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Abstract A new method for the measurement of solid
fuel reactivity towards carbon dioxide has been developed.
This new method takes into account high-pressure and
temperature effects. Three devolatilized carbonaceous
materials have been used in experiments: chars derived
from lignite, bituminous coal and blast furnace coke. Pro-
cesses were carried out at temperatures of 800, 850 and
900 °C and pressures of 1.52, 2.5 and 3.4 MPa. Analysis of
the product gas composition was carried out with the
maximum degree of conversion of CO, (a,,) proposed as a
representative reactivity parameter. Arrhenius and Eyring
relationships have been analyzed, and values of the acti-
vation energy and activation volume have been calculated.

Keywords Boudouard-Bell reaction - CO, - Gasification
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List of symbols

o Conversion degree of CO,, 0<a<1

O Maximum obtained conversion degree of
CO, during process, 0 <oy, <1

A Conversion degree of solid phase of fuel,
0<u, <1

AL Ay Ay Pre-exponential factor in Arrhenius

. —1 . .
equation, s~ or dimensionless
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bl’ b27 b3
B, Bl9 BZ
Co

C; C]a C2
[CO,], [CO]
[COlm

DFE

Constants in L-H Eq. 8 related with kinetic
constants

Constants in Eqs. 12-13, 15, dimensionless
Constant in Eqgs. 24, 25, K 1!

Constants

Molar fractions of CO, and CO, respec-
tively, 0 < [CO,] < 1,0 < [CO] < 1,
Maximum obtained molar fraction of CO,
0<[CO] =<1

Distance from thermodynamic equilibrium,
dimensionless

Activation energy, J mol

Rate coefficient, s_l, indexed constants
corresponds with adequate equations

Rate coefficient acc. to [23]

Equilibrium constant, calculated acc. to
Eq. 34, dimensionless
Approximated equilibrium
defined with (32), dimensionless
Mass of sample, g

Initial mass of sample, g

Mass flow of CO, in ambient temperature,
1

constant,

gs

Thermodynamic yield of process/reaction,
(U

Sum of stoichiometric coefficients of

gaseous reactants

Pressure of CO,, MPa

Standard pressure ~0.1 MPa

8.314 J mol 'K}, gas constant

Solid phase conversion rate, defined acc. to
(5), s

Determination coefficient, 0 < I <1
Ambient temperature, K

Reaction/process temperature, K
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\%4 Volume of particular reactant, cm® mol ™!

\% Volumetric flow of CO, in ambient

temperature, cm’ s” 1,

ATV Volume of activation, cm? mol™!

T Time, s

Tm Time to obtain maximum conversion of
COz, S,

To Initial time in Eq. 12, h

T, Equivalent time, s

Subscripts

s, g Represents solid and gaseous phase, respectively
eq  Equilibrium state

Introduction

A disproportionation reaction of carbon monoxide into
carbon dioxide and carbon black was investigated at the
end of XIX century, first by Sainte-Claire Deville in 1864
and then from 1869-1871 by the English metallurgist
Sir Isaac Lothian Bell [1]. As late as July 23rd, 1900, at
a Paris conference, Octave Boudouard described and dis-
cussed his earlier published work [2] on the progress of the
endothermic and reversible reaction:

C+C0O,=22CO  AHsog = 172.5 kJ mol ™! (1)

which, in terminology of coal technology, is defined as
carboxy reactivity.

Reaction (1) has seen many elaborations of its multi-subject
aspects. In practice, a high carboxy reactivity results in unde-
sirable characteristics of coke. This is because, when used in the
blast furnace process and in the manufacturing of coal-graphite
products, fuel consumption increases, its mechanical strength
deteriorates, and the temperature of the process is reduced (the
so-called “cooling down”). This detrimental effect (the
excessively high carboxy reactivity) is also known and
described in the processes of the industrial combustion of solid
fuels, especially for coal. The reaction capacity of solid fuels
dictates the possibility and method of their utilization. It is
obvious that the low reactivity of blast furnaces and foundry
cokes is desirable, while a higher reactivity of the fuel supplied
to the gasification systems is preferred.

