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Abstract In previous studies, a kinetic equation based on

the Ergun mechanism and concept presented in 1956 was

applied to Boudouard–Bell reactions for granular coke

(1–3 mm) in the temperature range T = 1173–1423 K. In

contrast to several other works on this subject, the proposed

equation was based on only three kinetic constants: k1, the

rate constant for the Boudouard reaction; k-1, the rate

constant for the Bell reaction; and k3, which is related to the

oxy-carbon decomposition and CO desorption process. The

dependence of these constants on temperature allows cer-

tain values characteristic of the aforementioned processes to

be calculated, including activation energy of gasification

reaction, enthalpy of disproportionation reaction of gasifi-

cation and activation energy of desorption process. When

k-1[ 0, i.e., the Bell reaction and inhibitory effects occur,

the kinetic constant k3 can be determined using a portion of

the experimental [CO] versus time data normalized to the

maximum contribution of CO in the outlet gases.

Keywords Boudouard–Bell reactions � Gasification �
Kinetics � Coke reactivity

List of symbols

a Conversion degree of CO2, 0 B a B 1

Cf Free carbon sites

Ccb Carbon as a carbon black

Ct Total number of active carbon sites

C(O) Carbon sites occupied by oxygen (oxy-

carbon), acc. Ergun [1]

C0 Combinations of kinetic constants in case

when k3 = 0

C, C1 Combinations of kinetic constants

[CO2], [CO] Mole fraction, respectively, CO2 and CO,

0 B [CO2] B 1, 0 B [CO] B 1

[CO]m Maximum value of mole fraction CO,

0 B [CO]m B 1

E Activation energy of gasification reaction

(Boudouard reaction), J mol-1

E-1 Activation energy of disproportionation

reaction (Bell reaction), J mol-1

Edes Activation energy of desorption process,

J mol-1

F Statistical test F

DrH Enthalpy of reversible reaction of

gasification (1), J mol-1

k Factor of proportionality in Eq. (9)

k1 Kinetic constant of gasification reaction

(Boudouard reaction), time-1

k-1 Kinetic constant of disproportionation

reaction (Bell reaction), time-1

k3 Kinetic constant of desorption process,

time-1

K Experimental constant of reaction, Eq. (6)

N Number of measurements/observations

H Fractional surface coverage of active sites

acc. (5)

r2 Determination coefficient, 0 B r2 B 1
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_R Rate of complex process, time-1

R2 Determination coefficient in nonlinear

regression, 0 B R2 B 1

q2 Determination coefficient in equation

without intercept, 0 B q2 B 1

sl Significance level

T Absolute temperature, K

v Rate of reaction/process, time-1

VMdaf Volatile matter in dry and ash-free state, %

s Time, s

x Conversion degree of solid phase,

0 B x B 1

Subscripts

des Desorption process

m At the maximum

r Reaction

Introduction

Ergun considerations and their consequences

Assuming an Ergun mechanism gasification with carbon

dioxide [1] takes the form of the following reversible re-

action, i.e., where k�1 � k01 and CðOÞ � CO:

CO2 þ Cf  !
k1

k�1

COþ CðOÞ: ð1Þ

The C(O) decomposition and CO desorption process

(referred to throughout as the desorption process) can be

described as:

CðOÞ �!k3
COþ Cf : ð2Þ

Given the assumption that:

Ct ¼ Cf þ CðOÞ ð3Þ

one can obtain the equation:

dH
ds
¼ k1 CO2½ � 1�Hð Þ � k�1 CO½ �H� k3H ð4Þ

where

H ¼ CðOÞ
Ct

: ð5Þ

For Eq. (4) to hold, according to [1, 2], two distinctive

characteristics must be defined.

a) The experimental equilibrium constant of the re-

versible reaction, which is the analog of the thermo-

dynamic equilibrium constant, can be determined

from [3] as:

K ¼ CO½ �H
CO2½ � 1�Hð Þ ¼

k1

k�1

¼ i d e m: ð6Þ

b) This system has the requirement of the steady-state

assumption where

dH
ds
¼ 0: ð7Þ

One can determine the value of H, and from Eqs. (4)

and (7), the well-known Langmuir–Hinshelwood equation

(L–H) can be obtained [4–15].

