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ABSTRACT

The results are presented of an experimental investigation into the influence of single
particle sizes on the thermal decomposition of the natural minerals forming the mineral
matter of solid fuels. The kinetic region is determined for each of the minerals.

LIST OF SYMBOLS

T temperature

T ax temperature of reaction rate maximum

T; final temperature

AT reaction interval

t time

a fraction reacted

a.,.. fraction reacted, corresponding to reaction rate maximum
V, diffusion rate

V. chemical reaction rate

q heating rate

d diameter of the sample particles

d critical diameter of the sample particles, at which the diffusion
complications begin to emerge

diameter of the sample particles, up to which it is still possible to
use the kinetic equations for practical engineering calculations

p density of the particles

INTRODUCTION

In the fields of power generation and power technology, the use of
low-grade high-ballasted fuels with a high content of mineral matter is
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increasing in a number of countries. There are enormous deposits of oil
shale, for example the Green River deposits in the U.S.A. and the Pribaltic
shale in the U.S.S.R., which can be described as this kind of fuel. The
mineral content of Pribaltic shale reaches 70%, and it is the behaviour of the
mineral matter at high temperatures that determines the fuel behaviour as a
whole, as well as the technology of its exploitation. To predict the mineral
matter behaviour, it is necessary to describe the thermal decomposition
kinetics of all the basic minerals comprising the mineral matter. But first the
limits of the application of the kinetic equations must be determined, i.e. the
boundaries of the kinetic region of the reactions taking place and the
particle size dependence; serious errors can be introduced without this
information.

We have studied the minerals comprising the mineral matter of Pribaltic
shale: calcite, magnesite (crystalline and amorphous), siderite, dolomite,
kaolinite, muscovite, limonite, pyrite and gypsum. These same minerals form
the basis of the mineral matter and occur in other fuels.

There are many publications devoted to the description of the thermal
decomposition processes of carbonates and clay minerals; refs. 1-3 include
good reviews of original works. It has been noted that, in general, the initial
and final decomposition temperatures decrease with a decrease in the
particle size, and also that the kinetic parameters depend on the particle size.
But, as far as we know, the dependence of the kinetic region boundaries on
particle size has not been determined for the process of thermal decomposi-
tion of the above minerals.

EXPERIMENTAL

The samples were milled in a laboratory roller mill and separated into the
following fractions: 0-25, 25-56, 56-100, 100-150, 150-200, 250-300,
300-400, 400-500, 500-600, 600-800, 800-1000, 1000-1250, 1250-1500,
1500-1750, 1750-2000, 2000-2500, 2500-3000, 3000-3500, 3500-4000,
4500-5000 and 5000~-6000 pm.

Because of the nature of the minerals studied, some of the particles
contained significant levels of outside inclusions; these particles were re-
moved from each fraction using a microscope. The chemical and X-ray
analyses of the samples were then carried out. In the experiments that
follow, we generally used samples with an impurity content of less than 5
wt.%. The impurity content in the coarse fractions occasionally reached 9
wt.%. Samples containing 10 or more wt.% of impurities were not used for
the experiments, coarse fractions of siderite with a particle diameter d > 3000
pm, for which the impurity content occasionally reached 13-14 wt.%, being
the exception. The results of the chemical analysis of the samples are
presented in Table 1.



65

$'0-T°0 SBm SO AP yoym ut ‘winsdAS pue ¢ 1m

a5 im

S'0~7'0 Sem TOLL 243 yorym ur ‘araoosnua 1daoxa s{RIdUTUI [[B 10) %M [0 UBY) SS3] 212m SIuduod 0%d pue Q1L ay) :s0N