Carbon monoxide can be applied in many chemical
synthesis reactions [3—8] including the following:

(1) the production of hydrogen in a homogenous Water—
Gas Shift reaction:

CO+H,0® - CO,+H, AHyg=—41.1kImol™'; (2)

(2) the synthesis of liquid motor fuels by the Fischer—
Tropsch process, both to produce gasoline and diesel
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oil as well as other chemical compounds and products
like aldehydes and oxo alkohols obtained via
hydroformylation;

(3) the synthesis of methanol (1 mol CO + 2.2 mol
H, + addition of CO,);

(4) the synthesis of dimethyl ether;

(5) the synthesis of acetic acid;

(6) the production of the chemical warfare agent phos-
gene with chlorine participation, which is forbidden
but necessary to produce polyurethane foams;

(7) the production of sodium formate by means of
reaction with sodium hydroxide;

(8) the production of the PHB (poly-3-hydroxybutyrate)
biopolymer for use in the production of biodegradable
packaging.

Furthermore, carbon monoxide is used in the environ-
mentally important catalytic processes of the reduction
of nitrogen oxide according to the reaction:
NO + CO = 1/2 N, + CO, [9].

The optimal situation is when the measure of reactivity is
strictly connected to the kinetic constant of reaction (1). Most
often however, it is assumed that the reaction under consid-
eration can be expressed by simplifying but technologically
sensible approximations, by the three kinetic constants:

C+C0, £ €O T +C0 3)
—1
0% ot 4)

In this article, a new conception of Boudouard-Bell reac-
tion analysis is proposed, using both our own and literature
derived data, as well as a specially designed high-pressure
experimental set-up. For reaction (1), from both a ther-
modynamic point of view and from the Le Chatelier—
Brauns principle (Av =2 — 1 = +41), an increase in
pressure results in a shift of the reaction equilibrium to the
left (in the direction of the reactants); however, because of
mechanism (3) and (4) as well as the different character-
istics of the different carriers of carbon as compared to
graphite, increased pressure sometimes aids the reaction.

The kinetics of the Boudouard-Bell reaction/process

The course of the heterophase reaction (1) is limited by
many factors, including:

(1) thermodynamic parameters (7, P, V);

(2) the quality of the carbon carrier that is dependent
upon what fuel is used, which may include biomass
(including waste), coal that has undergone either low
or high levels of metamorphosis, chars, cokes and
graphite only for cognitive purposes, as well as on the
presence of mineral substances; and.
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(3) the means of the solid sample preparation (particle [CO,] +[CO] = 1. (8)
size reduction, porosity) and the type of process ) o o
employed (stationary process, once-through process, A final expression for the kinetic equation is:
fluidized process). moTy
8o = ks )

As a result, many kinetic equations for the reaction in
question have been proposed; herein, only the most popular
are presented. They can be grouped according to the presence
of the solid phase, gas phase or of both phases. It is known that
the factor hampering an explicit quantification of the reaction
kinetics is a complex of carbon (C) with the product (CO),
written in the mechanism reaction Egs. 3 and 4 as C,0O.

Solid phase analysis

The entire group of equations takes into account a loss of
the solid phase, i.e., a loss of weight of the sample, rep-
resented by the level of conversion. By using the Arrhenius
equation, the following expression can be derived [10-19]:

. dog E
R= =A- —— (1 — o
dr eXp( RT>( %)
T = const, P = 0.1 MPa = const

(5)

Solving Eq. 5 for the condition 7 = 0, o, = 0 gives the
typical first-order kinetic relationship:

E
g(af) =A- exXp <_ m.,) T Where g(O(s) = —ln(l — fx.&')

(6)

The other form of the mass integral most often encountered
is the g(a) = 1— (1 — )3 expression, according to the
simplified Shrinking Core Model [20, 21].

Gaseous phase analysis

The Genevan method, based upon the work of Dahme and
Junkers [22], is one of the most widespread methods for
testing and determining the reactivity of cokes and chars
against CO,, and it uses differential equations of the
reaction kinetics involved in changes to the coke surface
area. The Genevan method determines the reaction rate
constant based upon the analysis of CO, (CO) content in
the product gas from the gasification of coke and chars by
means of CO, at a temperature of 1,000 °C.