Condition (7) eliminates the inconvenience of simulta-

neous occurrence of values in Eq. (4) that are related to the

composition of the gas ([CO], [CO2]) and the solid phase

(H = C(O)/Ct) without invoking their analytical relation-

ship. Finally, H can be obtained as:

H ¼ k1

CO2½ �
k1 CO2½ � þ k�1 CO½ � þ k3

: ð8Þ

The left side of Eq. (8) can be expanded by con-

necting the Boudouard–Bell (B–B) reactions with the

partial oxidation process that occurs in the presence of

oxygen (POX-bis) [16–19] or by introducing second-

order terms including the partial pressure of CO2

[16, 20].

Other interpretations of Eq. (8) rely on assigning a rate

of the process comprising the chemical reaction and the

desorption to the left side of Eq. (8) and on introducing

relationships between the products of the concentrations of

the components in the gas phase and particular constants to

the right side of Eq. (8).

The left-hand side of Eq. (8) is most often presented in a

simple form as:

_R ¼ k �H ð9Þ

where k is a proportionality coefficient and _R is the rate of

the complex process expressed as the conversion degree of

the solid phase x in time: dx/ds [4, 12, 13], dx/(1 - x)ds
[8, 13, 15, 21] in [time-1] or with respect to the surface

area (specific) as the intrinsic reaction rate [6, 15] in

[g m-2 s-1].

Aim of the work

Based on the general form of Eq. (4), a new kinetic ap-

proach to the B–B reaction is proposed as a result of re-

flections on the mechanism of this reaction and recent

studies on the stability of the complex C(O), presented in

[21], among others. In these presented considerations on
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B–B reaction kinetics, a novel approach was used as a

conceptual framework to describe the complex process,

specifically incorporating independence from the chemical

reaction and desorption process.

A kinetic approach to analyzing mechanism (1)

and (2)

General equation

From a kinetic point of view, CO2 gasification monitored in

the outlet gas composition can be described as a mole

fraction of carbon monoxide as well as by the conversion

degree of CO2 introduced into reaction system. The latter

value does not require defining all of the products formed

in the reaction/process, and for only two components (CO

and CO2), it leads to the condition:

CO2½ � þ CO½ � � 1: ð10Þ

As in [22], the conversion degree can be expressed as:

a ¼ 1� CO2½ �
1þ CO2½ � ¼

CO½ �
2� CO½ � : ð11Þ

Based on our own experiences, it was demonstrated

that the use of CO mole fraction in these calculations is

more reliable than using the conversion degree of CO2.

Use of CO mole fractions makes interpretation of the

kinetic constants and their relationships more credible.

Calculations were performed for these two possibilities,

i.e., using both a and [CO], but further considerations are

presented only for mole fraction of CO. In accordance

with the point of view expressed in [1] and its develop-

ment, the rate of reaction/process was assumed to be the

result of two rates: the chemical reaction and the des-

orption process:

v ¼ vr � vdes: ð12Þ

Based on the experimental results, it can be assumed

that the desorption process is the limiting stage of the

complex process of gasification [4, 10, 23], and therefore,

Eq. (12) can be presented as:

d CO½ �
ds
¼ vr � k3 CO½ �: ð13Þ

The rate of reversible chemical reaction is [24, 25]:

vr ¼
d CO½ �r

ds
¼ k1 1� CO½ �r

� �
� k�1 CO½ �r: ð14Þ

Solving Eq. (14) leads to:

CO½ �r¼
k1

k1 þ k�1

1� exp � k1 þ k�1ð Þsð Þ½ �; ð15Þ

which, after differentiation, is a function of time only:

vr ¼ k1 exp � k1 þ k�1ð Þs½ �: ð16Þ

In the literature concerning the B–B reaction, one can

often encounter a kinetic constant marked as k2, which is

often identical to the constant marked as k-1 [5, 13–15, 21].

