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What we can overview during 2>x<50 minutes?

>

Pyrolysis is the 1% of the three main steps of combustion. It
also has roles in other industrial processes. Pyrolysis modeling
IS a huge area, however. It includes Kkinetics, transport
processes, product distributions, effects of the mineral matter
(as catalysts), effect of the volatile products when their escape
IS hindered (in close reactors), and so on ...

Due to our limited time, we shall restrict the treatment for the
Kinetic part only. Besides we shall treat kinetic models with
only a limited number of kinetic equations.

We shall deal with thermal analysis experiments when the
Kinetic regime can be well ensured. Mainly TGA.



Definitions:

Definition of thermal analysis:

A sample is subjected to a 7(%) temperature program and one or
more quantities are measured as function of time or temperature

“* mass, heat flux, mass spectrometric intensities, etc.
*» every sort of time-resolved pyrolysis experiments

Definition of kinetics:

The study of the rate(s) of change(s) in a physical or chemical
system

Definition of kinetic control:

When transport processes do not alter the rate(s) of change(s)
significantly



Is thermal analysis a marginal topic?
Estimations from the 2005 data of the Science Citation Index:

% ca. 10000 papers mentions a thermal analysis technigue in title,
abstract, or keywords in a year

% ca. 2000 papers are based mainly on thermal analysis in a year

% ca. 25% of the latter group deals with kinetics on some level

Why we need kinetics in thermal analysis?
Not for activation energies or preexponential factors!



Why Thermal Analysis? (Why not something else?)

» A problem: During a combustion the heating of the fuel Is
usually very fast. Even tobacco smoothing Iimplies a
30°C/second heating of the tobacco grains. On the other hand,
a typical safe heating rate in thermal analysis is 40°C/minute.
When the reaction heat does not cause problems, we can go up
till ca. 100°C/min.

» Are there other techniques that can measure higher heating
rates with a high precision in the kinetic regime? If the sample
Is In flame, for example, then we have only rough estimation on
Its true temperature. Besides, the mass measurement has a
higher precision than anything else. But we cannot measure
the sample mass accurately if a particle burns in a split second.



What limits the heating rate in TGA?

» (A qualitative reasoning) If we heat something fast, it will not
have time to react at lower temperatures. So the reaction occurs
at higher temperatures where the reaction rate is obviously
higher. Later we shall see (by simple mathematical deductions as
well as on actual experiments) that the reaction rate is nearly
proportional with the heating rate.

» In a TGA experiment the sample mass should be at least 0.1 —
0.5 mg, depending on the sensitivity and stability of the
apparatus. Usually we put a few grains or a thin layer into a
sample plan of ca. & 6 mm.

» Heat production is proportional to reaction rate = ignition
(strong self-heating or even flames).

» So does heat consumption (pyrolysis in inert gas) = self
cooling
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Experimental conditions needed for a true kinetic control

» Because the reactivity of the samples depends on the chemical
and physical properties, we need test experiments for each type
of samples: what are the highest amount tolerated without
significant self heating or self-cooling.  Experiments with
different initial sample masses are compared.

» Some examples from our experience:
Cokes & semicokes in 30% O, at 50°C/min (HAS): 0.6 mg
Charcoal powder in air, 25°C/min (HAS): 0.2 mg
Wood-powder in air, 20°C/min (HAS): 0.2 mg
Tobacco from cigarettes in 9% O,, 40°C/min (HAS): 0.4 mg
Charcoal in CO,, 20°C/min (NTNU): 1 mg



Experimental conditions needed for a true kinetic control

>

It is easier In pyrolysis studies, when the reaction Is
endothermic and the reaction heat has smaller magnitudes. If it
IS small and the sample has a loose structure, then the sample
mass at 40°C/min can be as much as 20 mg as shown by Mette
Stenseng, Anker Jensen and Kim Dam-Johansen for straws.
Which is a rare and lucky situation. It's advisable to carry out a
few test experiments at each new type of samples in the given
apparatus.



Even a qualitative interpretation may need a kinetic background!

Example: Why do the thermoanalytical curves shift to higher T if we
Increase the heating rate? Why does their shape change so slightly during
this shift in the case of such a complex material as a wood with its bark?
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What quantitative characteristics can be obtained without a
Kinetic model? Examples:
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What we expect from a kinetic model?
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What we expect from a kinetic model?