6'9r—8°0r

86E-£0¢

£0s-T'sY

6'05—0°'sY

Lor-s'ty

€1T-L0T

6v -1V

TT1-6'01

[ 4 Sl A8

£0 -T0

T~ b

ULy— TSF

- o0

10 - 0

80 —T00

200 —£0°0

0 —¥0'0

70 - 10

7o - 10

€1~ ¢'L

20 - 10

1'0 —500

o - 10

10 —T00

80— 10

Z0- 10

1T0- 0

1°0-500

o- 0o

o0~ 10

70~ 10

ro- vo

ro- o0

80~ L0

£0-20°0

01~ 0

0~ 10

80 —¢°0

€LE-T9E

'8€-0°LE

LT -T0

L0 ~T0

1T -90

90 ~ ¥v0

§65— v'LS

re - L1

918~ 808

£T ~50'0

0T —80°0

¥1 - 10

60 — 70

£0 ~L00

10 ~500

665~ 8'SS

£0 ~LOO

€1 ~-50'0

£€0 -~ 10

90 ~1°0

e -¢0

¥'0 -T0

v'0 -£0

g1T-v'0T

0TI-T'L

oW1y

U'sy-0'1y

't ~8°0

STE-Y'0E

€1 -10

91 ~¥0

70 -10

9T -0

LTE-T0E

81 =90

Tl =60

P -80

T0s~9'Ly

£0 -10

90 -10

(U0 2l 8 44

£'S —6

€Sr-6'vv

91 -T1

vy -£0

L'l ~v1

vy g1

OHT - 'Os®D
wnsd{ny
REE
Aukg
O%HT - ‘0189
-fFohve - 0%
IAOOSOA
O%HZ - fO%4
ruowyy
O°HL
-ToIsT - fotIv
ayujoey
H(fo0BNneD
anwojo
0054
uepig
‘003N
(snoydioure)
ausoude
003N
(aureIskio)
ansaudep
Kool
Eb =170}

00

O'H

‘oS

oty

OfeN

OUN

olv

‘0%

034

08N

OFD

‘o1s

TeIsuIN

%W ul sajdwes jo uonsodwod peonuay)

1 374v.L



66

The main purpose of the experimental technique used is the elimination
of all possible diffusional complications. The experiments were carried out
using a Derivatograph instrument (Hungarian Optical Works, Budapest). A
dynamic inert atmosphere of purified N, with a flow rate of 5 X 1073 m® s~}
was used. The samples were arranged in a monolayer on the platinum
multi-plate sample holder so that each sample particle was in contact with
the holder. The sample mass M on one plate satisfied the condition
M < pSd where S is the plate surface [4]. The sample mass was limited to 50
mg and the heating rate varied from 10 to 20 K min~ .

Using these small samples and arranging them in a monolayer made it
possible to eliminate the possible influence of evolved gas diffusion through
the layer of the sample. Using a dynamic inert atmosphere made it possible
to eliminate the outer diffusional complications, the “gas jacket” effect,
around the decomposing single particle. It has been shown that heat transfer
processes are not limited under similar conditions by [5]. Thus, the internal
diffusion of evolved gas through a layer of solid reaction product on a singie
particle, is the only cause of possible diffusional complications, which may
occur because of an increase in the layer thickness.

It was assumed that, for the smallest particles, the reaction proceeds in
the kinetic region. The experiments were carried out under identical condi-
tions; the diameter of the sample particles was successively increased. With
respect to the increasing particle diameter, only the internal diffusion of
evolved gas toward the surface of the single particles can influence the
kinetics of the process under examination. A shift of the reaction into the
transition region and its subsequent “dipping” into the diffusion region was
estimated by the shift of the kinetic curves a = a(T') towards the high
temperature zone. This effect is caused by pore diffusion resistance and,
therefore, by the decreasing reaction rate. Consequently, the time taken for
the total process to proceed increases, and the final temperature of the
reaction also increases, because of the linear heating rate.