By combining Eq. (16) and Eq. (13), a differential equa-

tion is obtained, which eliminates the necessity of deter-

mining the boundary conditions for individual stages of the

complex process in Eq. (12):

d CO½ �
ds
¼ k1 exp � k1 þ k�1ð Þs½ � � k3 CO½ �: ð17Þ

Equation (17) can be resolved using the constant vari-

ance method. Initially, Eq. (13) is solved for vr = 0, and

after that, variability of the integration constant is assumed.

For the initial condition: [CO] = 0 for s = 0, the following

relationship is obtained:

CO½ � ¼ k1

k1 þ k�1 � k3

exp �k3sð Þ � exp � k1 þ k�1ð Þsð Þ½ �:

ð18Þ

For k3 = 0, i.e., the desorption process does not occur,

Eq. (18) simplifies to Eq. (15), which is valid for reversible

reactions [22, 24]. If the combination of kinetic constants

in Eq. (18) is denoted as C:

C ¼ k1

k1 þ k�1 � k3

; ð19Þ

then it is easy to observe that the physical meaning of

Eq. (18) implies the inequality:

k1 þ k�1 [ k3: ð20Þ

Further analysis using the combined form of the kinetic

constants (19) in Eq. (18) leads us to the case where C B 1,

which implies another inequality:

k�1� k3: ð21Þ

However, the case with C[ 1 suggests that the kinetic

constant k-1 = 0; hence, the reaction proceeds irre-

versibly, and combination of the kinetic constants (19)

reduces to the form:

C ¼ k1

k1 � k3

[ 1 for k3 [ 0: ð22Þ

From Eq. (18) and the assumption that da/ds = 0, the

time at which the relation in Eq. (18) exhibits a maximum

value can be determined from:

sm ¼
ln k1þk�1

k3

k1 þ k�1 � k3

: ð23Þ

After the introduction of sm defined by Eq. (23) into

Eq. (18), one can obtain an equation determining the

maximum contribution of CO:
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CO½ �m¼
k1

k3

k3

k1 þ k�1

� � k1þk�1
k1þk�1�k3

: ð24Þ

In the particular case when k-1 = 0, Eq. (24) simplifies

to the form:

CO½ �m¼
k3

k1

� � k3
k1�k3

: ð25Þ

Equation of desorption

Continuing analysis of a complex gasification process

based on Eq. (13), the following interpretation can be

made. If the reaction reaches a value consistent with

Eq. (23), one can assume that the end of the chemical re-

action, i.e., vr = 0, has been reached. In this scenario, one

can observe that the continued course of the gasification is

dominated by the desorption process. Resolving Eq. (13) at

the corresponding limits of integration:

Za

am

d CO½ �
CO½ � ¼ �k3

Zs

sm

ds; ð26Þ

the following equation is obtained:

CO½ � ¼ CO½ �mexp �k3 s� smð Þ½ � for vr ¼ 0: ð27Þ

Substituting into Eq. (27) the values for [CO]m from

formula (24) and sm from formula (23) leads to:

CO½ � ¼ C1 exp �k3sð Þ s[ sm where C1 ¼
k1

k1 þ k�1

:

ð28Þ

Analysis of Eq. (28) requires the selection of a subset of

the experimental data, i.e., rejection of data where s\ sm.

For the initial requirement where s = 0, an extrapolated

value of the fraction C1 is obtained, which has to be B1.

A linear relation (28) in the form:

ln CO½ � ¼ lnC1 � k3s ð29Þ

fulfills an auxiliary function, but it is very important in the

analysis of the kinetics of the gasification reaction/process

according to (1) and (2). This equation makes possible to

compare the two concepts of directly determining the

kinetic constant k3 and the remaining k1, k-1 relation.

Figure 1 illustrates the relationship of the model (18)

with (28).

