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Abstract

In this work, the definition of deactivation kinetic model (DKM) has been given
under some assumptions and its features were illustrated through comparison with
prior kinetic models such as DM (deactivation model), Langmuir rate equation,
pseudo kinetic model and unreacted SCM (shrinking core model). DKM is based
on fractional conversion of solid and concentration of fluid phase, which is one
of the different kinetic models for the heterogeneous processes. DKM has no
thermodynamic equilibrium quantities such as adsorption amount (g,) unlike the
previous pseudo-order models. Therefore, DKM can offer more accurate kinetic
parameters than other models. Main equations of DKM can be solved by using
Matlab functions such as “ODE” and “Isqnonlin”. This DKM is a semi-empirical
and apparent kinetic model for fluid/solid heterogeneous processes and its kinetic
equations can be used not only in heterogeneous reactions, but also in adsorption
processes.
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Table 1 Kinetic models on the heterogeneous processes
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Introduction

Heterogeneous systems are included in many chemical processes such as gas puri-
fication, wastewater treatment, heterogeneous catalysis, adsorption and extractive
metallurgy, where chemical reaction or adsorption occurs at the interface between
the phases in heterogeneous processes. The rate of a surface reaction might depend
on various factors such as pressure, temperature and catalyst.

The rate in heterogeneous reactions can be expressed as Eq. 1 [1].

ldO'j
= ;jg 1

here  is the rate of reaction, ; is the stoichiometric number of species (j), o;=n;/A,
n; is the amount of substance (number of moles) of species (j) and A is the surface
area. The rates of heterogeneous reactions were expressed in moles per square meter
per second (mol m~2s7h.

But Eq. 1 has not been used widely in practice, because the v}, n; and A are inde-
terminable exactly in many real systems. Therefore, tens of different kinetic models
for heterogeneous reactions were proposed. Development in kinetics of non-catalytic
gas/solid reactions has been summarized in the previous literatures [2, 3]. Table 1
shows some typical kinetic models on the heterogeneous processes.

The unreacted SCM (shrinking core model) [4, 5, 62] assumed that the reaction
occurs at the interface between the reacted outer surface and the unreacted interior
core and the diffusion through the solid product layer obeys Fick’s law with a con-
stant diffusion coefficient. Diffusion into solid reactant is much slower than reaction
rate, which is suitable mainly for solid sorbents with low porosity, but not for solid
sorbents with mesoporous structure [6].

The grain model (GM) [7] on porous solid reactant has been proposed and
used. Wen and Ishida [8], Hartman and Coughlin [9] employed GM and used the
porosity as a function of conversion. Ramachandran and Smith [10] proposed the
single-pore model and took into account the change of pore structure. Focusing
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on the change of grain size, Georgakis et al. [11] presented the changing grain
size model: the grain radius changes during the reaction as a function of Z which
is the ratio between the molar volumes of the solid product and the solid reactant.

Bhatia and Perlmutter [12, 13] presented the random pore model (RPM) for
fluid—solid reaction that was suitable for unsupported solid [14, 15]. They used
a pore structure parameter () to characterize solid reactivity and correlated y
with m, which was used as the grain shape factor [3] or the order of reaction [16]
in prior models. Some studies have been done on kinetic model of hot coal gas
desulfurization [17-19].

The deactivation model (DM) [20] was applied successfully [21] in adsorp-
tion of volatile organic compounds on granular activated carbon. Yasyerli et al.
[22-24] applied DM to predict the H,S breakthrough curves over a variety of sor-
bents, which agreed well with the experimental results. According to this model,
the effects of the textural variation (pore structure, active surface area and forma-
tion of production per unit area) of the solid sorbent were expressed in deactiva-
tion rate. The deactivation rate of the solid sorbent was expressed as Eq. 2.

_Z_C; = kygoCya 2)
here a is the activity of the solid sorbent [22], k,, is the deactivation rate constant
and C, is the concentration of gas. The reaction order was assumed to be 1 for gas
and sorbent and all factors such as pore structure and active surface area of the sorb-
ent were included in the activity term (a). Dahlan et al. [25] and Ficicilar et al. [26]
reported similarly that the deactivation rate of solid reactant (sorbent) was independ-
ent of the concentration of gaseous reactant, which means that the deactivation rate
was zero order with respect to gaseous reactant in DM. The empirical deactivation
laws in DM for a variety of catalysts were summarized in Ref. [27]. Tang and Yang
[28] proposed a “deactivation model” as Eq. 3, which is a parabola equation and can
be applied in gas adsorption systems with gas concentration from low level to rela-
tively high one by considering the effect of catalyst deactivation.

r = kKC — AC? 3)

here r is the reaction rate, k is the rate constant, K is the equilibrium constant, C is
the inlet concentration of gas. A is defined as deactivation coefficient (A >0) which
indicates the effect of photocatalyst deactivation on the reaction rate.

