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Abstract

- Javier Herguido' - Miguel Menéndez'

A Kkinetic study for dry reforming of methane over Ni-Ce/Al,O; catalyst was performed, taking into account both the main
reactions and the catalyst deactivation. The catalyst was prepared by a sequential wet impregnation process, with load-
ings of 5 wt.% Ni and 10 wt.% Ce. Experimental tests were carried out in a fixed bed reactor between 475 and 550 °C and
several spatial times, using nitrogen as diluent. Several kinetic equations were compared. The best fit of experimental data
was achieved using a Langmuir—Hinshelwood mechanism which takes into account the presence of two active sites. Pre-
exponential factor and activation energy were calculated. the kinetics of deactivation was also determined. The relationship
between catalyst activity and coke concentration was also studied. Several deactivation equations were considered in order

to choose the best fit with experimental data.

Keywords Catalyst deactivation - Kinetic modelling - Methane dry reforming - Hydrogen production

1 Introduction

Numerous efforts attempt to limit CO, and CH, emissions
in order to minimize the global greenhouse warming. The
production of synthesis gas via dry reforming of methane (1)
is an attractive way to use CO, in the valorization of natural
gas or to upgrade biogas obtained by anaerobic degradation
of organic materials [1].

CH, + CO, < 2H, +2CO (1)

In addition to the main reaction, several (deleterious)
side reactions may be involved in the process. The reverse
of Water Gas Shift (WGSR) (2), methane decomposition
(3), the Boudouard reaction (4) and the carbon gasification
reverse reaction (5) are the reactions with the greatest impact
on the composition of the product.

CO, +H, « CO + H,0 )
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CH, < C(S) + 2H, 3)
2CO < C, + CO, 4)
CO+H, < C +H,0 ®)

Coke formation on the catalyst is one of the main dis-
advantages of this process and thus many researchers have
aimed to obtain catalysts that would reduce the activity loss
by coke. Reaction (3) is thermodynamically favored at high
temperatures, while carbon generation is fostered at low tem-
peratures in (4) and (5) [2].

An intense work focused on the development of catalysts
capable of maintaining a good level of activity during a suf-
ficiently long operating time, by decreasing coke formation
rate [3]. Although catalysts based on noble metals such as
Pd, Pt, Rh and Ru have been proposed [4, 5], their high price
makes their industrial use unprofitable. Nickel catalysts pre-
sent a good activity for this process [6, 7] as well as being
economical. Other metals have been incorporated to reduce
the coke formation, such as, for example, Ce [8] or Co [9].
The support used for these catalysts is usually alumina due
to its low cost, high surface area and good mechanical prop-
erties. In particular, its resistance to attrition is a key need
in a fluidized bed reactor.

Our group has found that the use of a two-zone fluid-
ized bed reactor can counteract the catalyst deactivation, by
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providing simultaneous reaction and regeneration in a single
vessel [10]. In order to simulate this reactor and to search
for the optimal operation conditions, a good knowledge of
the process kinetics is needed, including also the catalyst
deactivation kinetics.

Different kinetics for the dry methane reforming reaction
have been published [11, 12]. The proposed reaction mecha-
nisms depend on the catalyst studied. Reaction rate expres-
sions are highly non-linear with respect to their parameters,
particularly those models where the adsorption constants
appear in both the numerator and the denominator of the
expression.

The most common fittings are to Power-law, Eley—Rideal
and Langmuir—Hinshelwood models [13]. The first one is the
simplest but does not account for the reaction mechanisms.

The second one assumes that only the methane or CO,
molecule is associatively adsorbed and the other one
reacts from the gas phase. It assumes that rate-determining
step is the reaction of the adsorbed species (CH, or CO,)
with the gas phase one to yield products. However, Lang-
muir-Hinshelwood kinetic models are the result of reaction
mechanisms which imply adsorption of the reactants and a
later rate-determining surface reaction of these species to
products.

The Langmuir-Hinshelwood model supposes that one
reaction step is slow enough to become rate limiting while
the other ones are in thermodynamic equilibrium. This last
model has been used more frequently for nickel-based cata-
lysts because it provides a more-realistic reaction kinetic
model of comparable fitting quality especially in the low
temperature range of T <720 °C. Methane decomposition
controls at higher reaction temperature regime [14]. We have
reviewed mechanistical models for the reaction kinetic in
literature finding out that only one of them [15] takes into
account simultaneously reactions (1) and (2) and catalyst
deactivation.