Experimental and results

Analysis of the application of Eq. (18) and Eq. (28) was

performed using data presented in manuscript [26]. This

work concerns the studies on CO2 gasification of typical

cokes produced in Poland. There were 11 test samples of

blast-furnace and domestic cokes under isothermal con-

ditions at one temperature T = 1273 K and two selected

samples at six temperatures ranging from 1173 to

1423 K with steps DT = 50 K, based on the Geneva

method [27]. The basic reactivity test is based on the

gasification of a 7-g coke sample with a grain size of

1–3 mm at temperature 1273 K. After 15 min, based on

gaseous product composition, kinetic constants are de-

termined using the equation given in [27] and [22]. The

basic test [26] was modified by extending the time of

gasification of the test samples, and the current analysis

of gaseous products composition was applied. Results

obtained in [26] are presented in Supplementary Mate-

rials—Tables S1 and S2.

Results of our calculations using these experimental data

from [26] are shown in Tables 1, 2 and 3. Table 1 contains

the kinetic constants determined for the 11 coke samples

under isothermal conditions, and Tables 2 and 3 contain

the kinetic constants of two selected coke samples de-

pending on time and temperature of the gasification reac-

tion for blast-furnace coke (high quality) and domestic

coke (low quality), respectively.

The calculations according to Eq. (18) were performed

by Marquardt method and omitting the coordinate [0, 0],

which advantageously increases the coefficient R2 and ra-

tio, which is an analog of the F test.

Coke quality

Based on the data presented in Table 1, variation in the

determination coefficient is observed in the range

R2 = 0.84–0.97, which for N = 15 measurements satisfies

the criteria for accepting the validity of Eq. (18). More-

over, at the temperature T = 1273 K under which these

measurements were taken, the combination of kinetic

constants (19) satisfies the constraint C B 1. Therefore,

[C
O

]

Time/h

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

=0.742

experimental data

[CO] = 0.9559·[exp(–0.4359·τ)–exp(–2.0247·τ)] Eq.(18)

[CO] = 0.742·exp(–0.3583·τ) Eq.(28)

Fig. 1 Comparison of (18) and (28) models with experimental data

for a domestic coke sample (sample No. 9 in Table S1)
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existence of three kinetic constants is confirmed: k1—a

relatively fast chemical reaction, k-1—its reversible reac-

tion and k3—the desorption process.

Relationships between the above-mentioned kinetic

constants for the gasification process can be linear, as in the

case of relation k-1 versus k3:

k�1 ¼ �1:711k3 þ 1:675 r2 ¼ 0:5771; sl ¼ 0:0067
� �

:

ð30Þ

This result means that in the absence of the desorption

process, the kinetic constant of the reverse reaction is large

(k-1 = 1.675 h-1) and its value is always greater than the

kinetic constant of the gasification reaction (k-1[ k1),

which is acceptable in the context of the results presented

in Table 1. For k3 = 0, Eq. (18) reduces to the form of

Eq. (15) with a horizontal asymptote, whose value follows

from Eq. (19).

Table 1 Kinetic constants calculated for analyzed coke samples

Coke no. C k3, h-1 k1 ? k-1, h-1 R2 Ratio k1*, h-1 k-1, h-1

acc. (18) acc. (20)

1 0.7769 0.3065 2.0090 0.9769 2876.9 1.3227 0.6863

2 0.7680 0.3875 2.1396 0.9633 1628.9 1.4070 0.7326

3 0.8480 0.3847 1.3477 0.9341 827.4 0.8166 0.5311

4 0.8733 0.3785 2.1295 0.9392 677.0 1.5291 0.6004

5 0.6580 0.3446 1.9677 0.9497 1028.9 1.0680 0.8997

6 0.9385 0.4174 1.6527 0.9605 1106.0 1.1593 0.4934

7 0.8809 0.3955 1.8790 0.9211 510.7 1.3068 0.5722

8 0.7970 0.3429 1.9849 0.8887 416.2 1.3087 0.6762

9 0.9559 0.4359 2.0247 0.9728 1313.6 1.5187 0.5060

10 0.7743 0.3606 1.9056 0.9307 681.0 1.1960 0.7093

11 0.7045 0.2779 1.9837 0.8569 417.4 1.2017 0.7820

* k1 = C�(k1 ? k-1 - k3), sum of (k1 ? k-1) is known

Table 2 Kinetic constants for blast-furnace coke—sample No. 3 in Table S2

Temperature/K C k3, h-1 k1 ? k-1, h-1 R2 Ratio k1*, h-1 k-1, h-1

acc. (18) acc. (20)