Some researchers investigated on a couple of “deactivation kinetic model”
(DKM) [29-31], but their physical meanings were different one another. Martin
et al. [29] proposed a DKM based on the postulates of Langmuir—Hinshelwood
and used it for the catalyst deactivation by coke in heterogeneous polymeriza-
tions. DKMs from Emadoddin et al. [30] and Ko [31] were the same as the previ-
ous DM (Eq. 2) in essence.

Hong et al. presented a modified DKM (See Eq. 4 in Sect. “Methodology”)
and applied it on some heterogeneous processes [32-37], which showed that this
DKM can be used not only in heterogeneous reaction but also in adsorption.

@ Springer



1970 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:1967-1985

In this work, to make clear the physical background of our modified DKM based
on fractional conversion of solid and support its wider application, we formulated
it under a few of reasonable assumptions and its validity was checked up through
kinetic analysis of different experimental and simulated data in comparison with
prior kinetic models. The advantages and disadvantages in the application of the
DKM were verified.

Methodology

The definition of DKM has been given under some assumption and the methodology
of calculation was explained.

Definition of DKM and the kinetic equations using it in batch and continuous
system

One of the difficult problems in the kinetic analysis of fluid/solid heterogeneous
processes is how to express the characteristics of solid surface where reaction or
adsorption can occur. In order to solve this problem, we used the fractional conver-
sion of the solid phase as the major scale to formulate a new DKM. To this end, the
following assumptions were presented:

(i) Fractional conversion (X) of solid phase is defined as the ratio (dimension-
less) of the used portion to the initial one of solid, which is O at fresh solid
(t=0) and 1 at maximum saturation (or complete usage of solid for reaction
or adsorption) state.

(i) Variation rate of solid phase is expressed as a function of X and C (concentra-
tion of fluid phase), which is the deactivation rate of solid. The change of fluid
concentration with time is also expressed as a function of X and c.

(iii)) Reaction orders of all species in the heterogeneous process are not assumed,
but are calculated from the measured kinetic experimental data and rate equa-
tion.

The change of fractional conversion in solid phase with time is expressed as
shown in Eq. 4:

‘% =k, C7(1 = X)* 4
here k, is the deactivation rate constant of solid, C is the concentration of fluid (mol
dm™) and y, 1 are the reaction orders of fluid and solid. (I — X) is the portion of
solid where the reaction or the adsorption can proceed further at given time (7).

This DKM based on the fractional conversion of solid is an apparent kinetic
model on the solid reactant with a semi-empirical rate equation (Eq. 4). It can be
called “Hong’s DKM” in distinction from other DKMs [29-31] and hereafter it is
called DKM for simplicity.
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In batch system, the rate equation from DKM on the reaction between a fluid and
a solid phase or single component adsorption is Eq. 5.

L = _kco(1 - X)F

i =k,C"(1 - X)* ©)
dt d

here k is the apparent rate constant of fluid and a, S, y, 4 are the reaction orders.

The results calculated from various kinetic parameters (reaction orders and rate
constants) were shown in Fig. 1, where the default values of all other parameters
were fixed as 1 when the effect of one kinetic parameter was investigated. C/C,
(dimensionless concentration) and X curves have different shapes according to the
change of kinetic parameters.

Kinetic parameters such as reaction order and rate constant can be evaluated by
using experiment data and calculated curves. To be concrete, the kinetic parameters
were calculated using the nonlinear least-squares fitting (“lsqnonlin” function of
MATLAB was used.) of the fluid concentration calculated by solving Eq. 5 to the
corresponding experimental data.

The rate equation on the reaction between two fluid species and a solid phase or
binary adsorption is the extension of Eq. 5, which can be derived as Eq. 6.

L= e (1 - X

% = —k,C3*(1 - X)P? (6)

o= ky(Cy + 0 (1 =X
here k,, k, are the rate constants of fluid species 1 and 2, C,, C, are the correspond-
ing concentrations, al, 1, a2, 52 are the reaction orders.