Therefore, the objective of this work is to obtain a kinetic
model of both reaction and deactivation with the Ni—Ce/
Al,Oj catalyst and to obtain a relationship between the cata-
lyst activity and the amount of coke deposited.

2 Experimental Section
2.1 Catalyst Preparation

A Ni—Ce/Al,O; catalyst was synthetized in our lab. The met-
als were added by the incipient wetness method. First, the
Al,O5 support (Sasol, Puralox®SCCa-150/200) was sieved
to a size between 106 and 180 um, and calcined in a muffle
furnace (Nabertherm, B180) with a heating rate of 1°C/min
until 950 °C, keeping this temperature for 1 h. The support
was then impregnated with a solution of Ce(NO;);-6H,0

@ Springer

(Sigma Aldrich, 99.999 wt.%) with an appropriate con-
centration to achieve the desired metal load. The resulting
product was dried at 120 °C for 24 h and calcined at 950 °C
for 1 h. The procedure was repeated with a second solution
of nickel nitrate (Ni(NO;),-6H,0, Sigma Aldrich, 99.999
wt.%). Finally, the product was dried and calcined, applying
the same procedure as with the first precursor.

2.2 Reactor Setup

The catalytic experiments were carried out in a fixed-bed
quartz reactor (1 cm i.d.), for which a laboratory-scale plant
was assembled. Gaseous species were analyzed on-line by
gas chromatography and coke formation was determined by
carbon balance and by combustion with oxygen. Previous
studies were carried out to ensure that the reaction rate was
completely controlled by the intrinsic kinetics, thus avoiding
mass transfer effects.

2.3 Fixed Bed Reactor Tests

Several series of experiments were carried out in a fixed
bed reactor. Reactant fed was varied, using nitrogen as dilu-
ent, from a CH,:CO,:N, molar ratio 1:0.6:0.4 to 1:1.6:0.6,
temperatures between 475 °C and 550 °C and space times
(W / FCH4) between 0.5 and 2.0 g, h mol~" were employed.
Exhaust gases were analyzed every 20 min during 4 h.
Table 1 presents the employed operating conditions.

Diffusional control studies were carried out in order to
find the maximum values of particle size, as well as the
minimum flow rate, at which the reaction is controlled only
by the kinetics, i.e. the observed reaction rate is not affected
by mass transfer.

First, we performed experiments with different particle
sizes (catalyst). We found out that with particle sizes larger
than around 180 pum conversions were not reproducible. On
the other hand, with very small particles (sizes lower than
around 100 um) too high pressure gradients were generated
inside the reactor (AP >0.2 bar). Therefore, the most suit-
able catalyst size was 106—180 um. The conversion values

Table 1 Operating conditions

T (°C) CH,:CO,N, W/Fcp,o (2ey mol ™" h)
475 1:1:0.5 0.510711.011.512.0
500 1:1:0.5 0.510711.011.512.0
525 1:1:0.5 0.510711.011.512.0
1:1:0.0 0.410.610811.211.6
1:1:1.3 0.611.011.312.012.6
1:0.6:0.4 0.410.610811.211.6
1:1.6:0.6 0.611.011.312.012.6
550 1:1:0.5 0.510711.011.512.0
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and operating conditions for these experiments are given in
Supplementary information section.

Later, experiments were conducted operating with the
same spatial time (W/Fcy (=2.2 g, h mol™ ! but with dif-
ferent feed flow rates, in order to determine the minimum
flow rate to prevent the external mass transfer from acting
as the limiting step. Results are given in the Supplementary
information section.

Methane and CO, conversion and yield to gaseous prod-
uct were defined as follows.

F - —|F
Xen, = [ CH“]”‘ [ CH“]°“‘ x 100 6)

[Feu, ],

Feo,] — [F
Xco, = Feo = [Feo.luw 1 %
’ [Fcoz]in

[Feo) ou

Yoo = x 100 )

[FCH4] in - [FCOZ] in

[Fa, |
Y, = Ll o100 )
" Z[FCHJm
F
H,/CO = L x 100 (10)
[Feo) ou

After each experiment, the catalyst was regenerated
at 600 °C with a stream of diluted O, (2% in nitrogen) to
remove the formed coke. Throughout the reduction process
the carbon oxides content in the exit gas was analysed to
estimate the coke amount in the spent catalysts. Then it was
reduced for 3 h in a stream of H, at 700 °C for its activation,
before the next experiment.

