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Twenty one US coals, of widely ranging rank, have been carbonized under controtled
conditions to 1000°C, and the reactivity in air at 500°C of the resulting chars or cokes
has been measured by a gravimetric method. The reactivities lie within a well-defined
band when plotted against rank of the parent coal. The lower-rank coal chars are more
reactive than those prepared from high-rank coals. In extreme cases, the reactivity found
for a Montana lignite char is some 100 times as great as that obtained for a char produced
from a Pennsylvania low-volatile coal. Variation of reactivity with heat-treatment tem-
perature (600 to 1000°C) has been studied for three coals. As heat-treatment temperature
increases, there is a decrease in reactivity. Some results are reported on the effects which
mineral matter and pore structure have on the reactivity parameter. Chars containing
high concentrations of magnesium and calcium impurities are most reactive. The amount

of macro and transiticnal porosity in a char has a marked influence on reactivity.

1t has become evident that there is a need {or a better
understanding of coal-char reactivity. In the past there have
been numerous reactivity studies on coals, cokes and chars,
which are well reviewed in the literature! ™. It has been
stated thal char reactivity measurements have no precise
meaning; however, they can be used as an indication of the
oxidation behaviour of carbonaceous solids™®. The aims of
this investigation were to develop a simple reactivity test, to
use this test systematically on a wide range of coal chars®,
and to obtain some measure ol the variables which affect it.
Since reactivity is affected by both chemical and physical
properties of chars, the variables chosen for investigation
were the rank of the parent coal, heal-treatment {empera-
ture, pore structure, and mineral-matter composition.

Dried air was selected as the oxidizing gas. A gravimetric
procedure, using an electronic microbalance, was chosen
because it can both directly and accurately record small
weight changes with time, and because the defermination is
not subject to errors in gas analysis®,

Although this investigation is, in part, semi-quantitative,
it is suggested that its findings will help in the understanding
of some of the factors that affect coal gasification.

EXPERIMENTAL

Char preparation

The coals chosen were selected because of their wide
varigtion in rank, type and location (see Table I). All but
one of these coals were rich in vitrinite. The exception was
PSOC-6, which has a comparatively high concentration of
exinite.

Two methods of char preparation were used. The first

*  Stricily speaking, thermal treatment of the coals led to ecither a
char or a coke. I upon heating the organic precirsor goes througl a
Hguid state the resulting solid is termed u coke, If however negli-
aibke softening oceurs, the resulting solid i termed o char. Forcon-
venience, we have used the term char throughout this paper.
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method, which utilized a Fisher T.G.A. apparatus, was used
to prepare small quantities of all samples and to obtain
thermogravimetric data for the coals. The Fisher T.G.A.
apparatus enables continuous weigh! measurements to be
made on a sample whilst it undergoes thermal treatment in
aflowing controfled atmosphere. A smaill amount of sample
is placed in a weighing pan and suspended from a recording
Cahn Model RG Electrobalance. A furnace, which is con-
trotied by a temperature programmer, is placed around the
sample pan. Specifically, the preparation technique involved
heating about 30 mg (40 X 100 US mesh) of coal in a
stream of dry nitrogen in the T.G.A. apparatus to some
maximum temperature at a constant heating rate of 10°C
min~!. It was then held at that temperature for about 2 h,
or until no further weight loss was observed. The other
preparative technique was used on some of the coals to
produce farger amounts of char (10-20 g} so that porosity
and surface-area determinations could be made. A 1% in*
diameter fluidized-bed system was utilized for (he prepara-
tion of these bulk samples. As in the micropreparation
technique, dry nitrogen was used as the inert atmosphere
and the controlled heating rate was similar.

As a part of the investigation into the effect of mineral
matter on reaclivity, some of the coals were treated with
warm 10% hydrochloric acid for 48 h, The ‘acid-washed’
coals were then washed with water and finally dried. A
few samples were further treated with warm hydrofluoric
acid in an attempt to demineralize them more compleiely.
These treated coals were subsequently carbonized.

