prediction test, 2002, continued
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Testing the prediction capabilities of the model: The intensity of ion
CH3+ (methane) was described by one DAEM reaction. The evaluation of two
linear T(t) experiments allowed a prediction at a stepwise T(t).
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The last common work, published in April 2016:
Both of us participated in the BioCarb+ project of
SINTEF, Norway, with Liang Wang, Øyvind
Skreiberg, Morten Grønli, et al.
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The last common work, published in April 2016:
Michael’s charcoals (produced by his Flash Carbonization™)
were compared to chars produced at the same pressure in an
open pan, under well-defined conditions. (The atmospheric
pressure versions of the latter were also included into the
study.)
Real charcoals contain more and less reactive parts; this
property was approximated by the assumptions of three
pseudo-components.
The evaluation was based on more than one experiment that
differed in temperature programs.
The series of experiments were evaluated together by the
method of least squares.
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Flash carbonization spruce chars; kinetic evaluation
of a series of experiments (published in April, 2016):
T(t): linear (10°C/min)
observed -dm/dt
calculated -dm/dt
partial reactions
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Flash carbonization spruce chars; kinetic evaluation
of a series of experiments (published in April, 2016):
T(t): modulated
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Flash carbonization spruce chars; kinetic evaluation
of a series of experiments (published in April, 2016):
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corresponding publications. Altogether 17 articles belong to the kinetic
parts of the work. They were cited ca. 2500 times.
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Here is the end of this presentation.

It’s not yet the end of the road. But the
rest of the work should be continued
without Michael.

Thanks for you kind attention.
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APPENDIX:
Info and photos about the special
soirée where this lecture was
presented and a poster about the
life of Michael Jerry Antal, Jr.

33

Part of the flier on this special event:
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The Museum of Fine Arts, part of a UNESCO World Heritage Site
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Ann Antal

Jacques Lédé

Gábor Várhegyi
Morten Grønli
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