\/
0’0

It should describe the behavior of the samples in a wide range

of experimental conditions

Predicting the behavior outside of
of observations

Characteristics that can reveal
between the samples

A deeper insight into the processes

the domain of the given set

similarities and differences

13



Three reaction types. 1. First order reactions

We can use this approximation to describe the decomposition of either a
sample or a part of the sample.

Whatever we describe with it, let us denote its reacted fraction by o.(t):
a(0)=0 and a(w)=1
The fraction available for reaction in a given moment is 1-a(t).

The reaction rate, do/dt obviously depends on 1-o(t). The simplest
approximation:

da/dt = A e FFT [1-a(t)]
Let us separate the variables and integrate the equation:

“do' :Aj‘eE/RT(t')dt.

0

or

t
o) = A e—E/RT(t')dtu
oo g(a) j

14



1st order kinetics at a constant
heating rate [linear T(t)]

We have 3 unknown
parameters for this peak:

E (kJ/mol)
A (s1)

c the area beneath the
curve
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Three reaction types. 2. A more general type of reactions

o(0)=0, a(w)=1, fraction available for reaction: 1-o(t).

There are effects that can alter the kinetics from the first order behavior.

E.g. differences between the reacting species. Or the growth of the
reaction surface during car burn-off or char gasification:

da/dt = A e R f(a)
where f(a) Is an empirical function

Let us separate the variables and integrate the equation:

t
J‘e—E/RT(t')dt- o g(a) = AJ‘e—E/RT(t')dt.
0

0

!f(a)_

17



Kinetic equation: do/dt = A exp(-E/RT) f(at) ¢ 1st order nucleation

Examples for theoretically derived f(o.) functions: (Avrami-Erofeev-Mampel)
4 Randome pore theory
(Su - Perlmutter)
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Empirical f(a) functions from a charcoal combustion study
(Varhegyi et al, Ind. Eng. Chem. Res 2006)
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where a, n and z are parameters. This function can

also describe reactions that accelerate at isothermal conditions.

Tomorrow we shall use only the rightmost part of this formula:

f(a) = (1- )" where n is the reaction order: any number between 0 and
an upper limit chosen by us.

Name of the (1- o))" approximation: Power-law kinetics or n-order kinetics
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Empirical f(a) functions from a charcoal gasification study
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The Coats — Redfern linearization from 1964
do' .

do
f(a')

t a
g(a)=A [e =T ynere g(a)=
0 0

AR E
Ing () = 1n BE - oT +2InT  where gis the heating rate in K/s.

It shows why the DTG curves are similar at different heating rates (/)
when plotted as function of T. Example: Let us define a width as the T
difference between the points o=2/3 and a=1/3 and let us neglect the
slow change of the last term, 2 In T. Then we have:

E E
Ing(2/3)-Ing(1/3) =~ — -+
RT2/3 RT1/3

On a 1/T scale the width (1/T,;3-1/T13) is independent of [ in this
approximation. On a T scale it is not so, but the change of T,3-T13 IS not
big.

Typical T values in biomass TGA: Tpeak ~ 500 — 800 K, and its shift by

a 10x increase of 3 is around 30K. 9o



Distributed activation energy model (DAEM)

Biomasses usually have very complex chemical and physical structure.
A further complication comes from the mineral matter.

So we have a wide range of species differing in reactivity. In DAEM
the different reactivity of the species are described by different E.

Let us look for those species that have a given £ value in this model
and let us apply a first order kinetics for their behavior. Let «(t,E) be

their reacted fraction: «(0,£)=0 and a(wx,£)=1.
da(t,E)/dt = A e ™" [1-a(t,E)]

The overall reacted fraction, «(%) is the integral of «(t,£E) terms taking
Into account that the different E values occur with different frequency:

a(t) = _[OOD(E) o(t,E) dE
0

Here D(E) is a density function. Usually it is approximated by a Gaussian:

D(E) = (2n) "2 6t exp[-(E-Ep)*/267]

23



Numerical integration by E at a normal distribution:

Gaussian distribution

120 140 160 180 200 220 240 260 280
Activation enerqy [kJ/mol]

Blue lines indicate the points where we actually solve the 1st order kinetic
equations in a numerical integration by a Gauss — Hermite quadrature. |
use 150 quadrature points. 24



Reaction rates at different o values at a linear T(t)
(This curves approximate the same experimental data)
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Multicomponent models: An example of simple, 1st order
partial reactions.