1173 0.1667 0.4074 1.9790 0.8564 232.8 0.2620 1.7170

1223 0.5284 0.4100 1.2904 0.8618 294.7 0.4652 0.8252

1273 0.8470 0.3844 1.3489 0.9341 827.4 0.8169 0.5020

1323 1.6968 0.5272 1.3028 0.9501 733.7 1.3028 0*

1373 1.2619 0.4739 2.0806 0.9784 1418.3 2.0806 0*

1423 6.5366 0.9501 1.3268 0.9896 1546.6 1.3268 0*

* For C[ 1, k-1 = 0

Table 3 Kinetic constants for domestic coke—sample No. 9 in Table S2

Temperature/K C k3, h-1 k1 ? k-1 R2 Ratio k1*, h-1 k-1, h-1

acc. (18) acc. (20)

1173 0.3035 0.1441 1.9708 0.8260 602.9 0.5544 1.4164

1223 0.5749 0.2635 2.0904 0.9228 950.9 1.0503 1.0401

1273 0.9559 0.4359 2.0247 0.9728 1313.6 1.5187 0.5060

1323 1.5954 0.5310 1.6836 0.9424 493.4 1.6836 0*

1373 1.6566 0.6087 2.3735 0.9969 6393.6 2.3735 0*

1423 2.7085 0.8046 1.9770 0.9983 9004.3 1.9770 0*

* For C[ 1, k-1 = 0
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However, relationships between the constants k1 and k-1

are curvilinear:

k1 ¼ �3:447þ 9:568k�1

� 5:295 k�1ð Þ2 R2 ¼ 0:6827; F ¼ 8:607; sl ¼ 0:0101
� �

ð31Þ

which cannot be regarded as a strict analytical form. In-

verting the variable arrangement, it should be noted that

both small and larger values of k-1 can be expected with

the increase in k1, which means that the relationship:

C0 ¼
k1

k1 þ k�1

ð32Þ

is variable, e.g., for identical or similar values of k1, and

when k-1 ? 0, the relation C0 is close to 1. This variability

is a very advantageous phenomenon from a technological

point of view, whereas if k-1[ k1, C0 is explicitly\1.

Comparison of the values of the kinetic constant k3

determined using Eq. (18) and (28) in the form of Eq. (29)

indicates the absence of a two-parameter linear relation-

ship. Dependence between these values has a linear form

without an intercept [q2 = 0.9910, sl = 0.0(4)]. The av-

erage value of k3 from Eq. (28) is 32.5 % smaller than the

values from Eq. (18).

The final step of the comparative analysis is comparison

of the kinetic constants given in formula (19) omitting the

k3 constant (k3 = 0) with the values determined from

Eq. (28), defined as C1 in Eq. (29) in the common graph

(Fig. 2). Based on Fig. 2, it can be assumed that the

compared kinetic constants determined on the basis of two

different models are identical.

Comparison of kinetic constants according to

Eqs. (18) and (28) indicates on the necessity of consid-

eration of the reverse reaction in the calculations, known

as the Bell reaction [22], although the kinetic constant of

this reaction should tend toward 0 with increasing

temperature (k-1 ? 0). Literature also suggests an in-

hibitory effect of CO disappearing with an increase in

temperature [15].

It should be noted that association of the two elements

of this complex gasification process, consisting of a re-

versible chemical reaction and the desorption process, is

based on a balance of rates presented in formula (12).

While this assumption allows for the improved description

of the gasification process, deviations from this principle

are known in the case of cokes.

Effect of temperature

Two samples of cokes were used in the analysis: blast-

furnace coke (high quality)—Table S2, No. 3 and domestic

coke (low quality)—Table S2, No. 9.