For the integral form of the kinetic equations expressed
in [23], the kinetic (dependent) variable is the level of CO,
conversion:

_1-[co,]

“—ma 0<[CO < (7)

Formula (7) is valid for the gaseous phase, assuming
other gases are not present, i.e., that the following identity
holds:

where the mass integral g(«) is expressed by:
gla) =—o—2In(1 — o) (10)

The right side of the Eq. 10 is a linear combination of both
the Ist (F1) and Oth (R1) kinetic orders using symbolic
notation for the (2F1-R1) mechanisms. Equation (9) can be
written in a general form:

g(a) = kr; (11)

Based on the method described above, Stomska [24] has
proposed another empirical formulation under the
assumption of condition (8) that is comprised of 5
constants:

[CO] = B] exp[—kl (’L’ — ’E())] + Bz exp[—kz(r — ’L'())], To
= 0.28 h = const.

(12)

Analyses conducted by the authors (based on detailed data
of Stomska given in [24]) have proved that, for the condition
(t — 1,) = 0and [CO] = 0, B; = B,, the resulting equation
has the characteristic form of the consecutive reactions
comprising the kinetic constants k; i ky:

[CO] = Blexp(—kit) — exp(—ky7)], ky > kj. (13)

The maximum amount of the [CO],, created derives
from the condition @ =0, i.e. for:

In (i—z) 1
1
= "= — 14
T ok or 7 i (14)
where kj, is the logarithmic mean of rate coefficients k,
and k.
ki k
k\e& [k \="

CO| =B||— —— . 15
col,=5| ()"~ () ] (15)

Gaseous and solid phase conversion analysis

For the non-catalytic reaction according to the Langmuir—
Hinshelwood (L-H) mechanism, the kinetic equation most
often proposed is [25-27]:

B b1[CO,]
1+ bh[CO] + b3[CO,]

(16)

Equation 16 depends on the conventions of the L-H
mechanism; however, in the general equation, it is assumed
that [CO;] o< P(CO,) and [CO] « P(CO). The coefficients

@ Springer



96

A. Mianowski et al.

by, by, by are rigorously connected to the kinetic rate
constants, k_; and k, from Eqs. 3 and 4. At the same time,
the form of the expression on the left side of Eq. 16 is
important because relations between coefficients b, and b3
and the kinetic constants are the simplexes with the
mathematical structure of the Arrhenius law [28].

k_y AE; ky AE,
"% 1eXp<RT) 3Tk 2P\ RT
(17)

As a result, differences in activation energy(AE) are used.
Often these have positive values that, in a notation of
exp(AE/RT), can result in a misunderstanding (a negative
value of activation energy). Using relation (17) and
satisfying condition (8), one can derive the linear form:

1 _1+b 1 by — by (18)
R b [COJ B

No results were found in the literature that could confirm

the validity of (18) over the entire range of CO, con-
tent variability, 0 <[CO,] <1, without additional
simplifications.

Materials and methods

A series of tests on the influence of pressure on the course
of the Boudouard-Bell reaction for the chars from the
selected Polish coal (bituminous and lignite) and coke
were conducted in a prototype laboratory research stand
designed in accordance with our own concept and con-
structed at the Institute for Chemical Processing of Coal in
Zabrze (Fig. 1). The stand has been used to determine the

Fig. 1 Scheme of the research
stand for testing the reactivity of
carbon-containing materials
towards CO, under elevated
pressure

fuels’ reactivity in conditions of elevated pressure as high
as 5 MPa.

Carbon dioxide is supplied from the bottle through a
reduction valve (1) at the established flowrate, set by
means of the controller (3), to the pressure pipe reactor (6)
placed vertically in an electric oven (4). In the initial zone
of the reactor (6), filled in with the ceramic balls to increase
thermal capacity of the system, carbon dioxide is heated up
to the required temperature. Afterwards it is transferred to
the reaction zone where the cylinder barrel (5) is placed.
The cylinder contains an precisely weighed sample of the
char. The product gas leaving reactor flows through the
pipe cooler (7), where the gases are cooled down, and then
flows through the pressure regulation system (3), which
also constitutes the pressure expansion system. After the
cooling down process and pressure expansion, the product
gas is directed to the on-line connected gas analyzer
that measures concentrations of CO, CO, and O, (S-700
of the SICK company). Process data (temperature, pres-
sure, composition of the product gases) are gathered in a
data acquisition system with the possibility for export into
an Excel spreadsheet.