Measurement of reactivity

The Fisher T.G.A. apparatus was also used {or measure-
ment of reactivity. About 5—1Q mg (40 X 100 mesh US)
of char was placed in the T.G.A. pan and heated at 10°C

* 1in= 254 mm
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Table 1 Analyses of coals
Vitrinite
Ultimate analysis {wt %, daf) content

Ash {%, {volume
c~mpte No.  ASTMrank  State dry basis) C H N S O {by diff) %, mmf)
PSCC-89 Lignite N. Dakota 11-4 633 4-7 0-47 1-60 29-9 703
PSOC-9t Lignite Montana 7-9 707 49 0-81 0-41 232 664
PSOC-87 Lignite N. Dakota 7-Q 71-2 53 056 o-70 22-2 647
PSOC-140 Lignite Texas 10-2 717 52 1-30 110 207 69-8
PSOC-138 Lignite Texas 85 74-3 5-0 0-37 075 196 751
PSOC-98 Sbb. A Wyoming 66 74:3 5-8 1-20 1-30 17-4 846
PSOC-101 Sbh. C Wyoming 6-2 74-8 51 0-89 0-50 187 708
PSOC-189 HVC HHlinois 12:5 760 5-7 1-00 5-50 11-8 780
PSOC.26 HVB tHinois 6 773 56 1:10 7:50 85 892
PSOC-22 HVC tHinois 14-4 788 58 1-50 2-99 110 88-2
PSOC-24 HVEB Htinois 116 801 55 110 4-50 88 881
PSOC-87 HVB Utah 4-9 80-4 58 1-20 1-50 111 829
PSOC-105A HVC indiana 75 813 5-8 1-10 1-80 10-0 625
PSOC-11 HVA W. Va. 712 82:3 5-7 1-40 340 7-2 71-1
PSOC-4 HVA Kentucky 1-7 838 5-8 1-60 0-88 78 67-4
PSOC-6 HVA Kentucky 4-2 84-9 56 1-30 0-69 7-5 27-8°
PSOC-137 MV Alabama 71 87-0 4-8 1-50 310 36 738
PSOC-114 LV Pa. 105 88-2 4.8 1-20 0-68 5-1 896
PSCC-127 LV Pa. 50 896 50 1-00 0-83 26 177
PSOC-81 Anthracite Pa. 97 919 26 079 0-54 4-2 96-3
PSQC-177 Anthracite Pa. 40 93-b 27 0-25 0-70 2-9 865
*  Coal PSOC-6 contains 37-0% exinite by volume {mmf}

1=) (o 500°C in dry nitrogen. Alter a period of about 160 I I I I I I I E

.o min (thus ensuring thermal stability) a stream of dry air
(500 ¢m? min 1) was admitted to the apparatus. The weight 8o o9
of the sample was then continuously recorded. In addition, _ o
by using a Cshn derivative compuier accessory, it was £ ol /a/ -
possible to record simulianeously the first derivative of k= A
weight change with time (dw/d0). A small initial weight of ; ol °/° i
char was used to ensure that the bed temperature did not @ o
rise appreciably and that the bed was very thin (=1 mm), -
hence minimizing bulk diffusional effects. Figure [ is a 0 e/a 7
typical reactivity plot, where the burn-off is calculated on /e/
the basis of the whole char, that is on an ash-containing % ’3% T I 24070
basis. Under the conditions selected the burn-off plots for Time (rmin)
every char had a rectilinesr portion, which usnally extended
over a period in which about 40% of the material was Figure T Burn-off curve {on ash-containing basis) in air at 500°C

gasified. ln this rectilinear region maximum reactivily was
observed, and it was from this portion of the plots that the
reactivity parameter was calculated by the following
equation:

I i
R 7_ S, —
W af

where R is the maximum reactivity at a {emperalure T°C
(mgh~Vmg~ 1), wis the initial mass of char (mg), on an ash-
free basis, and dw/d0 is the maximum reclilinear weight
Joss rate {mg h~1}.