Equations 5 and 6 are the kinetic equations in batch system from DKM, which
can be called “Hong’s equation”.

This DKM is applicable in continuous system (ex. the fixed-bed reactor). If the
plug flow of fluid and the pseudo-steady state are assumed, the time derivative of
fluid concentration (C) is much smaller than the spatial derivative of C on most non-
catalytic gas—solid reactions [6, 41, 42]. Equation 7 was derived from the mass bal-
ance equation and DKM as following [32]:

%€= Lol -xy
Yy 1 @)
= = .7 —
o = ke CT(1=X)
here k, is the rate constants of apparent chemical reaction, u is the inlet flow rate of
gas, z is the distance from the reactor entrance to given point.
The breakthrough curves were calculated on various kinetic parameters (Fig. 2).
As shown in Fig. 2, the breakthrough curves calculated on various kinetic param-
eters have different forms and the following results can be obtained from them:

(1) Reaction orders affect the profile of breakthrough curve and the influence of
(1 — X)’s order is more extreme than that of C’s order.
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Fig.1 C/C, and X calculated on various kinetic parameters: a a=0.6 (red), 1.0 (blue), 1.4 (black), b
$=0.4 (red), 1.0 (blue), 1.7 (black), ¢ y=0.8 (red), 1.0 (blue), 1.2 (black), d 1=0.7 (red), 1.0 (blue),
1.3 (black), e k,=0.7 (red), 1.0 (blue), 1.3 (black), f k;=0.6 (red), 1.0 (blue), 1.4 (black). (Color figure
online)
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(i) Rate constants affect the profile of breakthrough curve and the breakthrough
time. The larger k, is, the longer breakthrough time is. The larger k is, the
steeper gradient of breakthrough curve is and the shorter breakthrough time
is.

(iii) Flow rate of gas has no effect on the profile of breakthrough curve, but affects
the breakthrough time.

Calculation on the kinetic equations as an example

Equation 5 is a set of simultaneous ordinary differential equations, in which both
fluid and solid are considered explicitly and can be solved with ODE function (func-
tions for solving ordinary differential equations) in MATLAB.

Both partial differential equations (Eq. 7) are solved simultaneously using for-
ward finite differential method [43] by employing initial (x=0 for all position z at
t=0) and boundary (C= C,, for all time ¢ at z=0) conditions.

The kinetic parameters (rate constants and orders of reaction) were calculated
using the nonlinear least-squares fitting of the concentration obtained by solving
Egs. 5 or 7 to the corresponding experimental data. The object function of least-
squares fitting for reaction rate constants and orders was calculated as the following
Eq. 8:

minf (k. k) = 3" (Coat = Cy)’ ®)

here k is the apparent rate constants, n; is the number of experimental point, C, is
the concentration simulated by solving Egs. 5 or 7 and C,,, is concentration from
experiments.

The input data required for the nonlinear optimization is only the non-dimension-
alized concentration (C/C) of the adsorbates with time and X (fractional conversion
in solid phase with time) is automatically evaluated in the calculation process. As a
result, the kinetic parameters and X are obtained simultaneously.

The kinetics of cadmium (II) ion adsorption by three soil samples was evaluated
in batch experiments. All experiments were carried out in 250 mL glass flasks by
adding 1 g soil to 100 mL cadmium ion solution (100 mg/L). The 250 mL glass
flasks were shaken in different time periods at a constant speed of 100 rpm in a con-
stant temperature shaker at 25 °C. All experiments were performed at pH 4 +0.5,
adjusted by the drop wise addition of 0.1 mol/L. HCI. All samples were allowed to
rest for 10 min after the experiment and the concentration of metal ions in the filtrate
was measured by atomic absorption spectroscopy.

The concentration of adsorbates (Fig. 3a) calculated by Eq. 5 shows that the
experimental data agree well with the curves calculated by Eq. 5. The X (fractional
conversion of adsorbents) calculated by Eq. 5 was shown in Fig. 3b.

If all reaction orders were equal to 1, the correlation coefficient became smaller
than 0.8 and some calculated adsorption rate constants became smaller than 0. When
the reaction order was evaluated a=1.5, the correlation coefficient became larger
than 0.99, the experimental data agree well with the calculated curves.
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Fig.3 C-curves and X calculated on various rate constants (reaction orders: a=p=y=1, A=1.5)

The rate constants (Table 2) calculated by Egs. 5 and 8 show that the calculated
rate constants can quantitatively be compared on both adsorbate and adsorbents
unlike PSO model.

