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INTRODUCTION

Thermogravimetric analysis (TGA) has been emPoned in coal science to perform a number of
characterizations including: proximate analysis,' kinetics of weight loss,? char reactivity,>® and
gas adsorption measurements.” A complementary technique, evolved product analysis, has
been employed to study pyrolysis product distributions and kinetics,”" functional group
compositions,'®'**® and temperature programmed desorption.'*'® We have developed a
TG-FTIR instrument which combines TGA with evolved product analysis by Fourier Transform
Infrared (FT-IR) spectroscopy. FT-IR analysis of evolved products has advantages over mass
spectroscopy in allowing analysis of very heavy products, and over gas chromatography in
speed.

The application of TG-FTIR to coal and petroleum source rock has recently been described.'®"”
To analyze coal, a sequence of drying, pyrolysis and combustion is employed to obtain:
proximate analysis, volatiles composition, volatiles kinetics, and relative char reactivity. By
using several different heating rates, kinefic rate constants have been obtained.'®"? The
purpose of this paper is to describe its application in characterizing the volatile evolution
kinetics and char reactivities of the Argonne premium coal samples. The technique is being
employed to obtain the kinetic and composition parameters for a recently developed general
madel of coal pyrolysis, called the FG-DVC model, which stands for Functional Group -
Depolymerization, Vaporization and Crosslinking model. This is a network model based on an
assumed polymeric structure for coal and includes the processes of depolymerization and
crosslinking and the formation of char, tar and gases. The reactivity parameters will be
included in an extension of the madel which is currently under development.

EXPERIMENTAL

Apparatus - A schematic of the TG-FTIR instrument is presented in Fig. 1. Its components are
as follows: a DuPont 951 TGA; a hardware interface (including a furnace power supply); an
Infrared Analysis 16 pass gas cell with transfer optics; a MICHELSON 110 FT-IR; (Resolution: 4
cm”, Detector: MCT). A helium sweep gas {250 cc/sec) is employed to bring evolved products
from the TGA directly into the gas cell. A window purge of 700 cc/sec is employed at each
end of the cell. The system is operated at atmospheric pressure. This instrument package is
now available commercially as the "TG/plus" from Bomem, inc.

The most difficult volatiles to analyze are the heavy decomposition products which condense at

room temperature, such as tars from coal. In the TG/plus, the high conductivity helium sweep

gas and the rapid cooling cause these products to form an aerosol which is fine enough to {
follow the gas through the analysis cell. The cell is connected without restrictions to the sample

area. The aerosol is also fine enough that there is only a little scattering of the infrared beam

and it is thus attenuated almost as though the tar was in the gas phase, as shown in Fig. 2.

Based on the aerosol’s Rayleigh scattering of infrared radiation, the diameter of the aerosal

droplets is less than 1.0 gm.

Procedurg - As an example of the analysis procedure, the pyrolysis and oxidation of a lignite is
described. More detail can be found in Refs. 16 - 18. Figure 3a illustrates the weight loss from
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this sample and the temperature history. A 35 mg sample of Zap lignite, loaded in the sample
basket of the DuPont 951, is taken on a 30°C/min temperature excursion in the helium sweep .
gas, first to 150°C to dry for 240 sec, then at 30‘C/min to 900°C for pyrolysis. Upon reaching
900°C, the sample is |mmed|ately cooled to 250°C over a twenty minute period. After cooling,

a small flow of O, (0.3 cc/sec) is added to the helium sweep gas at the 57 minute mark and

the temperature |s ramped to 700°C at 30°C/min (or as high as 1000°C) for oxidation.

During this excursion, infrared spectra are obtained once every thirty seconds. As shown in
Fig. 2, the spectra show absorption bands for CO, CO,, CH,, H,0, SO,, COS, C,H,, and NH,.
The spectra above 250°C also show aliphatic, aromatic, hydroxyl, carbonyl and ether bands
from tar. The evolution of gases derived from the IR absorbance spectra are obtained by a
quantitative analysis program which employs a database of mtegratlon regions and calibration
spectra for different compounds '®'®, The routine employs regions of each calibration spectrum
which permit the best quantitation wath the least interferences. The routine is fast enough to
allow the product analysis to be displayed on the computer screen during the actual
experiment.