The procedure of measuring the reactivity of coal or
char in conditions of elevated pressure by means of the
above-described research stand is as follows:

e procurement of the char of the tested coal in accordance
with the procedure accepted in IChPW that comprises a
temperature program and corresponds to the flow rates
of the inert gas during pyrolysis;

e pumping of carbon dioxide at an increased flowrate (in
relation to the rate applied during process) through the
cold sample bed to evacuate the air until the oxygen
concentration drops below 1%;

On-line
gas

analysis

CO,CO:

Pressure reducing valve
Safety valve

1
2
3  Flow meter and control
4

Furnance with support
and control unit

5 Sample

High pressure and

temperature reactor
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8  Decompression section

Flow indication and
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Pressure indication

Y @ control
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and control
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Table 1 Proximate analysis of the carbonaceous materials used
Parameter Sample (coals were classified by rank)

Lignite B LigB char hvCb coal hvCb coal char Coke
Moisture, air dried basis/% 9.0 1.0 4.3 1.2 0.9
Ash, dry basis/% 279 42.4 8.9 13.8 9.2
Volatile matter, dry and ash free basis/% 60.8 2.5 38.7 1.3 1.3

e setting of the established CO, flow and pressure during
measurement (of the reactivity) and switching on the
oven to reach the assumed test conditions; and.

e observation of concentration changes of CO and CO,
after the final, assumed test temperature is reached until
the readings of the analyzer stabilize on one level (with
a deviation of up to £3%), approximately 30—45 min
after the temperature of the test has been reached.

For the studies, two chars obtained by devolatilization of
lignite and bituminous coal were used as well as one
sample of coke. Lignite and bituminous coal samples were
derived from Polish mines. The coke was produced in a
Polish coke plant and is used industrially in blast furnaces.
Proximate analysis of the materials used is given in
Table 1.

Experiments were performed according to following
conditions:

e 6 g sample mass was used in every test run,

e the CO, mass flow was set to 22 g hfl,

e the particle size of the chars and coke samples ranged
from 1 to 3.15 mm,

e the CO, pressure employed was
3.40 MPa and

e the temperatures were 800, 850 and 900 °C.

1.52, 2.50 and

Results and discussion

Kinetic models (5), (6), (11) and (13) have been presented
in typical categories, i.e., according to the level of changes
of the solid phase («) or of CO, (&) or share of the gas
phase constituents ([CO], [CO,]) with time. The research
presented was intended for another objective because the
authors were interested in the influence of pressure on the
gasification process by means of CO,. The installation in
which the research was conducted allows only for analysis
of the gaseous phase without the possibility to register
mass reduction of the solid phase.

For consideration of the reaction in question, Eq. 11
and 13 were used. Taking into account Eq. 11, it was
assumed that the maximum amount of carbon monoxide

[CO] = [CO],, < 1 can be produced. This corresponds to a
maximum level of conversion o,,.

Changes in the volume fraction of CO during CO,
gasification of coke samples at temperatures of 800, 850
and 900 °C are presented in Fig. 2a, b and c for processes
carried out under pressure of 1.52, 2.5 and 3.4 MPa,
respectively. The maximum content of CO in the product
gas increases with temperature, especially for processes
performed at the lowest pressure of 1.52 MPa.