Instantaneous water and coke yields were calculated
by mass balance. The total carbon balance, when the coke
measured during the catalyst regeneration was included, was
99 +0.5%. A list with the results for every operational condi-
tion is provided in the Supplementary information section.

2.4 Modelling

Several programs developed in MatLab® were used to fit the
kinetic models to the experimental data. The programs per-
form the fitting by numerically integrating the design equa-
tion of the plug flow reactor applied to each gaseous specie
and minimizing the sum of squared residuals. The routines
for resolution of ODESs and global optimization from Matlab
Toolboxes were employed.

The discrimination and selection of models were made
based on statistical criteria of model selection, such as the
Akaike Information Criterion (AIC), the Bayesian Informa-
tion Criterion (BIC) and the Fisher’s F Test. The calculation
of these criteria, and of the indicators for the goodness of fit
for each model, was included within the above programs. In
addition, we checked that the models were thermodynami-
cally consistent. More details about the model comparison
criteria are provided in the Supplementary information
section.

An extensive bibliographical review was made by com-
piling several kinetic models proposed in previous works
for the dry methane reforming, mostly on nickel catalysts.
The following models, taken from literature, were compared
(Supporting information section, Table S1): Basic model,
Eley—Rideal (ER) [16, 17], Stepwise (SW) [18] and Lang-
muir-Hinshelwood [19-23] (LH). For the dry reforming
reaction (1) a total of 13 mechanistic-type models obtained
from the literature (i.e. [24—26]) were considered. The sec-
ondary reaction (2) was studied in other works [27, 28] not
devoted to dry reforming of methane or was supposed to be
in chemical equilibrium [11, 14]. Commonly, reactions (3),
(4) and (5) were not taken into account in the kinetic models,
but some authors have added the rate equations correspond-
ing to these reactions [29-31].

As we will describe in more detail in the next section, the
kinetic modelling of the reactions was performed in several
steps:

(a) Starting kinetic model for the initial reaction rate. In
this step the experimental data were extrapolated to
zero time, where the catalyst is fully active. These ini-
tial values of molar flow for each species (i.e., [F}],,, at
t=0) were employed to obtain the equations describing
the kinetics at zero time.

(b) Kinetic modelling of deactivation. Using the kinetics
obtained from the initial reaction rate, the deactivation
equation that best fitted the change of product distribu-
tion along time-on-stream was obtained.

(c) Refinement of the values for the kinetic constants, using
all the experimental data, with the equations obtained
in the previous steps and using the previously obtained
kinetic constants as initial values.

In addition, since it will be necessary for the reactor
design, a relationship between activity and coke content
was developed, based on the mechanistic model previously
selected.

As aforementioned, to obtain the values of reaction rate
without deactivation the experimental results were extrapo-
lated to zero time. For the kinetic modelling, reactions 1
and 2 were considered as the reactions that generate and
consume part of the product respectively, while the reactions
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Table 2 Rate models expressions for methane dry reforming

No Rate Model Reference
LHI1 kiKew, Keo, Pen, Peo, PeoPi (11,12, 14,
"= A G 15,17
(1+KCH4P cn, tKco, Pcoz) CHy F'coy Begt 19,—22i
LH2 .= ki Kew, Peny A/ Keo, Peo, <1 _ PéOPf.IZ ) [19]
! (1+KCH4PCH4+\ [Kco, Pco, )2 Peyy Peo, Kegi
LH3 o= kiKco, Pco, A/ Ken, Pen, (1 _ Péopﬁz > [19]
! (1+, [Ker, Pe, )(1+kCOZ Peo, ) Pen, Peo, Keg
LH4 . ki y/Ken, Pen, Keo, Peo, <1 B PP ) [19, 24]
! (1"‘\/ Kewy Peny+4/Keoy Peo, )2 Peny Peoy Ko
Table 3 Catalyst deactivation models compared
Id. Model
LDKM T
DMRA 1 _§ =g a’ — o,
DMRA 2 —8 — al — gat
DMRA 3 _da _ 0" 1/m<a]/m al/m)h
dt s
DMRA 4 _da _ @a° — @, + @,a

Where ¢, is the deactivation function, ¢, is the regeneration function,
a is the activity, m and h are the number of active sites involved in
the rate determining step of the main reaction and of coke formation,

respectively, as is the residual activity, d = mt:_l,dm = %

3, 4 and 5 generate or gasify coke depending on the gas
phase composition. Due to the uncertainty of the number
of secondary reactions that actually occur in the process,
different simulation scenarios (SC) were proposed, consid-
ering from 2 to 5 simultaneous reactions. The scenario with
the reactions (1), (2) and (3) was the one that presented the
best results.