According to Eq. 5, the effects of the textural variation (pore structure, active
surface area and so on per unit area) of the adsorbent and the formation of adsorbed
layer were popularly expressed in terms of k, (deactivation rate constant, i.e. the
change of fractional conversion with time in solid phase).

Results and discussion

The features of the DKM were illustrated through comparison with prior kinetic
models such as DM, Langmuir rate equation, pseudo kinetic model and unreacted
SCM in the batch or the fixed-bed reactor.

Comparison of DKM with DM and Langmuir rate equation

The features of DKM were compared with prior kinetic models (DM and Langmuir
rate equation).

DKM has no regard the detailed characteristic parameters of solid phase
in such a microscopic way as SCM, GM and RPM, but in a macroscopic way.
According to DKM, the rate of variation (pore structure, active surface area and

Table2 Rate constants Soil sample ka/min’1 k, /L pg~! min~! R?
calculated by Egs. 5 and 8
Soil 1 0.0242 0.0169 0.9999
Soil 2 0.0409 0.0250 0.9999
Soil 3 0.0836 0.0471 0.9999
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the formation of product layer per unit area) of solid was expressed in term of
deactivation rate like that in DM.

DKM and DM [20-28] seem to be almost the same, but there is distinction
between them. In DM, the reaction order of deactivation was assumed to be first-
order with respect to solid surface and to be first (or zero)-order for concentration
of fluid phase. But in DKM, all the reaction orders were not assumed, but cal-
culated. In some previous works using DM [24-28], a (activity of the solid due
to textural change) was used in the initial kinetic equation, but was not referred
in the kinetic analysis on experimental data, because a had completely petered
out during derivation of the final kinetic equation. That is, a can be seen to be a
qualitative term on solid reactant, which was introduced in order to establish the
kinetic model (DM), but X in DKM is quantitative value to be estimated in the
kinetic analysis on solid reactant.

Langmuir rate equations based on 6 (fractional coverage) have been well-
known. Among Langmuir rate Equations, Eq. 9 was used for single adsorption,
Eq. 10 was used in competitive adsorption [38—40] and Eq. 11 is the Lang-
muir-Hinshelwood model used in the heterogeneous processes [66, 67].

do
= =k C1=0) = k0 )
%=kAlC1 [1—(91"‘92)] —kp1 0, (10)
T2 = kGl = (0) +0)] = k0,
dc KC
- = =kf(O) =k
o ~MO= ke (in

here k, is the adsorption rate constant and kj, is the desorption rate constant, C;, C,
are the concentration of fluid species 1 and 2, C is the reactants concentration; ¢ is
the reaction time, k represents the rate constant, f{C) is a function of the concentra-
tion of species and K is the adsorption equilibrium constant.

There are clear distinctions between Hong’s equations (Eqs. 5 and 6) and
Langmuir rate equations (Eqs. 9, 10 and 11) as follows:

(i) Langmuir rate equations are the concrete expression for adsorption and desorp-
tion processes. But, Hong’s equations are the overall one, assuming the equilib-
rium states of adsorption and desorption at every moment.

(i) @ in Langmuir rate equations is the concept based on monolayer adsorption
(chemical adsorption), but X in Hong’s equations is used without such a limit.
Therefore, it can be used not only for monolayer adsorption, but also for mul-
tilayer adsorption including physical adsorption, and becomes to be a more
comprehensive concept than 6.

(iii)) Adsorbate concentration is a constant in Langmuir rate equations (Egs. 9, 10),
but the change of adsorbate concentration and fractional conversion of adsor-
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bent with time are simultaneously reflected in Hong’s equations for adsorption
system.

(iv) On a competitive adsorption, the fractional coverages of adsorbent occupied by
each adsorbate are estimated in Langmuir rate equations, but the overall frac-
tional conversion of adsorbent is estimated in Hong’s equation (Eq. 6).

(v) The Langmuir-Hinshelwood model (Eq. 11) involved the values of the adsorp-
tion equilibrium constants (K). If the reaction temperature changes, the K would
change, too. This brings about lead to the bad result in the kinetic study, i. e. the
temperature dependence of the rate constant can’t be calculated accurately. But
Hong’s equation (Eq. 6) hasn’t any thermodynamic equilibrium quantity.