To determine the reactivity of coals under elevated
pressure (isothermal-isobaric conditions) the equivalent
time is constant (independent of temperature):

T, = E = C = const (19)
m

And, in accordance with the isokinetic effect [29] and as

was presented earlier [30] for several mechanisms: F1, R1,

R2, R3 and for small levels of conversion the left side of

the Eq. 11 can be presented in the simplest form of Oth

kinetics and, where o—2In(1-o) =~ a:

g(a) =a (20)

Substituting Egs. 19 and 20 into 11, the following equation
can be formulated, where the kinetic constant k has been
expressed in the classic Arrhenius relation:

a:kE:Ck:CAeE—rE (21)

Taking the natural log of both sides of Eq. 21, the function
takes the linear form:

E
Inoe =1In(CA) — — 22
no = In(CA) - - (22)
For the coordinate o = o, and the conditions of the
experiment, Eq. 23 becomes a measure of the fuel’s

reactivity

E

Ino,, = C; ——, P = const 23
m 1 RT ) ( )
Equation 23 shows that, for each temperature T there is a
corresponding maximum level of conversion of CO,. In
turn, for 7 = const and varying P = var, the Eyring’s

equation was used [29, 31] in a form as in [32]:
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Fig. 2 Changes of CO content in the product gas during CO,

gasification of coke at different temperatures for pressures of 1.52 (a),
2.5 (b) and 3.4 MPa (c)

+
k = CyT exp (— ARTG> (24)

where C, is ratio of the Boltzmann constant (in J K1)
to the Planck constant (in Js) and amounts to
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Co = 0.2084 x 10" K~ ! s,
rewritten as:

Equation 24 can be

ATG
. d(A"G)
2= A" 2
since: — 5 1% (26)

After differentiating (25) against pressure and using
formula (26), the following expression results:

dink A"V
P RT’

T = const (27)

Based on expression (21) and for the coordinate o = o,
Eq. 27 will also be valid by substitution of k by o,:
dlnoy, AtV

dP RT’

T = const (28)

From Eq. 28 a second linear dependence on pressure of the
maximal CO, conversion is obtained. The slope of this line
is - ATV/RT, from which the activation volume can be
derived:

+

RT

Inoy, = VP + C,, T =const (29)
The notation of (29) is based on Eq. 9, and it means that the
‘nature’ of o, is connected with constant k,. Similarly,
constants ky, k_; and k,, according to Egs. 3, 4, 12-15 and
17, 18, are dependent on the gasification mechanism. This
means that it is possible to evaluate the kinetic effect of the
degree of conversion of CO, without investigating the
exact products (the ratio of CO to C;0). Comparing Egs. 23
and 29, some commutation is noticed, resulting in the
potential to analyze phenomena in a planned manner with a
[T x P] experimental matrix for 3 x 3 experiments:

In oypaxversus 1/7, when P = const,

In oy versus P, when T = const.

The following outcomes may result:

(a) there may be no effect from pressure, a,,= idem;

(b) there may be a positive effect of pressure, o,,T when
PT;

(c) there may be a negative effect of pressure, consistent
with thermodynamics, o,,,| when PT; or.

(d) there may be a combined effect, typical for (a) to (c).

Taking the matter further, as different possibilities for
evaluating the reactivity of the solid fuels according to
reaction (1) exist, in the discussed procedures both prepa-
ration and measurement (both of which are of significant
importance) as the quantitative measure of the reactivity of
coal against CO,, the thermodynamic rate of reaction was
determined according to Szarawara [33]:
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o
n=-—2 T,P=const
Oeq

(30)

Values of o, and #, representing tests carried out for
every sample at different pressures and temperatures are
presented in Table 2. Thermodynamic yield can be used in
direct calculation of DFE, the distance from equilibrium,
according to Eq. 31. DFE can represent the reactivity of
solid fuels as well as o:

DFE =1 — (31)

DFE and # refers to hexagonal graphite.

Calculated distances from equilibrium are also given in
Table 2. To establish «.q, in accordance with thermody-
namic principles, the relations between chemical equilib-
rium constants and temperature and pressure are utilized:

o\ Av
K, = K<?> , for reaction (1)Av =1 (32)
and separate elements of it can be expressed in a following
form:

e for constant K, expressed by the level of CO,
conversion [33]:

4052

q

K, = 5
1-— Oleq

(33)

e for the thermodynamic constant K (from tables of Barin
[34]), the following dependence was developed:

—2
K = exp (M

+20, 32)
= exp(L),298,15 < T < 1400 K (34)

and substituting (31) and (32) to Eq. 30 one can obtain:

Table 2 Values of calculated reactivity parameters for studied samples

1/2
(e
e 4(#) +exp(L)

As can be seen from Fig. 3, there exists a significant
diversification in the obtained figures for the maximum
conversion of carbon dioxide, which translates directly from
the values received from the analysis of Eqs. 23 and 29.