All the models considered in the fit of reaction rate at
zero-time, for both the main reaction and the secondary
ones, are detailed in Supplementary Information. Table 2
presents the equations for LH type models that offered the
best fit to the experimental data.

‘We have not found previous studies on the kinetic model-
ling of catalyst deactivation by coke in dry methane reform-
ing. The only one previous study on the kinetic modelling

catalyst deactivation by coke in dry methane reforming, that
kinetic model was developed for Ni-Co/Al,O5, while Ni—Ce/
Al,O; is known to be more stable. In addition, that kinetic
model does not account for the influence of the operating
conditions on the deactivation constant. We considered for
the catalyst deactivation the kinetic deactivation model of
Levenspiel (LDKM) [32] and the models of deactivation
with residual activity (DMRA) [33]. Table 3 summarizes
the equations used in the kinetic modelling of catalyst deac-
tivation. Additional deactivation models are available in the
Supplementary information section, taking into account the
number of active sites involved in the rate determining step
of the main reaction and of the coke formation.

3 Results and Discussion
3.1 Zero-Time Data Fitting

The modelling of the reaction kinetics at zero time was
carried out by comparing models proposed in different
scenarios. A first approximation (SC1) was made by con-
sidering only reactions (1) and (2). Different models from
literature were considered for reaction (1), while a basic
power-law model was adopted for reaction (2). Reaction (2)
was considered as a non-equilibrium reaction, because such
behaviour was observed in some of our experimental data.
According to this first approximation we concluded that the
type of model that best fit the experimental data were the
Langmuir—Hinshelwood one for 1 (Table 2). LH1 is the best
model according to statistical criteria (AIC, BIC, F).

The second scenario (SC2) considered all the models col-
lected from the bibliography for 1 reaction and a LH type
model for reaction (2) [27, 28]. Again, LH1 model provided
the best fit to the experimental data and, additionally, an
improvement was found in the adjustment with respect to
the first approximation (Table 4). This means that the LH
model describes the reaction 2 better than the power law
type model.

Once the models for reaction 1 and 2 were set, several other
scenarios were considered, where the participation of reactions
3, 4 and 5 was considered, either forward (forming coke) or
backward (gasifying coke). Most of these results were dis-
carded since some constants were not significantly different
from zero or because the lack of physical sense (for example,

Table 4 Zero-time kinetic

Model R? AR? SSE AIC BIC F
model (SC2)
LH1 0.67 0.66 0.040 —1219 -7.99 17,043
LH2 0.65 0.63 0.043 — 1208 -7.92 16,371
LH3 0.64 0.62 0.044 —1205 —-7.89 16,079
LH4 0.64 0.62 0.044 —1204 —7.89 15,988
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negative activation energies). However, there was a scenario
(SC3) that presented kinetic constants reliable enough: this
was the scenario that considered the reactions 1, 2 and the
reaction 3 as a coke former. The experimental results were fit
by firstly considering a power law model for reaction 3, and
then considering a LH type model obtained from the literature
[27, 29]. Table 5 presents the statistical criteria comparing
models for the three scenarios with the highest data reliability.

Therefore, the scenario that best fits the data is scenario 3
(SC3) which considers three reactions (1, 2 and 3). In addi-
tion, the models selected for these three reactions are LH-type
models, which consider the participation of two active sites
in the rate determining step. So, scenario 3 will be used from
now on. Another important aspect to take into account is the
use of the same adsorption constant (Kcy,, Ko, Ky,) for the
three reactions. Some researchers consider different adsorption
constants for each reaction, giving greater freedom to the data
fitting, but achieving kinetic equations with less mechanistic
meaning.

An example of CH, and CO, conversion and CO and H,
yield evolution with space time and different fed compositions,
is shown in Fig. 1. A good fit of the selected model to the
experimental data can be seen. The influence of temperature is
shown in Fig. 2. Again, a good fit between model and experi-
mental data is observed. As could be expected, the higher the
temperature the higher are the CH, conversion and H, yield,
which is consistent with other works [33]. The H,/CO molar
ratio is presented in Fig. 3. The obtained values are lower than
unity, which suggests the occurrence of side reactions (2) in
addition to the main reaction (1). Moreover, this ratio slightly
increases with temperature and space time up to 1 g, hmol ™.
Above this value, the behavior remains stable. Parity plot is
presented in Fig. 4. It can be seen that all results are between
the +15% lines.