Dozens of the experimental data from the previous papers were kinetically reeval-
uated by using Hong’s equations [34-37], where reaction orders and activation ener-
gies were newly obtained.

Comparison of DKM with pseudo kinetic models in adsorption system

Investigation on adsorption kinetic models has been continued to obtain more cor-
rect models to fit the experimental data, which resulted in many kinetic models.
Therefore, users of those models had difficulty to choose a specific model for their
own experimental data. In the past decades, the correlation coefficients between the
experimental data and the simulated ones by a couple of available kinetic models
were calculated to find out the best fitting model. This has been the common and
traditional way for starting a research on adsorption kinetics. Experimental data
obtained from different systems and experimental conditions can need different
models for optimal fitting with the simulated values. But it is almost impossible to
compare the kinetic parameters obtained from different models.

The pseudo kinetic models have been used widely [63—65], but it involved an
adsorption amount (q,), which is not a kinetic quantity, but a thermodynamic equi-
librium quantity. Therefore the rate constants calculated by the pseudo kinetic mod-
els can’t be compared with each other accurately.

In order to examine whether Hong’s equations can be generally applied in kinetic
analysis on different adsorption systems, the rate constants and reaction orders were
calculated by Hong’s equations on the basis of previous experimental data simulated
by twelve pseudo kinetic models [44-53]. As shown in Table 3, all correlation coef-
ficients (R?) between the simulated data by pseudo kinetic models and the calculated
ones by Hong’s equations were 1.0000 or 0.9999. It shows that Hong’s equations
can offer universal interpretation on the experimental data, which had to be treated
by different pseudo kinetic models.

In common, there are two components (an adsorbate and an adsorbent) at least
in single adsorption system. Both adsorbate and adsorbent must be considered in
the rate equation so as to estimate the kinetic characteristics of the system. But the
pseudo kinetic models considered only the adsorbent. Hong’s equations can solve
this problem.
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Hong’s equation is a kinetic equation without any thermodynamic equilibrium
quantity. Activation energy can’t be evaluated by many of previous adsorption
kinetic models such as the pseudo-order models. Because pseudo- models involve
the adsorption amount ¢g,, which is not a kinetic quantity in strict meaning, but a
thermodynamic equilibrium quantity. When Arrhenius equation is used to calcu-
late activation energy, the rate constants must be constant at given temperature.
However, not only the rate constant, but also the adsorbed amount g, change with
temperature in the pseudo-models, so the temperature dependence of the rate
constant can’t be calculated accurately. There are some difficulties in calculation
of the kinetic parameters, but the ordinary differential equations and optimiza-
tion solutions are not so difficult if the calculation tools such as Matlab are used.
Utilization of DKM in interpretation of adsorption kinetics is only on the begin-
ning stage and how the parameters of adsorption kinetic equation are changed in
chemical adsorption and physical one are still the remained problems to be stud-
ied further.

In order to compare DKM with PSO, U (VI) adsorption on several adsorbents
[54-59] were kinetically reevaluated using Eq. 5, by which the reaction orders
were newly calculated and the rate constants were quantitatively calculated on
both adsorbate and adsorbent (Table 4).

As shown in Table 4, the reaction order of (1-X) on each adsorbent was newly
estimated as 1-1.5 and the rate constants on both adsorbate and adsorbent were
calculated. In comparison with PSO, the following results can be obtained:

(i) From PSO analysis, U (VI) adsorption mechanisms on various adsorbents
seem to be the same [54-59]. But DKM showed that the concrete mechanisms
for different adsorbents might be different because their reaction orders (1)
calculated by Hong’s equations were not the same.

Table 4 Kinetic parameters for U (VI) adsorption on various adsorbents

Adsorbent* PSO Hong’s equation, a=p=y=1
ky q, R Ak, ky R?
(gmg~' min™") (mgg™") (min~") (L mg™' min™")
ISCB [54] 0.00159 162.85 09952 1.0 0.1872+0.0098 0.2127+0.0034 1.0000
AHR [55] 0.0046 62.11  0.9900 1.2 0.3067+0.0126 0.3839+0.0274 1.0000
Carbon- 0.00004533 134.1 0.9976 1.2 0.0047+0.0003 0.0081=+0.0004 1.0000
LSs+CTAB
(56]
Polypyrrole [57]  0.0609 42.016 09997 1.3 2.5969+0.0783 4.4452+0.1089 1.0000
AALW [58] 0.0004 9551 09980 1.4 0.0234+0.0011 0.0699+0.0029 1.0000
POP -EDVP 0.00388 102.45 09999 1.5 0.2112+0.0126 1.0210+£0.0999 1.0000
[59]