The approximate values of activation energy were
estimated by means of analysis of the Eq. 23 for the chars
samples from lignite, bituminous coal and coke. As illus-
trated in Fig. 3a, c and e, the change in the CO, conversion
level with the increase of temperature is fully consistent
with thermodynamics (an increase in CO, conversion).
The results are given in Table 3. Despite the fact that some
simplification was performed, the results obtained are in
good agreement with literature data [16, 22, 27, 35].

The impact of pressure on the level of the CO,
conversion has been investigated by analyzing Eq. 29 and
obtaining values of the activation volume for the given
temperature. For the gasification process of the lignite char
at a temperature of 800 °C (Fig. 3b), the mixed influence
of the pressure on o, can be observed. For higher tem-
peratures, 850 and 900 °C, dependence of oy, on the
pressure decreases and increases, respectively. Conversion
level of carbon dioxide did not change for the processes run
at a temperature of 800 °C when using bituminous coal
chars (Fig. 3d). A similar dependence is observed for a
temperature of 900 °C. In the case of 850 °C, however, the
increase in pressure influences the level of CO, conversion
(i.e., it increases it). In the case of coke, a drop in the o,
value was observed with a pressure rise (Fig. 3f). An
inverse relationship is observed for temperature of 850 °C.
The calculated values of the activation volumes are given

Sample LigB char hvCb char Coke
Pressure/MPa 800 °C 850 °C 900 °C 800 °C 850 °C 900 °C 800 °C 850 °C 900 °C
Maximum fractional conversion of CO,, o,
1.52 0.151 0.249 0.354 0.01 0.019 0.075 0.019 0.035 0.091
2.5 0.112 0.234 0.393 0.01 0.026 0.068 0.016 0.035 0.063
3.4 0.153 0.239 0.359 0.01 0.024 0.075 0.015 0.036 0.060
Thermodynamic yield, n
1.52 0.472 0.541 0.580 0.031 0.040 0.121 0.059 0.074 0.147
25 0.431 0.616 0.756 0.038 0.068 0.131 0.062 0.092 0.121
3.4 0.665 0.703 0.764 0.045 0.073 0.163 0.065 0.106 0.128
Distance from thermodynamic equilibrium, DFE
1.52 0.528 0.459 0.420 0.969 0.960 0.879 0.941 0.926 0.853
2.5 0.569 0.384 0.244 0.962 0.932 0.869 0.938 0.908 0.879
3.4 0.335 0.297 0.236 0.955 0.927 0.837 0.935 0.894 0.872
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Fig. 3 a, c, e Arrhenius relation
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Table 3 Calculated activation energies of the CO, gasification of

samples under applied pressure conditions
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Table 4 Calculated volume of activation of the CO, gasification of

studied samples at given temperature

P/MPa hvCb char LigB char Coke Temperature/°C hvCb char LigB char Coke
E/KJ mol™! A*Viem® mol ™!
1.52 208.9 89.0 165.8 800 0 Estimation 1061.9
25 198.8 131.7 1472 insufficient
34 209.2 38.9 1433 850 —1538.7 2275 —258.9
900 337 —113.6 247.1

in Table 4. As one can observe, these values have a wide
range. When compared to the values that are characteristic
for the organic pressure reactions run in the liquid phase
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(=25 £+ 30 cm® mol ™! [29]) or with the processes of thermal-
pressure hydrogenation of coals (=20 + —15 cm® mol ™! [36])
and coal macerals (18 & 9 cm® mol™! [37]) when using
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tetralin as the hydrogen donor solvent, the activation volumes
seem to be incomparably high. It should be noted, however,
that testing of the hydrogenation of coals and of their mac-
erals was conducted at very high pressure conditions (up to
50 MPa) [36, 37].

Moreover, the functions with comparably high slope
coefficients as observed in Fig. 2b, d and f it should be
distinguished. This is the case for the sample of hvcb char
gasified at 850 °C (a positive effect of pressure) and coke
gasified in temperatures of 800 and 900 °C (a negative
effect of pressure and consistent with thermodynamics).
For other samples and employed process parameters, the
pressure has no or very small influence on the fractional
conversion of carbon dioxide.