Figure 3b illustrates the integral of the evolution curves to obtain cumulative evolved product
amounts. Because the data are quantitative, the sum of these curves match the weight loss as
determined by the TGA balance. Discrepancies occur in this match because of missing
components such as H, which cannot be seen by IR. Also, when O, is introduced, the balance
shows a net gain in weight due to O, chemisorption.

ivity Measurements - Initial char reactivity measurements were made using the
isothermal measurement developed at Pennsylvania State University in which the time for 50%
burnoff (7, was measured.® In our char characterization work, we had difficulty applying the
isothermal technique to chars formed over a wide range of conditions. A temperature level
selected for one char was inappropriate for another. The temperature was either too high for
the rate to be chemically controlled or too low for the 7, to be reached in a reasonable time
period.

In order to overcome this difficulty, a non-isothermal technigue was developed.*®> A
Perkin-Elmer TGA 2 was initially used for this method. Recent measurements have been made
using the TG-FTIR instrument discussed above and good agreement has been found between
these two systems. The sample is heated in air at a rate of 30 K/min until a temperature of
900°C is reached. The TGA records the sample weight continuously and, at the end of the
experiment, the weight and derivative are plotted.

The °critical® temperature (T_) at which the derivative of the fractional weight loss with respect to
time reaches a value of 0.065 wt. fraction/min = 0.001 wt. fraction/s was chosen as an index of
reactivity to be compared with the 7, values measured by the isothermal technique. The
actual critical slope used is arbltrary A value is chosen which is large enough to be
unamblguously determined, but small enough so that reaction occurs in the chemically
controlled reglme Values of In 7, were plotted against 1/T,, and a good correlation was
observed.’

Igm'gergtgrg Programmed Desorption - Temperature programmed desorption (TPD) has

proved to be a valuable tool for characterization of surfaces of carbonaceous materials such as
coal chars.*'® An example of the application of this technique to the characterization of chars
trom two coals is shown in Figure 4. This work was done in our TG-FTIR system described

above by operatlon ina sllghtly different mode. The chars were prepared by programmed
pyrolysis at 30° C/mm to 1000° C, then cooled to 200° C, exposed to air for ten minutes, and
then reheated to 1000° C. Samples which have a high oxidation reactivity have a larger
increase in weight due to O, uptake and desorb CO, much more readily. In Figure 4, a
comparison is made between a highly reactive char produced from a low rark (Zap Ilgmte) coal
(solid line) compared with a refatively unreactive char produced from a high rank (Pocahontas)
coal (dashed line). The difterences between these samples can be rapidly and easily assessed
using this technique.
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Samples - The coals analyzed were Arggnne premium coal samples. The characterization of
these samples has appeared eisewhere.

RESULTS

Char Propertles - The results from the application of the TG-FTIR instrument to measurements
of T, and oxygen chemisorption capacity on the Argonne Premium coals are shown in Fig. 5.
As expected the values of T, decrease with decreasing rank which indicates that lower rank
coals are more reactive. Th|s variation in reactivity with rank is primarily due to mineral
contributions to reactivity.** The measurements of oxygen chemisorption capacity (OCC),
which are related to the active site concentration, are mversely related to T, and are also shown
in Fig. 5. In our work, we have found that the value of T, is a more useful correlative parameter
for reactivity than the occ.2

Kinetics - The TG-FTIR system was used to conduct programmed pyrolysis ex enments on the
Argonne premium coals over a range of heating rates (3, 30, 50, 100°C/min).'"*'* When
comparing the muiti-peak evolution curves of a given specie in different coals, an interesting
feature was observed. As the coal is increased in rank, the leading edges and the early peaks
shift to higher temperatures while the trailing edges remam at the same temperature. An
example of this is shown for water for five coals in Fig. 6.2 From this figure it appears that this
feature can be explained in the light of the geological aging process of coal formation. With
increasing aging temperature and time, the maturation process gradually evolves the loosely
bound functional groups and leaves the tightly bound groups intact. The FG-DVC model has
been used to successfully simulate the shifts in the evolution curves as a function of rank.>
This was done by extrapolating the kinetics determined in the TG- FTIR experiments at moderate
heating rates (3-100°C/min) to geological conditions and assuming that the coals of increasing
rank are the products from lower rank coals pyrolyzed under natural conditions at increased
times and temperatures.

elationships between Kinetic Rates of Different Volatil cles - It was also found that
some pools in the different gas species have peak evolution rates at the same temperature and
those peaks have the same shifts when the heating rate changes. The Utah Blind Canyon coal
gives a good example as shown in Fig. 7. The TG-FTIR measurements indicate that the tar
evolution, the CO,-Loose, CO-Loose, and the H,0-Loose pools all show very close peak
temperatures at about 480° C for 30° C/min., at about 519° C for 100° C/min. and at about
430° C for 3° C/min. runs. This feature |mpI|es that these volatile pools can be fit with the same
kinetic parameters. This may also imply that there is some common chemistry.

