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ABSTRACT 

FORTRAN software is described which enables the generation of rate of weight change 
data (DTG) from percentage weight change measurements (TG), obtained under non-isother- 
mal conditions. The program also transposes this information into the dimensionless extent 
and rate of reaction at unit temperature intervals by means of a cubic spline interpolation. A 
simple search routine identifies all DTG spikes in the thermogravimetric record, and the 
temperature and extent of reaction at which the rate attains its maximum value. This total 
information serves as input data for the kinetic analysis software to be discussed in part II of 
this communication. An example of the application of this program to the pyrolysis of 
bituminous coal is presented. 

INTRODUCTION 

Recent experimental work on the pyrolysis of fossil fuels [1,2] in this 
laboratory and theoretical calculations simulating multiple reaction processes 
[3] have emphasized the need for computer software enabling the kinetic 
analysis of non-isothermal thermogravimetric data (TG/DTG). Such 
analyses are simplified if the experimental data is first transposed into the 
dimensionless extent and rate of reaction, (Y and dcu/dt, respectively. 

w,-- w 
(y = w, - w, (1) 

da -1 dW 
dt= W,- W, dt (2) 

where W,, W, and W represent the initial and final sample weights (or 
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weight percentages), and the instantaneous value at time t after the heating 

program is initiated, respectively. 
Data acquisition is simplified if, rather than recording the DTG signal, it 

is calculated by differentiating the recorded weight change data, i.e., the TG 
signal. Such a calculation has a further advantage. At high heating rates, due 
to the finite time constant of the differential amplifier in the instrument, the 
DTG signal can be distorted. This may be demonstrated by monitoring the 
DTG signal of the effective weight change as a Curie Point magnetic 

standard undergoes the ferro- to diamagnetic transition at ever-increasing 
heating rates. The calculated DTG values are true derivatives. The differenti- 
ation may be accomplished by use of a cubic spline calculation, which, 
furthermore, allows the smoothing of the input TG data [4,5]. 

This paper describes a general FORTRAN program which transforms 
experimental digitized data into a form amenable for kinetic analysis, the 
details of which will be described in part II of this communication. 

EXPERIMENTAL PROCEDURE AND COMPUTER SYSTEM 

The procedure for preparing data for kinetic analysis, although quite 
general, has been developed specifically for treating non-isothermal thermo- 
gravimetric data generated using the Perkin-Elmer TGS2/System 4 oper- 
ated using the temperature control procedure previously described [6]. The 
analog TG data (percent of initial weight) is first amplified a hundred-fold 
using a high-input impedance dc amplifier, then digitized and transferred at 
appropriate time intervals to magnetic tape by means of a Mettler CT data 
acquisition system. At the conclusion of a series of runs, the data are then 
transferred, off-line to the in-house VAX 11/780 super mini-computer 
(Digital Equipment Co., Maynard, MA), where they are stored under the file 
name “Tgin”. All further interaction with the computer is effected via a 
VT125 video display terminal (Digital Equipment Co.). The computer has a 
full-fortran compiler whose specifications adhere to ANSI-FORTRAN 
X3.9-1978, commonly referred to as FORTRAN-77. All final output data 
from the program are stored in the computer under the appropriate file 
name, where they are either printed out or used as input in the subsequent 
kinetic analysis. 

DATA TRANSPOSITION-PROGRAM TGDATCON 

Figure 1 shows a schematic of the overall program. It incorporates a 
published routine, CUBSPL [7], which performs a one-dimensional cubic 
spline interpolation (see Gerald [4] for details of this procedure). COEFFl 
and TERPl are the two major subroutines of the CUBSPL program, 
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DATIN (subroutine) 

Rudslcounts TG signal data. 
Checks for end-of-data code. 

ALIM (subroutine) 

Gkulates ATG limit and % non- 
-1 data with ATG 3 ATG 
limit. 

MAIN 

COEFFl (subroutine) TERPl (subroutine) 

Gkulates cubk s$llrne Gkulates TGIDTG at 1 l C in- 
co&dents at AT specified rcwlr by interpolathln using 
interval. cubk spline cc.aMdents. 

Fig. 1. Schematic of program TGDATCON. 

performing the indicated functions. TG and the first derivative DTG may 
then be calculated at any integral temperature between the lower and upper 
limits. Subroutine DATIN reads in the experimental TG data, recorded at 
known temperature intervals, usually unity, stored on tape. ALIM is a 
subroutine which summarizes the data smoothing resulting from the interpo- 
lation. By comparing the actual and calculated TG values, a ATG limit is set 
such that no more than 1% of all the data lie outside the limit. One selects 
the AT interval for use in COEFFl such that, following the interpolation 
calculations in TERPl, the ATG limit is within reasonable bounds ( - l-2% 
of the experimental TG value), and also that < 5% of all generated DTG 
values are “ spikes”. The optimum cubic spline interval may quickly be 
found by trial and error. 