Inspection ol Figre ] indicates that there are three

tinct regions in the burn-off curve. In the first region,
- the reaction rate increases slowly, three processes take
place: (1) the system is purged of nitrogen: (2} there is a
buildup ol oxygen complexes on the char’s surface; and

for 1040°C char from PSOC-24

(3) the char undergoes activation, which leads to the in-
creased rate. This region is foliowed by a period in which
increase in the burn-off is directly proportional to the
increase in time, indicaling a zero-order reaclion. As
activation proceeds, the surface area per unit weight
increases up fo some maximum value; but offsetting this
there is a corresponding weight decrease. Hence a con-
stant effective active-site concentration is maintained. The
third region occurs, in this case after about 130 min, when
the surface ared per unit weight slarts decreasing, thereby
leading to a reduced rate.
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Porosity and surface-area measuremenf
Techniques used in this part of the investigation are
described in more detail elsewhere”. Surface areas were
estimated by adsorption of carbon dioxide at 298 K (using
the Dubinin—Polanyi approach) and by nitrogen at 77 K
“sing the BET approach). Densities of the chars were
easured by the displacement of both helium and mercury,
and from these data total pore volumes were calculated. |t
is generally accepted that for coals and chars the surface
area accessible to nitrogen at 77 K is to some degree a
measure of the macro and transitional pores". These pores,
in processes which involve mass transport, act as ‘feeder’
pores for reactant gases. Their distribution determines the
ease with which a reactant can enter the microporous sub-
structure of the solid, where reaction predominantly occurs.
Carbon-dioxide adsorption at 298 K is used to estimate
specific surface area in the micropores®, which for coals
closely approximates the total surface area.

Chemical analyses of char ash

Chemical analyses were made on samples of ash obtained
by heating the coals in air to 600°C. Determination of major
efements was performed using an atomic absorption tech
nique, following procedures of Medlinet al®. Alkalies were
estimated by flame photometry. Some of the daiz used
in this investigation were taken from studies of mineral
matler in US coals performed in this laboratory®®.

RESULTS AND DISCUSSION

Effect of rank on reactivity

Some 21 coals were heat-treated to 1000°C and the reac-
.wvities of the resulting chars measured. Table 2 lists the
vajues obtained for the reactivity parameter for each 1000°C

Table 2 Reactivities in air of 1000°C chars

Max. rate at
Parent coal 500°C
PSOC (mgh~ T mg™"
89 35
91 4-Q
87 29
140 1-4
138 1-3
ag 1-8
101 34
189 1-2
26 13
22 0-94
24 0-38
67 0-46
105A 0-75
7 0-24
4 042
6 59
137 0-23
114 0-21
127 0-04
81 030
177 016
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Figure 2 Variation of reactivity in air of 1000°C chars produced
from coals of different ranks

char. Multiple determinations were made on eight of the
1000°C char samples (those from PSOC-89, -91, -140, -138,
-101, -24, 171, -81). The results were found to be repro-
ducible within a maximum spread of 5%, The lower-rank
coal chars were found to be the most reactive, confirming
Blayden’s observation'. However, there is quite a spread of
values for these low-rank chars; for example, the reactivity
of the Montana lignite char (PSOC-91) is three times as gyeat
as that lound for the Texas lignite char (PSOC-138). In
general, coals of over 80% carbon content (w/w) produce
chars or cokes which are much less reactive; in the extreme
case the char from a low-volatile Pennsylvania bituminous
coal {PSOC-127) is some 100 times less reactive io air than
the Montana lignite char (PSOC-91). A plot of reactivity
versus carbon content (wt% daf) of the parent coal (Figure
2) shows that they le within a fairly well-defined band, the
spread being most marked for the lignites.