As expected, it was observed that with increasing tem-

perature in the range T = 1173–1423 K (with step

DT = 50 K):

a. the reaction/process passes from a kinetic to a diffusion

area; in both cases, for T C 1323 K (1050 �C), kinetic

constant k1 changes slower than is predicted by

Arrhenius’s law,

b. the reverse reaction or inhibition effect of CO disap-

pears, i.e., k-1 = 0, and, as a consequence of the

inequality (22) and the combination of kinetic con-

stants C[ 1, k-1 decreases and disappears as tem-

perature increases, while the enthalpy of the

disproportionation reaction (Bell reaction,

2CO = CO2 ? Ccb) can be determined from the

relation ln(k-1) versus 1/T, and

c. for the reverse reaction, k-1 = 0; hence, Eq. (18)

simplifies, and Eq. (28) ceases to apply although it is

directly compatible with Eq. (29) wherein the constant

C1 = [CO]m exp(k3sm), 0\ [CO]m B 1 becomes an

empirical expression.

The above observations with the determined values of

the activation energy and enthalpy for the mechanism of

reaction (1) are shown in Figs. 3 and 4.

Discussion

Gasification with carbon dioxide of different carriers of

carbon with low content of volatile matter

(MVdaf * 0.8–2.0 %) demonstrates their variable reac-

tivity from easiest to the most resistant. The following

order is generally assumed: carbonizates derived from

brown coals ? carbonizates from hard coals ? domestic

coke ? blast-furnace coke ? graphite.

The considerations in this paper are an extension of the

finite time method for the determination of kinetic

C
0

=
k 1

k 1
k –

1
+

ac
c.

(2
0)

 fo
r 
k 3

=
 0

C1 =
k1

k1 k–1+
acc.(29)

1.0

0.8

0.6

0.4

0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

C0= 1.006·C1
, ρ2 = 0.9968, sl = 0.0(4)

Fig. 2 Comparison of kinetic constants obtained from two different

models
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parameters of a reaction/process [28]. The finite time

method establishes that the conversion degree of a solid

phase monotonically tends to 1, not taking into account

complexity of the gasification process. Coal gasification

with carbon dioxide is a complex process, which comprises

not only a reversible chemical reaction of gasification, but

also a desorption process and an inhibiting effect of carbon

monoxide.

This paper relates kinetic modeling of a Boudouard–Bell

reaction for selected types of coke [26] on the basis of

measurements taken in an apparatus for reactivity testing

that uses the Geneva method [27].

For this purpose, Eq. (18) is proposed, which contrary to

several works on this subject [22, 23, 26] is based on three

kinetic constants. This basis allows for the determination of

values characteristic to the processes (symbols are given in

parentheses):

a. k1 relates to Boudouard reaction (E)—Fig. 3a,

b. k-1 characterizes Bell reaction (E-1)—Fig. 3b,

c. k3 is associated with desorption process (Edes)—

Fig. 3c,

and

d. ratio k1/k-1 characterizes B–B reaction (1) according

to Ergun’s concept [1] in form (6) (DrH)—Fig. 4.

Section d) requires the specific comment. The Bell re-

action, which is reverse to the Boudouard reaction, is

analyzed as shown in Fig. 3b. The kinetic constant k-1

tends to 0 with temperature increase, so the typical Ar-

rhenius equation changes course, and formally negative

value of the activation energy is obtained. One can find the

negative activation energies as a result in the literature

(Table 7 in [29]; p. 125 in [30]). To eliminate this problem,

it is convenient to introduce the classical equation in the

differential form with double using of conventional Ar-

rhenius equation and both sides of the equation subtract

from each other. Finally, one can obtain:

d ln k1

k�1

� �

dT
¼ E � E�1

RT2
ð33Þ

Equation (33) according to (6) is identical to the van’t

Hoff’s isobar:

d ln k1

k�1

� �

dT
¼ DrH

RT2
ð34Þ

Consequently, the dependence ln k1

k�1

� �
versus 1=T al-

lows to determine the enthalpy of reaction (1).