-dm/dit -

%/s) - ,‘ Cellulose
( ) ] Hemicellulose i

0-2__ Extractives,
|hemicellulose,

lignin
0.1 - ‘\\
OO SR L R T T T T T ———— %‘N
200 300 400
T(°C)
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A multicomponent model:

Let we have M components and let o; be the reacted fraction of the jth
component:

M
—dm/dt =Y c,de, /dt

m(t) :1—icjaj(t)

c; = (concentration); (amount of volatiles);
ci20
either
doy/dt = A; exp (-E/RT) f(oy)
or
doy/dt is defined by a DAEM model.

27



The method of the Ieast sguares:

ZZ X2 () - X2 ()] _ mir

k=1 i=1 Nkhk

Why?

% A good model describe the experimental data in a wide range of
experimental conditions

* We do not know yet other general criteria for the goodness of a
model

2 Accordingly, we should prefer evaluation techniques that directly aim
at this criterion

*» The evaluation of a large series of experiments by the method of
least squares is a straightforward tool for this purpose.

A measure of the fit quality on a group of N experiments:
fity (%) = 100 §°°

" The laws of the mathematical statistics do no offer help since the most
Important experimental errors are not random in thermal analysis. 28



Pseudocomponents -dm/dt-
0 - Cellulose
(%/s) |

How should a least 1 Hemicellulose

sguares evaluation ]

recognize what part of 0.2 7 Extractives,

the decomposition s | hemicellulose,

due hemicelluloses, | lignin

celluloses, lignin, etc.?

(MS or FTIR offer
little help here due to
the similarities of the

0.1 -

main decomposition 0.0 faasee” = N
products.) 200 300 400
No solution at this T (°C)

moment: Kinetics cannot reveal the true chemical components. We get
“pseudocomponents” that we can interpret afterward based on our
knowledge from other sources. (E.g. “mainly lignin decomposition™.)

A pseudocomponent is the totality of those decomposing species
which can be described by the same reaction kinetic parameters in the
given model.

29



Sufficient amount of experimental information is needed for

complex models
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Sufficient amount of experimental information is needed for

complex models

(continued from the previous page)

i +++ dT/dt = 40°C/min

[
450 ;’ — dT/dt =20°C/min 0.8
400 ,’ - - - dT/dt = 10°C/min
! -== Stepwise T(t o

?Bm " mﬂ () ®ecc000cccrrcccere ‘C_)| 0_6
ca0di/ / ‘ —) X
= / . . S
H ' ................... Iw
g 2 ! : = 04
E- ",ooooooooooooooo’. 6 )
@ 2034/ £

10 0.2

100

50 T~

L L L L L L B B L B L L L N 0.0
0O 20 40 60 80 100 120 140 160 180

Time [min]

0 20 40 60

&
- - a— - B

(A
3
Q0

> O

A 3 o0

0 Yo

.o X ..

o o) %y _~O00
o1, Oad O .
[0 0 Ot rer ey 0ok K

L e

- 250
- 200

- 150

80 100 120 140 160 180
Time [min]

Temperature [°C]

31



Examples from this work:

M. Becidan, G. Varhegyi, J. E. Hustad, @. Skreiberg:
Thermal decomposition of biomass wastes. A kinetic study.
Ind. Eng. Chem. Res. 46 (2007) 2428-2437
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-dmvdt |
(9%/s) A
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N 0NN

A “constant reaction rate” (CRR)
experiment on the Carlsberg residue -
(BSG) sample - 150

300 400 500 °C
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& T(t): 20°C/min
2 Ft: 2.0%

3 DAEM reactions,
3x4=12 unknown

and g, ,~=1,2,3).
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Temperature [°C]
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dnvdt [s] x 10°
H
o

£ T(t): 20°C/min
At: 2.5%

Prediction of the
fastest experiments
from 3 slow
experiments.

An extrapolation to 4 -
10 times higher rates.
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Prediction of the
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10 times higher rates.

dnvdt [s] x 10°

0 10 20 30 40

MDF: Furniture wastes from T :
the IKEA in Trondheim Ime [mn]

[D.] ain1esedws |



¥y




44



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44