Because the influence of other slowing factors has been eliminated, such a
shift of the a = a(T') curves can only be caused by the evolved gas diffusing
through the porous layer of reaction product. This shift was recorded by the
points of the reaction rate maximum and the final temperature. Hereafter,
we will consider these temperatures as the characteristic temperatures of the
reaction. With identical experimental conditions, the initial temperature of
the reaction is approximately constant, because it is determined by the
kinetics of the reaction which formed the cores of the particles, and by the
change and growth which have taken place on the particle surface, which
process is almost independent of particle size. For these reasons, we will not
be concerned with the initial temperature of the reaction.

The diameter of the particles at which the increase in the final tempera-
ture or the increase in the temperature of the reaction rate maximum first
becomes noticeable, was designated the critical diameter d,,, from which the
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Fig. 1. Dependence of diffusion rate on time, in the case of diffusion in wide pores: 1, the
diffusion rate is determined only by the increase in temperature; 2, the increase in thickness
of the reaction product layer exerts an overwhelming effect on the diffusion rate; 3, the
diffusion rate is determined by the increase in temperature and the thickness of the reaction
product layer.

diffusional complications emerge, i.e. d., was designated as a boundary of
the kinetic region.

Two opposing factors have an effect on the diffusion rate of evolved gas
after the onset of the reaction; diffusion accelerates with temperature
increase, but slows down when layers of reaction product grow on the
particle surface. The diffusion rate behaviour depends on the temperature or
time (it is not affected by the linear heating rate) and can be characterized
by the plots on Fig. 1. In a general case, the influence of the growth of a
reaction product layer is stronger than the effect of temperature increase
and, therefore, V; behaviour can be described by the total curve 3. The
trend of curves 1 and 2 and, consequently, curve 3 depends on the tempera-
ture range of the reaction, the properties of the solid product layer, the
dimensions of the crystals and of the pores formed, the properties of the
evolved gases, etc. The region in which the thermal decomposition process
proceeds is determined by the relationship between the chemical reaction
rate ¥V, and the diffusion rate V; (Fig. 2). If the diameter of the particles 4 is
less than d_,, then the reaction rate is always less than the diffusion rate and
the total process proceeds in the kinetic region. When 4 is greater than d_,
(curve d;), in the range ¢, <t < t,, the diffusion rate is less than the reaction
rate and the process proceeds in the diffusion region. At ¢ > ¢,, the process
passes again into the kinetic region i.e. the decrease in the reaction rate
becomes the dominant effect, not the decrease in the diffusion rate which is
due to growth of the product layer. From d > d,, there will be no reverse
transition from the diffusion region to the kinetic region. It should be noted
that the reaction rate maximum, or the region near it, is the most probable
point of contact of the chemical reaction rate and diffusion rate curves.

Therefore, in contradistinction to a plane problem, in which the transition
from the kinetic region to the diffusion region is determined only by the
thickness of the product layer, in this problem everything is determined by a
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Fig. 2. Diffusion rate versus reaction rate relation, depending on the sample particle size:
di<d,<dy<d,.

combination of the change in thickness of the product layer and the reaction
rate. The most probable point of transition into the diffusion region is in the
region of the reaction rate maximum. The critical diameter of the particles,
above which diffusion complications begin to emerge, not the thickness of
the product layer, is the main parameter, which it is necessary to determine.

It should be noted, that when the process proceeds in Knudsen’s diffusion
range, the diffusion rate ¥; ~ T'/? and the deflection of the curve describing
the diffusion (see Figs. 1 and 2) will change in the opposite manner. This
produces some minor differences which do not, however, change the main
conclusions.

RESULTS AND DISCUSSION

The critical particle dimensions for all the minerals studied are presented
in Table 2. It is impossible to discuss all the results obtained in one paper.
Carbonate minerals are of great importance in applied investigations; there-
fore only the results obtained for these minerals will be discussed here.

When studying the thermal decomposition processes of magnesite, usually
only crystalline magnesite is studied, not the amorphous form. However,
these two substances differ from each other, not only in terms of their
crystallographic and physical properties, but also in their thermal behaviour.