Overall observations

In the experimental conditions for the reaction (1) and for
the established state parameters, i.e., temperatures of
800-900 °C and pressure elevated to 3.4 MPa a measure of
the reactivity of the fuels is the maximum level of CO,
conversion (according to Eq. 7 ). For comparison, in the
established conditions of T and P, to evaluate this reac-
tivity, an application of a thermodynamic yield of reaction/
process (30) (or in different version (31)) was proposed.
The reference points are formulae (33) and (34), which
derive from the progressing of the Boudouard’s reaction
(1) in the equilibrium conditions for the hexagonal form of
graphite. The range of the thermodynamic reaction/process
rates that was obtained comprised a large range of values.
In each case, the increase in the reaction rate with the rise
in temperature was observed. As in majority of cases, the
increase of the rate with the increase of pressure was
observed, which is extremely interesting from a thermo-
dynamic point of view. As one might expect, according to
the applied scale of reactivity (in the established thermo-
dynamic conditions), higher reactivity of the lignite chars
as compared to bituminous coal chars was confirmed.
Two linear dependences, (23) and (29), constitute rela-
tions of varying possibility for making use of the experi-
mental matrix type [T x P] according to functional scales:

Inay, versus 1/T, when P = const (23)
and
Inoy, versus P,  when T = const. (29)

As a result, one can generate the slopes for the linear
latent functions, often with very low linear coefficients of
determination [38].

From Eq. 23, one can determine the activation energy,
and the values obtained are in compliance with the litera-
ture data [16, 24, 27, 35].

Analysis of Eq. 29 shows that the thermodynamically
conformable behaviour occurs only for highly outgassed coke
(that is more comparable to graphite than chars) at tempera-
tures of 800 and 900 °C. For a majority of processes per-
formed the very low values of the slope in Eyring plot indicate
that pressure has no influence on the conversion of carbon
dioxide due to the Boudouard reaction when slightly devola-
tilized materials are used. Calculated values of A™V turned out
to be inconsistent, and either increasing or decreasing of o,
with increasing pressure was observed. Assuming that maxi-
mum conversion degree of carbon dioxide, o, is a kinetically
defined variable, in some questionable cases only the absolute
value of AV is more appropriate. Very large differences in the
values reported in literature indicate that further studies on this
phenomenon should be conducted. Very high values of acti-
vation volume were estimated, in contrast to the values given
in [36, 37], representing the effect of an unisolated and open
reaction system where the heterogeneous gasification reaction
of carbonaceous fuel with gaseous CO, (under the applied
temperature and pressure conditions) occurs.

Conclusions

1. Pressure is a very important factor in the technological
processing of solid fuels because of the very different
and variable characteristics of the solid carriers of
carbon. Very often, a positive impact (of pressure) on
gasification process was observed, according to rela-
tion (29). When the maximum level of conversion of
CO, (o) increases with the pressure, it implies that
ATV < 0, i.e., that the volume of the active complex is
lower than that of the gaseous substrate, and the ben-
eficial effect of reducing the system volume takes
place: V(CO,) > V(C,0).

2. In accordance with the above-described observations,
Eqgs. 23 and 29 have been proposed as tests for the
determination of reactivity against CO, for all carbon-
ized solid fuels. Eqs. 30 and 31, on the other hand,
describe relations of maximum to equilibrium level of
reacting out of CO, in the applied temperature and
pressure conditions for the hexagonal graphite. These
data determine the capacity of reaction of the real
samples and exhibit the distinct features of the
industrial solid fuels in relation to the reference fuel
sample, graphite.

3. Further research on solid fuels reactivity is necessary
to determine the universality of the rate constants kq,
k_1 i ky in the Langmuir—Hinshelwood equation in
thermal-pressure conditions for the test matrix
[T x P], which, because of multiple expressions of
the L-H relation, can be regarded as a preliminary
proposal for the search for relations proportional to ki,
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k_1 i ky or to their combination. One can assume that
the easily determined o, is a representative quantity in
relation to (previously) established kinetic constants.
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