Effect of mineral matter on reactivity

The coal ashes were analysed for K, Na, Ca, Fe, and Mg,
Figures 3a to 3d are plots of the concentrations of these
elements, expressed as weight percent of oxide in the char,
versus measured reactivities. From these plots it appears
that there are relations between reactivity and the amounts
of magnesium and calcium oxides present in the chars. To
generalize, the most reactive chars are those which contain
the highest amounts of calcium and magnesium. From these
results, no such relations are evident for the other three
elements (potassium, sodium and iron). However, it is well
known that these elements do have high catalytic activilies
with respect to carbon oxidation'!. 1t is suggested that
these results reflect the distributions and concentrations of
these catalysts throughout the chars. If a catalyst is well
distributed, then its apparent activity is enhanced; however,
if it is concentrated in large agglomerates, its activity will be
restricted. 1t is not possible to determine, from these data,
in what state the elements exist in the chars. For example,
if iron is in its elemental state then il will be a very effective
catalyst, but if if is present as oxide its activity is much
reduced. In addition, it will be noted that for most of the
samples under investigation the combined levels of sodium
and potassiom are low. [t is probably for these reasons
that there are no apparent relations between reactivity and
the concentration of these elements.

Five of the lower-rank coals were acid-washed with hydro-
chloric acid and three coals were demineralized in hydro-
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Figure 3 Plots of air reactivity of 1000°C chars v. percentages {by
weight) of: la} CaD, (b} MgO, {c} FeoOg, and () Ko0 + NasO
present in the chars

@chars from ariginal coals, Ochars from acid-washed coals

flur "~ acid. Chars were prepared at 1000°C from these
tre. . coals. Table 3 lists the reactivities of these chars.
Three of the chars derived from acid-washed coals show a
considerable reactivity decrease. This is especially seen for
PSQOC-91, where a four-fold decrease in reactivity is reported.
However, reactivities of PSOC-138 and PSOC-89 chars show
little change. It is interesting to note that the values of
reactivity for all but one of the acid-washed coal chars are
similar, whereas the values for the coual chars are widely
different. Table 3 also lsts the concentrations of calciizm

and magnesium for the acid-washed samples. In all cases
the concentrations have been reduced by the treatment.
But in the case of ‘acid-washed” PSOC-89, there are com-
paratively large residual amounts of calcium and magnesium;
and it is supgested, therefore, that the partial removal by
the acid has been insuffictent in reducing the catalytic
effect of these two elements. For three of the samples
(PSOC-91, PSOC-87, and PSOC-101), the reduction would
appear to have brought about reduced reactivity. In the
case of PSOC-138, towering of the concentrations of these
two impurities has not resulfed in a decreased reactivity. It
would seem that some limiting value of reactivity has been
reached because of the combined effect of all the impurities
remaining in the sample. All the values obtained for these
acid-washed coal chars are alse plotted in Figire 3, and il
can be seen that for the calcium and magnesium concentra-
tions they fall within the general refations observed with the
other coal chars.

Almost complete demineralization of the coals, using
hydrofluoric acid, can have an even more drastic effect. It
has brought about a ten-fold decrease in the reactivity of
the char of the lignite PSOC-87. However, demineralization
of the anthracite has had only a marginal effect in decreasing
reactivity, Further, the reactivity lor trealed LV bitu-
minous coal PSOC-127 shows an increase. These results
show the complexity involved in understanding reactivity
data. For PSOC-127, it is supgested that the additional
porosity produced by mineral-matter removal, with the
resultant increasing ease of accessibility of oxygen intlo the
pore structure, more than offsets a reduction in catalytic
activity. That is, LV bituminous coals have a particularly
small percentage of their total accessible pore volume in
macropores and transitional pores (the ‘feeder’ pores)” and,
hence, are particularly affected by the introduction of
‘feeder” pores through mineral-matter removal. A similar
effect was noted in a previous study on chlorinated anthra-
cite chars'®. The chlorinated chars had enhanced reactivity
in carbon dioxide and steam.

Effect of heat-treatment temperatiire on reactivity

Three coals were selected for this study, namely
PSOC-138 (lignite), PSOC-24 (HVB), and PSOC-171 (HVA).