The flow chart of the main program is shown in Fig. 2 and is self-explana- 
tory. The experimental TG data, recorded at time intervals corresponding to 
unit temperature interval for a series of experimental runs at different 
heating rates, are read in from the Tgin file. Calculated TG and DTG data, 
(Y, dcu/dt and da/dT values at selected intervals (5 or 10°C dependent 
upon the lower and upper temperature limits), are stored in the “Tgout” file 
available for subsequent print out. If a DTG spike is recognized, no matter 
how minor, this line of information is stored in Tgout, and on printing, an 
asterisk will be placed to the immediate right of the da/dT value. If, at any 
temperature, the difference between the experimental and calculated TG 
values exceeds the ATG limit, this line of information is stored in Tgout, and 
on printing, an asterisk is printed one space to the right of the dcr/dT value. 
At 1°C intervals, T, 1 - (Y and da/dt values are stored sequentially in the 
“Alpha” output file. At the conclusion of each run, the heating rate, j3, a,,,,, 
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I 

PrintomdLldta~T(Mx)and 
numbuoi&/dr v#ues 99.5% 
ofmaxhlumvaluc. 

I STOP 
Fig. 2. Detailed flow chart of program TGDATCON. 

and %3x values are stored in the “Kissin file”. Both the Alpha and Kissin 
files of information are used as input data for the subsequent kinetic 
analysis. Any isothermal TG data recorded at the upper temperature limit 
are ignored in generating the Alpha file. 
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EXAMPLE OF PROGRAM APPLICATION-COAL PYROLYSIS 

In order to demonstrate the general applicability of this procedure, data 
pertaining to coal pyrolysis, presented [8] but hitherto unpublished, have 
been used as input. Figure 3 shows typical TG/DTG analog curves char- 
acterizing the loss of volatile material as a typical bituminous coal is 
pyrolyzed at 5 (A) and 10°C min-’ (B). As is seen, such coals lose only 
about 35% of their initial weight. Table 1 shows part of the printed output 
(Tgout file) from program TGDATCON, at 10°C intervals. The second 
column shows the 100 x amplified TG signal (100% = 10 mV in the Perkin- 
Elmer TGS-2/System 4). In this example, a 25°C cubic spline interval was 
used to generate the interpolation coefficients. The ATG limit was calculated 
to be 1.3 mV and only 0.82% of the data lie above the limit. In this 
space-limited print-out, four DTG spikes are indicated with asterisks; data 
numbers 2, 91, 718 and 800. The asterisk for data number 384 indicates T,, 
and a,, as shown at the base of the table. The second position asterisk, 
data number 416, indicates that the difference between the calculated and 
experimental TG values at 465OC is greater than the 1.3 mV limit. 

In order to check on the sharpness of the DTG peak, data at 1°C intervals 
10°C above and below T,, are printed, and the number of da/dt values 
within 99.5% of (dcr/dt),,, is indicated at the bottom. The dots on the 
analog curves in Fig. 3 are the calculated TG/DTG values from Table 1. 
Although at 5°C min -’ the analog and calculated rate of weight loss data 
are in agreement, at 10°C min -i there is a noticeable difference, particularly 

as T,aX is approached. The distortion becomes more noticeable with further 
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Fig. 3. Experimental and calculated TG/DTG data foi the pyrolysis of a West-Kentucky #9 
high volatile B bituminous coal at 5°C min-’ (A) and 10°C min-’ (B). 
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Table 1 

llwmmxravimetrk Data: Sample: Wesr Kentucky No. 9, -60 mesh HVB Bituminous Coal 
Experimental Conditionc From SO.O*C to 9W.OT at 5OWmin. in 100.0 mllmin. Nitrogen 

Date: September 22, I981 
Run Number: I 

Weight Dru: Initiak 9.720 mg (O.fXU mg suppre~~I) recorded at 12.0 second intervals on the 10 mg range 
Cubk Splin Temperature Interval: 2.5’C “Actual-Calculated“ Ditkence TG Signal Limit for Print-Out I.300 0.82% Above 

Signal Tem(p&we Sample Wt. Rate of Wt. Change daldt d&T 
Number (mv) (ms) (mg/mln.) (I 1 -(r (ml&) (‘c-‘) 

997 

996 
993 
989 
986 
983 
981 
980 
980 
979 
978 
978 

:? 