The high values of DrH obtained in current studies re-

quire the specific comment. According to the

In
 k

1
In

 k
–1

In
 k

3
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Fig. 3 Characteristic parameters of partial processes determined

from the kinetic constants for the two coke samples—blast-furnace

and domestic coke (Nos. 3 and 9 in Table S2)
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thermodynamic data presented in Barin’s tables [31], the

enthalpy of reaction (1) for the hexagonal graphite equals

172.8 kJ mol-1 (298 K B T B 1400 K), and the standard

enthalpy (298 K) is similar (172.5 kJ mol-1 [22]). Mar-

chon [32] cites a value of 180 kJ mol-1 for experiments at

high pressure, but these data relate to reaction at the finite

time (C ? CO2 = 2CO). Ergun [1, 2] gives the enthalpy

values much lower, i.e., 71.2–96.3 kJ mol-1 for carbona-

ceous substances with a high specific surface area (carbon

black Spheron 6, activated carbons, etc.). The values

DrH = 252.5–294.1 kJ mol-1 obtained in this work relate

to cokes, which are low reactive in the process according to

Eq. 1.

Equation (18) was derived from the mechanism of the

reaction/process (1) and (2) proposed by Ergun in 1956

[1], but using a different kinetic approach. In this case, the

experimental observation is CO formation over time un-

der CO2 flow through a fixed bed of coke. Equation (18)

is characteristic for consecutive reactions exhibiting a

maximum as a result of impact of an intermediate pro-

duct: It forms and disappears. However, according to

mechanism (1) and (2), Eq. (18) is the result of assump-

tion (12) and two rates: that describing the chemical re-

action and the desorption, and does not designate the

share of intermediate product—oxy-carbon C(O). Diffi-

culties related to the interpretation are founded in pro-

posed enrichment of the mechanism presented in [1] by

taking into account the existence of two intermediate

states [23] (comment in Supplementary Materials).

Partial approximation of the primary Eq. (18) in form (28)

was also introduced, which for the disappearance of the

reverse reaction k-1 = 0 is disengaged with the constants

in Eq. (18), although it is still an exponential relation (29)

and directly defines the kinetic constant k3 with acceptable

precision.

Short summary

Recent studies on CO2 gasification confirmed that the ki-

netic description of the process based on the composition

of gaseous products is more complicated when compared

with one based on the composition of a solid phase [6, 7, 28].

Three typical relations of [CO] versus time depending on

temperature and relationships between kinetic constants of

the reactions are shown in Fig. 5a. In the case of the solid

phase, a consequent increase in conversion degree is ob-

served (Fig. 5b).

Conclusions

1. The kinetic model (18) for the Boudouard–Bell reac-

tion under isothermal conditions was proposed and is

based on the combination of three kinetic constants:

k1—the relatively rapid gasification reaction called the

Boudouard reaction, k-1—the disproportionation re-

action called the Bell and k3—the CO desorption

process. From a mathematical point of view, Eq. (18)

is characteristic for consecutive reactions and describes

the kinetics of formation and disappearance of an in-

termediate product. In this case, Eq. (18) describes

formation of the final product, i.e., CO.

2. The results forming Eq. (18) can be used in a

simplified form (28) or (29) to determine the kinetic

constants of the desorption process k3 with acceptable

precision.

3. Kinetic constants in the temperature range

T = 1173–1423 K for two completely different types

of cokes confirm the mode by which the reaction/

process progresses: from kinetic at low temperatures,

through an intermediate and finally to diffusion mode

at high temperatures. The estimated temperature of this

effect is 1273 K (1050 �C) and is accompanied by the
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disappearance of the disproportionation reaction and

inhibition effects, i.e., k-1 ? 0.

4. Kinetic constants of the desorption process k3 fulfill

Arrhenius’s law. If in Eq. (18) and consequently in

Eq. (20) k-1 = 0, then increase in k1 is associated with

k3 increase in the exponential Eq. (29), and the pre-

exponential constant in Eq. (28) is converted to an

empirical value.
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