The reaction interval we obtained for the thermal decomposition of
crystalline magnesite is in good agreement with the works of other authors
(see, e.g. [6]). It should be noted that cracking and sometimes self-crushing
of the particles take place at the beginning of a reaction. In this case, coarse
fragments are formed although their sizes are not changed during the
reaction. It is easy to test this phenomenon by interrupting the experiment at
the beginning of the reaction (at 7= 750 K) and then bringing it to a
conclusion. The size of the fragments in unchanged in both cases. The effect
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TABLE 2

Critical particle dimensions and reaction interval AT for the minerals

Mineral d,. (pm) d,, (pm) g (K min™1) AT (K)
Calcite 200 400 20 255
Magnesite (crystalline) 400 600 10 173
Magnesite (amorphous) 600 1000 10 200
Siderite 1200 1500 10 140
Dolomite 200 1000 20 205
Limonite 720 1000 20 125
Kaolinite 1180 1200 20 270
Muscovite 100 100 20 227
Pyrite 250 300 20 254
Gypsum (dehydration) 200 400 20 50
Gypsum (dissociation) 250 300 15 285

of magnesite self-crushing was noted earlier [7]. The dependence of the
characteristic temperatures of the reaction on particle sizes is presented in
Fig. 3a. The thermal decomposition reaction of natural magnesite proceeds
rather rapidly and its reaction interval is ~ 1.5 times smaller than the
reaction interval for calcite. It would seem, therefore, that d_, for magnesite
would be smaller than for calcite. But the self-crushing phenomenon (which
causes deep cracks to be formed in the particles, which greatly improves the
diffusion conditions) leads to the fact that the 4, for magnesite is twice that
for calcite. With increasing particle size, the effect of diffusion on the
thermal decomposition of magnesite is less than on the thermal decomposi-
tion of calcite. So for particles with an initial size of d = 1500 pm, the shift
of the T, curve is ~ 27-28 K (for calcite ~ 37 K) and the shift of the T;
curve is ~ 33 K (for calcite ~ 65 K). Although d_ =400 pm, even a 1.5
times size increase causes only a slight shift in the kinetic curves; this means
that the kinetic constants for this reaction can be applied to considerably
larger particles, as large as 4, = 600 pm.

The thermal decomposition reaction of amorphous magnesite begins at
T = 683 K which is about 70 K lower than for crystalline magnesite. The
reaction temperature range (reaction interval) is wider for amorphous mag-
nesite, than for the crystalline form and hence the chemical reaction rate for
amorphous magnesite is less than for the crystalline one. This leads to a
broadening of the kinetic region, which was corroborated by the experiments
(Table 2). The kinetic region for amorphous magnesite is limited by 4. = 600
pm, which is 1.5 times larger than d_ for the crystalline form. It is
interesting that the kinetic region expands, despite the fact that the self-
crushing phenomenon was not observed and that CQO, diffuses through the
porous structure of MgQO. This effect is possibly explained by the fact that
the density of amorphous magnesite (p = 2.9 10° kg m~?) is a little less than
for the crystalline form (p = 3.3 10° kg m~?) and, consequently, the porosity
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of the product layer is higher in the case of the amorphous substance, thus
improving diffusion conditions and, possibly, compensating for the absence
of cracks. Moreover, the reaction rate is appreciably less, as was noted
above.

The curves of reaction rate maximum temperature and final temperature
(Fig. 3b) rise very slightly with increasing particle size. The shift in the
curves is ~ 5 K for d =1000 pm and ~ 7-8 K for d = 1200 pm. It becomes
greater at d =2000-2500 pm, when the shift of the T,,,, curve towards the
high temperature range is ~ 27 K and of the T; curve is ~ 38 K at d = 2500
pm. The weak dependence of these curves on the particle sizes is caused,
apparently, by the sloping trend of the diffusion rate curve (determined by
the properties of the product layer), which slowly increases the diffusion
region (Fig. 2) and, thus, leads to the sloping trend of the T, = T,,.(d) and
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Fig. 3. Dependence of characteristic reaction temperatures on particle size for the thermal
decomposition of a, crystalline magnesite; b, amorphous magnesite; c, dolomite; d, calcite. 1,
T; and 2, 3, T ..
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Fig. 3 (continued).