3.2 Deactivation Fitting

The catalyst deactivation modeling was carried out by
integrating the differential equations presented in Table 3,
considering only the physically more probable cases, i.e.
with values of 1 or 2 for the coefficients m and & (number
of actives sites involved in the rate determining step of the
main reaction and of the coke formation, respectively). In
addition, from the zero-time kinetic modeling, according
to the reaction mechanism of the selected model (LH1) for

reaction 1, there are two active sites involved in the rate
determining step. Taking this into consideration, the coef-
ficient m should be 2. Thus, taking values of 1 and 2 for
the parameter A, the resulting different deactivation mod-
els were tested. Having fixed the values of m and h, the
kinetic parameters in functions ¢4 and ¢, should be esti-
mated from the experimental data. These functions were
deduced by the procedure described in other works [29,
33] and considering different scenarios and coke gasifica-
tion with reactions 3, 4 and 5. The scenario that presented
the best fit to the experimental data was that in which the
reactions 3 and 5 were considered as the coke-forming
reactions and the 4 reverse reaction as a reaction that gasi-
fies the coke formed or inhibits its formation. Taking into
account the above, the following model was derived for
the deactivation functions:

2 2 p2
kleCH4 + kdzPHzPCO
Py = ) (1)
(1+ kd3PCO2)
=k P>
@y r17 Co, (12)

kg4; and kg, constants result from lumping kinetic con-
stants of elemental steps and equilibrium adsorption con-
stants, while kg3 constant is an equilibrium adsorption
constant.
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This assumption agrees with the capability of coke/Xoilis

removal by CO, at high temperatures [35-37]. These
kinetic functions (¢, ¢,) include the influence of operat-
ing conditions on catalyst deactivation.

The five deactivation models proposed in Table 3 were
considered for deactivation process with m=2 and h=1
or 2. All models exhibited better results when h=2, which
is consistent with the hypothesis of other authors [29].
The goodness of fit and the statistical criteria of model
selection are presented in Table 6. The best results were
obtained when DMRA 2 equation was employed, so it was
incorporated to the total model (Table 7).

A comparison of experimental data and simulations
(using the selected total model, Table 7) for the main
compounds involved in the process is presented in Fig. 5,
for a given temperature and feed composition. A good
agreement between experimental and simulated data can
be observed.

Table 5 Comparison of Scenarios R? AR? SSE AIC BIC F Description
scenarios
sc1 0.66 0.64 0.042 ~1214 ~7.95 16,646 1412
sC2 0.67 0.66 0.040 ~1219 ~7.99 17,043 1412
SC3 0.80 0.78 0.028 —1267 ~8.30 18,572 1412413
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Fig. 1 Conversions and yields 40 45
at different feed compositions. a
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3.3 Relationship Between Catalyst Activity
and Coke Concentration

The coke content deposited on the catalyst depends on the
reaction conditions such as temperature, time on stream,
spatial time and feed composition. The presence of carbon
filaments deposited on the catalyst was verified by means of
FESEM analysis (Fig. 6).

The effect of feed composition on coke content on the
catalyst after a time-on-stream of 4 h at different spatial
times is shown in Fig. 7. The coke content was measured
during catalyst regeneration by analyzing the gases by gas
chromatography.

As can be seen in Fig. 7, the greatest coke content was
produced in the experiments with excess of CH, in the feed,
while less coke deposits were generated with excess of CO,.
There is a maximum in the coke content with space time,
which may be related to the fact that the main reaction (1)

@ Springer

20 25 00 05 10 15 20 25

o -1
FCHAO (g[:u.tmOl h)

approaches the thermodynamic equilibrium at high space
times and the coke formation reactions, i.e. (3) and (5), are
less favoured as space time increases and inverse of (4) gains
importance.

A relationship between activity and the fraction of active
sites occupied by coke was previously given in other works
[33, 38]. The value m =2 was found in the kinetic modelling
at zero time. Considering that the fraction of active sites cov-
ered by coke is proportional to the coke concentration, the
following relationship can be deduced between the activity
and the coke content:

(o)
a=|(1-
Cemax

where C,_ is coke concentration and C
coke concentration.