*ISCB =Immobilized Saccharomyces Cerevisiae Beads, AHR =Cation exchange resin Amberjet 1200
H, Carbon-LSs+ CTAB =Mesoporous carbon using sodium lignosulfonate (LSs) as a raw material and
cetyltrimethylammonium bromide (CTAB) as a template agent, AALW = Alkali-activated leather waste,
POP-EDVP =Novel nanoporous organic polymer adsorbent P
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(ii) k, determined by PSO for different adsorbents can’t be compared with each
other because their g, were not the same. But k, and k,; by Hong’s equations
can be compared between different adsorbents when their reaction orders are
the same. For example, two adsorbents (AHR and Carbon-LSs + CTAB) have
the same reaction orders (A=1 0.2). Therefore, their k, and k,; can be compared
with each other, quantitatively.

Comparison of DKM with SCM in the fixed-bed reactor (continuous system)

The fixed-bed reactor is one of the continuous reactors. In this case, the kinetic
model needs a set of simultaneous partial differential equations unlike above
examples. That is, the kinetic model on the fixed-bed reactor should be expressed
as a function of time (¢) and position (z).

Lee and Koon [6] proposed the modified SCM for the reaction between sulfur
dioxide and coal fly ash/CaO/CaSO, sorbent in the fixed-bed reactor. Their model
(Eq. 12) was used in predicting the whole duration of the desulfurization reac-
tion, yielding an average deviation between the simulated and experimental data
to be less than 5%.

% — _LASSgﬂ(Cso)f’E‘C/';vo)gC(l—bx)h exp(_%) (12)
o = aeT(Cyp) (RH)'(1 = bX)* ACLpexp(—52) 222 (1 = X/

here C is the concentration of SO, at given time, Cgyy and Cyq are the initial con-
centration of SO, and NO, X is the sorbent utilization, L is the fixed-bed reactor
length, A, is the the transversal bed section, S, is the specific surface area of sorb-
ent, n is the initial molar flow rate of SO,, V is the volume of reaction bed, Pp is
the sorbent density, r is the radius of unreacted core, RH is the relative humidity.
The estimated values of a, 3, E, a, b, ¢, d, e, f, g and h were 1309.5, 0.121 m/s,
16,200 J-mol~!,—0.02 K7!, 12,0.2,-3, 5, 0.1, 0.75 and 4.

On the other hand, Hong et al. [32, 33] applied DKM in kinetic analysis of
H,S removal over mesoporous La—Fe mixed oxide /MCM-41 [60], Cu—Mn mixed
oxide/SBA-15 [61] and La—Mn mixed oxide/KIT-6 [61] sorbents during hot coal
gas desulfurization in the fixed-bed reactor. By using Eq. 13 [32] as the estimated
kinetic equation of H,S removal over mesoporous La—Fe mixed oxide/MCM-41,
the average deviation between calculated H,S concentration and experimental
data became lower than 1%.

{ % _ _849800LC(1 —X)2/3exp(—@)

G y 1818.4 (13)
5, =0.5056 - c32(1 - X)exp(——=)

By comparing Eq. 13 with Eq. 12, the following results were obtained:
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(i) In theoretical view, Eq. 12 is more concrete than Eq. 13 because it includes
many factors which can affect the reaction rate. But Eq. 13 has the deactivation
rate constant of solid to embrace these factors.

(i) In view of practical utilization, Eq. 13 is more convenient than Eq. 12 because
there is no vague values which is changed with time or difficult to measure
unlike Eq. 12 with such a value (radius of unreacted core).

Therefore, Eq. 13 from DKM seems to be an omnibus and useful kinetic model.

Conclusion

The DKM formulated based on the fractional conversion of solid phase is one of
heterogeneous kinetic models, which is a semi-empirical, apparent kinetic and gen-
eralized model. The kinetic equations from DKM for batch system and continuous
system can be used not only in heterogeneous reactions, but also in adsorption pro-
cesses. The relationship between the kinetic parameters of DKM and composition
or surface structure of solid phase and mechanisms of heterogeneous reaction needs
more investigation in future.
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