T; = Ti(d) curves. Thus, for practical calculations, it is possible to use the
kinetic constants not only up to d, = 600 pm, but beyond to d,, = 600 pm.

The thermal decomposition reaction of dolomite is characterized by three
temperatures (apart from the initial temperature): the reaction rate maxi-
mum of magnesite dissociation, the reaction rate maximum of calcite
dissociation and the final temperature. The temperature of the reaction rate
maximum for magnesite as expected, is independent of particle size. This is
connected with the fact that the dissociation pressure of magnesite at this
temperature is about ~ 75 atm. The small temperature rise (Fig. 3c, curve 3)
at d = 4000 pm is apparently caused by experimental error, because the final
fraction had the greatest spread of particle sizes. One can see in Fig. 3¢ that
at first the diffusion complications have an effect on the final temperature of
the reaction, i.e. the diffusion rate curves (Fig. 2) are very steep and intersect
with the curve of the chemical reaction rate beyond the point of the rate
maximum. We believe that this is connected with the screening of decom-
posed calcite crystals by the magnesium oxide crystals [1] and the superim-
posing actions of layers of magnesium and calcium oxides, which strongly
inhibit the diffusion processes and determine the steepness of the diffusion
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rate curve. Transition into Knudsen’s diffusion region is also possible, and
this reverses the deflection of the diffusion curve. If the boundary of the
kinetic region is determined by the 7 curve, then 4, = 200 pm. It should be
noted, however, that practically the whole reaction proceeds in the kinetic
region for the particles of considerably greater sizes. Thus, when d = 1800
pm, diffusion resistance begins to appear, affecting the 7,,(d) curve be-
haviour at a_,, = 0.75, i.e. 75% of the substance reacts in the kinetic region.
Consequently the kinetic equations can be used for particle sizes consider-
ably greater than d;, = 200 pm. We believe that the kinetic constants can be
used up to d, = 1000 um, for practical engineering calculations.

Calcite has been extensively studied in many original works; therefore, we
will only briefly discuss its dependence of reaction characteristic tempera-
tures on particle size, see Fig. 3d. The final temperature is approximately
constant up to d=200 pm and then increases with increasing d. The
temperature of the reaction rate maximum is constant up to d = 390 pm. The
diffusion rate curve is very steep and its intersection with the curve of the
chemical reaction rate takes place either in the rate maximum region or after
it. Therefore, the duration of the diffusion region, up to the rate maximum,
tends to zero and the diffusion complications have an effect only on the
T(d) curve and subsequently, when the diffusion range increases, the 7,,.(d)
curve also shifts. With increasing particle size, the 7= T{d) curves become
more sloping. From our point of view, this can be explained by the fact that
the number of cracks in the product layer, covering the reacting particle,
increases with particle size increase. This phenomenon can be confirmed by
examining the particles after the experiments. These cracks simplify the
diffusion process and partly compensate for the growth of the reaction
product layer.

Apparently, d_. = 200 pm may be considered to be the boundary of the
kinetic region, but taking into account the fact that the diffusion complica-
tions have an effect on the T ,, curve from d = 400 pm only, and «,, = 0.76,
i.e. much of the substance reacts in the kinetic region in this case too, in all
probability, it is possible to assume that d,, = 400 pm is the boundary of the
kinetic region for practical engineering calculations.

The characteristic temperatures and the kinetic region of the thermal
decomposition of siderite, as a function of the single particle size, have been
described by us in ref. 4.

We have conducted similar investigations for all the other minerals
present in the mineral matter of solid fuels. The results are presented in
Table 2. Unfortunately, it is impossible to analyse all this data in one paper
and therefore we have limited out discussion of the results to those which
are most interesting from our point of view.
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