4: 
i: 

loo 
110 
120 
130 
140 
150 

9.6908 O.OWCl 0.008 I 0.9919 
9.6873 I .7649E-02 0.0090 0.9910 
9.6556 I .7576E-02 0.0178 0.9822 
9.6206 1.7354E-02 0.0275 0.9725 
9.5864 1.6629E-02 0.0370 0.9630 
9.5560 1.3266E-02 0.0454 0.9546 
9.5353 6.9097E-03 0.05 I I 0.9489 
9.5278 I .3848E-O3 0.0532 0.9468 
9.5267 5.169lE-04 0.0535 0.9465 
9.5229 3.4025E-03 0.0545 0.9455 
9.5145 4.62 1 OE-03 0.0568 0.9432 
9.5062 3.2692E-03 0.05 9 I 0.9409 

374 877 423 8.53 14 
375 875 424 8.5086 
376 873 425 8.4856 
377 870 426 8.4624 
378 868 427 8.4390 
379 865 428 8.4156 
380 863 429 8.3920 
381 860 430 8.3683 
382 858 431 8.3446 
383 856 432 8.3208 
384 853 433 8.2970 
385 851 434 8.2732 
386 848 435 8.2494 
387 846 436 8.2257 
388 843 437 8.2020 
389 841 438 8.1785 
390 838 439 8.1551 
391 836 440 8.1318 
392 834 441 8.1087 
393 831 442 8.0857 
394 829 443 8.0630 
401 814 450 7.9121 
411 794 460 7.7271 
416 786 465 7.6467 
421 779 470 7.5727 

71 I 
718 
721 
731 
741 
751 
761 
771 
781 
791 

:zY 
811 
821 
831 
841 
851 

647 
645 
645 
643 
641 

zi 
638 
637 
635 
634 
634 
632 
630 
629 
628 
627 

760 
767 
770 
780 
790 

:z 
820 
830 
840 
849 
850 
860 
870 
880 
890 
900 

6.2998 
6.2757 
6.2696 
6.2502 
6.2334 
6.2208 
6.2 I29 
6.2060 
6.1954 
6.1801 
6.1643 
6.1625 
6.1451 
6.1298 
6.1 186 
6.1 109 
6.1042 3.5760E-03 l.OKxJ o.oooo 9.8899E-04 1.9780E.04 

Maximum Reaction Rate = 3.2920E-02 at (I = 0.3936 at 433.OT. 
6 Reaction Rate Values between 423 and 443 OC are within 99.5% of the maximum. 

1.1348E-01 
I .1449E-O1 
1.1544E-01 
1.1630E-01 
1.1704E-01 
1 .I 767E-01 

O.WQO 
4.8811 E-03 
4.8609E-03 
4.7995E-03 
4.5990E-03 
3.6689E-03 
I .9 109E-03 
3.8299E-04 
I .4296E-O4 
9.4099E-04 
I .2780E-O3 
9.04 I4E-04 

9.7622E-04* 
9.72 17E-04 
9.5991 E-04 
9.1980E-04 
7.3378E-04 
3.8219E-04 
7.6598E-05 
2.8591 E-05 
I .8820E04 
2.5560E.04* 
I .8083E-04 

6.2767E-03 
6.3328E-03 
6.3854E-03 
6.4329E-03 
6.474OE-03 
6.5085E-03 
6.5366E-03 
6.5581 E-03 
6.5732E-03 
6.581 BE-03 
6.5839E-O3^ 
6.5795E-03 
6.5686E-03 
6.5513E-03 
6.5274Ea3 
6.4971 E-03 
6.4603E.03 
6.4169E-03 
6.3671 E-03 
6.3 l08E-03 
6.2480E-03 
5.6268E-03 
4.6479E-03 
4.2601 E-03 l 

3.9401 E-03 

0.3287 0.6713 3.1383E-02 
0.3350 0.6650 
0.3414 0.6586 
0.3478 0.6522 
0.3543 0.6457 
0.3608 0.6392 
0.3673 0.6327 
0.3738 0.6262 
0.3804 0.6196 
0.3870 0.6130 
0.3936 0.6064 
0.4001 0.5999 
0.4067 0.5933 
0.4133 0.5867 
0.4198 0.5802 
0.4263 0.5737 
0.4328 0.5672 
0.4392 0.5608 
0.4456 0.5544 
0.4520 0.5480 
0.4583 0.5417 
0.5000 0.5Occl 