Model Predictions - The kinetic parameters for the functional group pools from the eight
Argonne premium coals have been determined using a set of rules that were developed to
allow a systematic method of establlshmg the rank variations (e.g., the frequency factors were
fixed at values of less than 10" /sec and only the activation energies were allowed to vary with
rank). The details will be provided in a future publication. A typical comparison of theory and
TG-FTIR experiments is shown in Figs. 8 and 9 for two widely spaced heating rates. The
agreement between the theory and experiment is generally quite good except for CO,. For this
specie, residual oxygen in the TG-FTIR causes some oxidation at the slowest heatlng rate and
minerals contribute evolved CO, which is not modeled. CO also shows some differences in the
predicted amplitude, while the agreement is good for water, weight-loss, CH,, tar and H,0. The
kinetic parameters obtained from the TG-FTIR method extrapolate well to very low heanng rates,
as in natural maturation processes,” as well as to the high heating rates of importance in most
coal gasification and combustion processes.'

CONCLUSIONS
The TG-FTIR instrument provides a simple, fast and reliable method for providing information on

product evolution kinetics and char reactivity for coals and other polymeric materials. The
information from this test has been used to provide validated kinetic and composition
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parameters for a general model of coal pyrolysis, called the FG-DVC model. This model can
make accurate predictions of both very low and very high heating rate pyrolysis events.

ACKNOWLEDGEMENTS

This work was supported under U.S. DOE Contract No. DE-AC21-86MC23075 through the
Morgantown Energy Technology Center. Richard Johnson is the Project Manager.

REFERENCES
1. Ottaway, W.; Fuel, 1982, 61, 713.
2. Ciuryla, V.T.; Weimer, R.F.; Bivans, A.; and Motika, S.A.; Fuel, 1979, 58, 748.
3. Solomon, P.R.; Serio, M.A.; and Heninger, S.G.; ACS Div. of Fuel Chem. Preprints, 1986,
31, (3), 200.
4. Best, P.E.; Solomon, P.R.; Serio, M.A_; Suuberg, E.M.; Mott, W.R, Jr.; and Bassilakis, R.;

ACS Div. of Fuel Chem. Preprints, 1987, 32, (4), 138.

5. Serio, M.A.; Solomon, P.R.; Bassilakis, R.; and Suuberg, E.M.; ACS Div. of Fuel Chem.
Preprints, 1989, 34, (1), 9.

6. Mahajan, O.P., R. Yarzab, and P.L. Walker, Jr., Fuel, 57, 643, (1978).

7. Suuberg, EM.; Calo, J.M.; and Wojtowicz, W.; ACS Div. of Fuel Chem. Preprints, 1986, 31,
(3), 186.

8. Winans, R.E.; McBeth, R.L.; and Neill, P.H.; ACS Div. of Fuel Chem. Preprints, 1988, 33,
(3), 85.

9. Chakravarty, T.; Windig, W.; Hill, G.R.; and Meuzelaar, H.L.C.; Energy & Fuels, 1988, 2,
(4), 400.

10. Solomon, P.R. and Hamblen, D.G.; Findi rder in | Pyrolysis Kinetics, Topical

Report submitted to U.S. Department of Energy under Contract No. DE-AC21-FE05122,
(1983), also Progress in Energy and Combustion Science, 1983, 9, 323.

11. Burnham, A.K.; Oh, M.S,; Crawford, R.W.; and Samoun, A.M.; Energy & Fuels, 1989, 3,
42,

12. Attar, A. and Hendrickson, G.G.; Coal Structure, (R.A. Meyers, Ed.), Academic Press, NY,
1982; Chapter 5, p. 131.

13. LaCount, R.B.; Anderson, R.R.; Friedman, S.; and Blaustein, B.D.; Fuel, 1987, 66, 873.

14, Hall, PJ. and Calo, J.M.; Energy & Fuels, 1989, 3, 370.