Table 3 Reactivities in air of chars prepared at 1000°C from acid-treated coals

Agoo Ca0 in char MgQ in char
Parent coal PSOC Type Ash {%} {mgh~ 1 mg— ") (Wt %) {Wt %}
89 Lignite 11-4 35 64 30
Acid-washed 89 75 3-4 4-9 19
91 Lignite 7.9 40 6-8 26
Acid-washed 91 27 11 -3 0-52
: 87 Lignite 70 2-9 39 1-0
Asid-washed 87 32 1-3 1-4 061
Demin. 87 <1 0-27 - e
( 138 Lignite 85 13 16 G-31
Acid-washed 138 5-1 1-1 0-05 06-03
101 Sbh. C 62 34 41 0-86
Acid-washed 101 25 156 11 G-47
127 LV 5-0 0-04 — —
De 127 1-4 0-12 — -
41 Anthracite 97 0-30 - -
Demin. 81 <1 023 — -
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Table 4 Volatile matter remaining in chars from heated
coals at different heat-treatment temperatures

Heat-treatment % of total VM remaining

temperature

1°C) PSOC-138 PSQOC-24 PSOC-171
600 250 250 158

700 14-0 12-2 5-8

800 65 55 25

200 27 1-6 11

They were heated in nitrogen al temperatures of 600, 700,
§00. 900, as well as 1000°C, prior to studying their reac-
tivity in air at S00°C. Assuming that the samples lost all
their moisture by 135°C, their total volatile matiers were
equiied to the total weight losses measured when the coals
were heated between 135 and 1000°C. VM values for coals
PSOC-138, PSOC-24, and PSOC-17! were 46-3%, 35:-2%,
and 38-9%, respectively. In Table 4, percentlages of the total
volatile matter remaining at each heat treatment are given.

I is known that disordered carbons, in general, become
less reactive as heal-trealment temperature is increased’?,
The results of this study, shown in Figire 4, confirm this
observation.  Results for the lignite char show that
reactivity is partlwldriy sensifive to the preparation te;npera-
ture: the 700°C char is about twice as reactive as the 800°C
char. Tt was found impracticable o obtain a reliable result
for a 600°C char from this lignite because it was extremely
reaclive in air at SO0°C and did not show a rectilinear
reactivity region in the burn-olf curve. Inspection of
Figure 4 shows that the other coal churs follow a trend

tilar to that of the lignite serdes, the change of reactivity
.ih preparation temperature being marked.

Table 5 summarizes the resulis obtained for three chars
prepared in ihe [luidized bed. Agreement of reactivities of
these chars with reactivities of chars prepared in the T.G.A.
apparatus is remarkably good. These bulk samples prepared
in the fuidized bed were then used for measurements of
porosity and surface area.

Inspection of the results of the pore struciure deter-
minations (Table 6} shows the great effect that *feeder’
pores {estimated from nitrogen adsorption} have on reac-
livity. In the highly reactive Hgnite chars (PSOC-138), the
mlrogen surface area is markedly developed to i m.mimum
at 600°C and then declines to a value of 13 m? g=! for the
1000°C char, However, for the less reaclive ilVA coul chars
(PSOC-171) there is only a slight development of nitrogen
surface area, again showing a maximum at 600°C, followed

B T T ; T ¥

Rego IMg h mgT

NN

| : 9
600 00 BOO 900 b2
Heat-tregtment temperalure { °C)

Figure 4 Effect of temperature of heat treatment of selected chars
on their air reactivity

@PsOC-138, CPS0OC-24, @ PS0OC-171

by a decrease to a small value at 900°C. The carbon-
dioxide surface areas show that the lignite char contains
more micropores in which the gasification reactions can
take place. These correlations are further substantiaied by
the differences in tlotal pore volumes. At any heat-
treatment temperature, the total pore volume of a lignite
char is considerably higher than that for a corresponding
HVA coal char. The values of nitrogen surface area and
total pore volume lor the chars of PSOC-24, which has an
intermediate reactivity, lie between those of the other two
coal-char series.