3.1664E-02 
3.1927E-02 
3.2 165E-02 
3.2370E-02 
3.2543E-02 
3.2683E-02 
3.2791 E-02 
3.2866E-02 
3.2909E.02 
3.2920E.02 
3.2898E-02 
3.2843E-02 
3.2756E-02 
3.2637G02 
3.2485E-02 
3.2301 E-02 
3.2085E-02 
3.1836E-02 
3.1554E-02 
3.124OE-02 
2.8 134E-02 
2.3239E.02 
2.1300E-02 
I .97OOE-O2 

.1818E-01 

.I 857E-01 

.1884E-O1 

.1899E.01 

.I 903E-01 

.I 895E-01 

.I 876E-01 

.I 844E-01 

I .lBOlE-01 
.l746E-01 
.I 680E-01 
.1601E-01 
.15llE-O1 

1.1409E-01 
1.1296E-01 
1 .0173E-Ol 
8.4030E-02 
7.7019E-02 
7.1234E-02 

0.5511 0.4489 
0.5734 0.4266 
0.5939 0.4061 

9.8584E.03 0.9487 0.05 I3 
I .0137E-02 0.9526 0.0474 
I .0082E-02 0.9542 0.0458 
9.1891 E-03 0.9596 0.0404 
7.4762E-03 0.9643 0.0357 
4.9929Ea3 0.9677 0.0323 
3.3151E-03 0.9699 0.0301 
4.0189E-03 0.9718 0.0282 
6.6452EQ3 0.9748 0.0252 
8.4398E-03 0.9790 0.02 IO 
8.95 12E-03 0.9834 0.0166 

2.7265E-03 5.4529E.04 
2.8036EG3 5.6072E.04’ 
2.7883EQ3 5.5766E-04 
2.5413E-03 5.0827E-04 
2.0676E-03 4. I352E-04 
1.3808h03 2.7617E-04 
9.1683E-04 I .8337E-04 
1.1115E-03 2.2230E-04 
I .8378E-03 3.6756E-04 
2.3341E.03 4.6682E-04 
2.4756E-03 4.9511 E-04’ 
2.4734E-03 4.9468E-04 
2.3028E-03 4.6055E-04 
I .8692E-03 3.7383E-04 
I .2525E-03 2.5051 E-04 
9.325 I E-04 I .8650E-04 

8.9435E.03 0.9839 0.0161 
8.3264E-03 0.9887 0.01 I3 
6.7586E-03 0.9929 0.007 I 
4.5290E-03 0.9960 0.0040 
3.371 BE-03 0.9981 0.0019 

increase in heating rate. It must be emphasized that the calculated DTG 
values are the correct ones. 

Since for this particular coal there is an approximate 5% moisture loss, it 



39 

0.6 - -3 

a k 
3 

0.4 - -2 G 

t 

0.2 - -1 

0 100 200 300 400 500 600 700 800 900 

Fig. 4. The complement of the degree of reaction (1 - a) and the rate of reaction (da/dt) for 
the West-Kentucky #9 high volatile B bituminous coal at 5°C min-‘. 

is more correct to consider only those data obtained at and above 100°C. 
This has been achieved by a simple modification of the input (Tgin) data. 
Figure 4 shows the complement of the extent (1 - a) and the rate of reaction 
(da/dt) obtained by processing the modified data at 5°C min-’ in program 
TCDATCON. As can be seen, although there is a clearly defined “major 
loss of volatile material” region from ca. 350 to ca. 48O”C, at (Y = 0.66 other 
reactions start contributing to the overall weight-loss process. The nature of 
the physico-chemical processes possibly at work in this temperature region 
will be considered in a forthcoming paper. Suffice to say, as will be seen in 
part II, the region above (Y = 0.66 is not truly amenable to kinetic analysis. 
However, within the main temperature region, 100-500°C excellent repro- 
ducibility is obtained with these highly volatile bituminous coals, as shown 
in Fig. 5. Here, triplicate data obtained at a heating rate of 5°C min-’ lie 
within the envelope. Over the entire temperature range the extents of 
reaction as functions of temperature agree to within less than f 1%. Similar 
precision is also obtained at other heating rates used, up to 150°C min-‘. 
This augers well for an excellent kinetic analysis, as will be shown in part II. 
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Fig. 5. Triplicate 1- a data at 5°C min -’ for the West-Kentucky #9 high volatile B 
bituminous coal. 
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