15. Zhang, Z.G.; Kyotani, T.; and Tomita, A.; Energy & Fuels, 1989, 3, 566.

16. Carangelo, R.M.; Solomon, P.R.; and Gerson, D.G.; Fuel, 1987, 66, 960.

17. Whelan, J.K; Solomon, P.R.; Deshpande, G.V.; and Carangelo, R.M.; Energy and Fuels,
1988, 2, 65. '

18. Carangelo, R.M., Solomon, P.R., Bassilakis, R., Gravel, D., Baillargeon, M., Baudais, F.,
and Vail, G., Applications of TG-FTIR in the Analytical Lab, American Laboratory, p. 51,
(1990).

19. Serio, M.A,, Solomon, P.R., Charpenay, S., Yu, Z.Z,, and Bassilakis, R., Kinetics of Volatile
Product Evolution from the Argonne Premium Coals, ACS Div. of Fuel Chem. Preprints, 35,
(3), 808, (1990).

20. Solomon, P.R.; Hamblen, D.G.; Carangelo, R.M.; Serio, M.A.; and Deshpande, G.V.;
Energy & Fuels, 1988, 2, 405.

21. Vorres, K.S.; “Users Handbook for the Argonne Premium Coal Sample Program’, Supported
by US DOE, Contract No. W-31-109-ENG-238 (1989).

~22. Serio, M.A,, Solomon, P.R., Yang, Y.P., and Suuberg, E.M., “The Use of TG-FTIR Analysis

to Determine Char Combustion Properties®, presented at the AIChE Annual Meeting,
Chicago, lll, (Nov. 11-16, 1920).

23. Solomon, P.R., Serio, M.A., Carangelo, R.M., Bassilakis, R., Yu, Z.Z., Charpenay, S., and
Whelan, J., Analysis of Coal by TG-FTIR and Pyrolysis Modeling, presented at the
Pyrolysis ‘90 Meeting in Holland, June 1990, to be published in Journal of Analytical and
Applied Pyrolysis. )

796G



‘06004 78 powing uat) (f-LU0) SIdqUMUIABM
S1 Jey() Sururewsy ay, ‘0,006 03 0% WOlJ 1.6/0,5°Q St 008 0091 oy ooz O

| 1 1 f L i

ey Sunedy ‘(80 JO YIILJ-DJ Wolj v1)0adg g aanir g .02 &

&?éaﬁ

'§S0TT JYI1op 03 suonnquyuoy) sewadg (q
‘8507 1ydop| pue L1081 sanjsieduro], (e
"NTUIIT B Jo SISABUY YLLI-DJ, ‘¢ Sty

saInuIp

-
paonpoxgu]
LI

«uadixQ
T

aoue[eg mncv
~ C
0o -09

*uéy THO sael, -Fos

o?y [

800

"HLLA-DL Y3 JO .
EmﬁmauamEmsom.ﬁou:uE 9
_

uy unipey

SS07 Y312\ JuddIdg
%o
"u
‘o

apdnosouniay,

sanuIy
08 v9 8r C¢g 91 0

0
g
‘o 003 a
m @
o 3 admy
g ooy m Mopurp
@
g 009 &
% 5 sous[eq
S 008 ] m
ooor-1 a




% Oxygen Addition

(eqrudr] dez-yZ ‘YepoAm-AM ‘stour[[[-] ‘YSingsyid-1d
‘paodeal 1add()-J() UL),0¢ T8 paRde([o) so(duey
WA 9UU0S1y 9} W) §[80Y) dAL] 10J SN[J/DH],

B Ul painsea]y OCH 40j 88410 UONNOAY ‘9 2anSIq

0

(=]
|

Temperature (°C)
o
S
Ny

0001

(sejnurm) auaiy,
y G ¥ 91 '8 0

‘(S18q paAladal-sB) L3ede)) uondiosiuayy)
ud84x() pue 4071, j0 UOYBLIBA Juey °g aanJrjy

@Jep) ualdix(Q puadasd WYIoM

114 114 41§ o1 S 0

00 . . —L 4 1114
G0 -

-00S
01-

009
G -
0's 00%

ajey preIx 0°H

b

L

(Do)

Temperature (°C)

*(—) eyrudry deg pue (---) m.wJ:o B0 10J $9AIN))
uogdiose( pewwreidord sanjersdway, ‘p oandig

00
30
R
F¥'0 W_
oo &
85
a.

WB3POM %




Temperature (°C)

Figure 7. Evolution of Tar, H
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