Of course, as seen from the volatile-matter results
presented in Fable 4, the chemical nature of the char
surface continuously changes with changing carbonization
temperature.  That is, with increasing temperature the
volatile matier yield continuousty decreases, and lence the
fraction of the surface which is represented by carbon
atoms should increase. Snow and co-workers'®, studying
the influence of hydrogen content on oxidation of carbon
blacks, noted that the reactivity lo oxygen depended on
hydrogen content. The higher the hydrogen content, the
higher was the reactivity, Further, they noted that the C/H

Table 5 Reactivity in air at 500°C of ehars prepared from selected coals at different temperatures

Rggq for chars prepared at 7°C {(mgh~ mg~")

Coal Char preparation method 600 700 800 900 1000
PSOC-138 Static bed - 4-7 24 1-4 1-2
P50C-138 Fluidized bed - 45 2:3 14 10
PSOC-24 Static bed 31 25 1-5 90 0-38
0C¢-24 Fluidized bed 28 26 16 0-95 046
PSOC-171 Static bed - 141 080 0-29 0-24
PSQC-171 Fluidized bed 2-:0 1-0 (-84 0-31 24
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Table 6 Physical properties of coals and chars

Total open
N4 surface CO4 surface  pore
Temperature area, dry area, dry volume,
of heat basis basis cry basis
treat: ) (imZgY) (m2g~T) {em3 g™
PSOC-138 Uignite)
None 2:2 225 -
500 106 438 0244
600 266 870 0234
760 107 633 0-300
&do 116 606 0-300
00 113 680 0-308
- 1000 13 528 0296

: PSOC-24 {HVB)

None 2-2 228 -

. RO0 57 364 0-238
600 28 G604 0-219
700 31 616 0-200
800 22 687 0-187
900 81 416 0-187

PSOC-171 {HVA)

Neone <1-0 185 -
600 15 400 0-150
700 1-0 400 0-145
800 0-8 196 0:165
800 0-5 a8 0-133

ratio ue the residue increased sharply with increasing burn-
off of the sample, suggesting that the hydrogen was being
preferentially oxidized relatively to carbon. We suggest that
in our studies a similar phenomenon is occurring and that
this can be, at least in part, responsible for the reactivity
results,  That is, hydrogen removal by oxidation leaves
nascenl carbon sites behind which are, by definition, more
reactive to oxygen. That nascent sites of high reactivily can
be produced by the removal of complexes from carbon sur-
faces has been shown previously in this laboratory. For
example, the carbon—carbon dioxide reaction rale is en-

hanced in the presence of 4 significant thermal desorption of

carbon monoxide from the carbon surface's,

CONCLUSIONS

The reactivities of chars produced under the same con-
ditions of temperature and heating rate are predominantly
determined by mineral-matter composition and rank of the
pacent coal. In general, coals of under 80 wi% {daf) carbon
conlent produce the most reactive chars. The wide spread
of values obtuined for the lower-rank coals is thought to be
¢ae, in part, to the differences in mineral-matter conlent.
Coals with high magnesium and calcium levels are lighly
reactive. Partial removal by acid washing can reduce the
concentrations of these catalysts, resulting in reduced
reaci .

It.. .beenshown that the level of macro and transitional

porosily markedly affects reactivity. Chars which contain a
large proportion of these ‘feeder’ pores are highly reactive
since the ability of a reactant gas 1o diffuse into the internal
surface of the micropores is enhanced.

The temperalure of preparation is important in deter
mining reactivity for any one series of chars prepared from
the same coal. In this case it is supgested that the combina-
tion of pore structure and chemical nature of the char are
governing factors.  As heat-treatment femperalure is in-
creased up to about 600°C, there is an increasing develop-
ment of porosity. Further heating (above 600°C) results in
a decrease in conceniration of feeder pores and a simulta-
neous degradation of reactive chemical structures (e.g. in-
volving hydrogen)}, resulting in a progressive decrease in
reactivity.

None of the variables occurs in isolation; the reactivity
of a char is determined by a combination of all the effects.
For examiple, the open pore structure of 2 lignite char makes
it relatively easy for a reactant gas to diffuse to the surface
which contains a comparatively high concentration of
chemically reactive groups. At the surface the reaction is
catalysed by the mineral matter. In the chars of higher-rank
coals, the concenirations of feeder pores and the more
reactive sites on the surface are much lower than in lignite,
resulting in a substantially lower reactivity.
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