13)

1S maximum

cmax
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Fig.2 Conversions and yields 40 50
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The final activity of the catalyst was calculated (t=4 h)
with the activity model DMRAZ2 previously obtained, and
it was related with the coke content experimentally meas-
ured for each one of the experiments with different feed
compositions. As can be seen in Fig. 7, the effect of spa-
tial time on the coke content is quite complex. Probably
there are axial variations of coke content but only the
mean value at the end of each experiment was measured.
As a simplified approach, an average value of coke con-
centration was taken for each feed composition and then
these values were fitted to the activity model described
by Eq. 8.

Figure 8 shows the relationship between calculated
activity at the reactor output and coke content in the

catalytic bed for experiments carried out with different
feeding conditions. The fitting was made by linearizing
Eq. 8. The best fit, with R%=0.93, was obtained for a
value of C., = 277.2 (m@q/Seqralys)- Both activity-
coke content and C_ . value were incorporated to the
total model (Table 7).

3.4 Global Fitting

The procedure that has been explained up to now pro-
vides a good approach for the equations but it does not
take full use of all the experimental data. Therefore, with
all the equations obtained, a new fitting was carried out
including all experimental data and using the values of
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Fig. 4 Parity plot (+15% deviation) for zero-time kinetic modelling.

F= FCHA’ Fcozv Feo. FHZ

Table 7 Selected models for dry reforming of methane with catalyst
deactivation and activity-coke concentration relationship

Id Model
1 2 2
Zero time .= ki Ken, Keo, Per, Peo, | PéoPr,
1= 2 -
(1+KCH . Peny +Keo, Peo, ) Peny Peo, Kegt
o= kKo, Ku, Peo, Pu, 1— PcoPuyo
2T (14K Peo. 4K Py ) Peo, Py, Kepp
+Kco, Pco, +Ku, Py, 27
= k3Ken, Pon, 1 P%{Z
3 PLZ ? P CH4Keq3
1+KCH4PCH4+@
Deactivation da 3 /n 1 /2
—% =Paa’2—q@a
_ kdIPéH4+deP§2PgO )
Pa = 7 P =Ky
co,
(1"'1‘(131’ co, )

Activity—coke con-
centration

2
a= (1= =) Cumay = 2772 22 )
C.max Seatalyst

kinetic constants obtained up to now as initial values. The
obtained parity plot is shown in Fig. 9. A good concord-
ance between experimental and simulated data can be
observed.

Parameter values with 95% confidence are presented in
Table 8. Activation energy for the main reaction (Eal) is
similar to other studies [39].

4 Conclusions

A kinetic study, based on a wide experimental program,
has been developed for the dry reforming of methane on
a Ni—Ce/Al,O; catalyst. Several scenarios were considered
with different sets of reaction in each scenario. The kinetic
model that provided the best fit includes the initial reac-
tion rate for the dry reforming, methane decomposition and
Boudouard reactions. Langmuir—Hinshelwood type models
were employed to fit the experimental data. The equations
that provided the best fit correspond to a rate determining
step with two active sites involved.

In addition, a kinetic model was developed for the cata-
lyst deactivation. Among the models considered, the best fit

Table 6 Deactivation model

Model m h R? AR? SSE AIC BIC F
results

LDKM 2 2 0.82 0.82 0.54 -15972 —-8.18 609,642

DMRA 1 2 2 0.83 0.83 0.49 —16,161 —8.28 491,973

DMRA 2 2 2 0.85 0.85 0.44 —-16,360 —8.40 527,904

DMRA 3 2 2 0.84 0.84 0.48 —16,207 —8.30 499,628

DMRA 4 2 2 0.82 0.82 0.54 —15,973 —-8.18 457,707
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Fig.9 Parity plot (+ 15% deviation) for total kinetic modelling (zero-
time modelling and catalyst deactivation modelling). F; = Fey, Feo,,

Feo, FH2
was obtained when a residual activity was included in the

model, as a result of the competition between coke forma-
tion and coke removal, with two active sites involved in the

@ Springer

Table 8 Kinetic parameters fitted by selected model

Parameters Value +95% of confidence Units
ko 10.08 +0.21 mol g, ' h™!
ky, 171.34 +£60.8 mol g, ' h™!
ks, 0.53 +£3.15E-04 mol g, ' h~!
Ken,o 3.02 +£3.83E-02 bar™!
Kco,o 0.44 +1.21E-03 bar™!
Kuo 16.89 +6.00 bar™!

a0 5.55B-03 +3.39E—04 bar?
Koo 2.27E-01 + 1.07E-02 -
Koo 2.63E-02 +4.32E-03 bar
Ea, 120.88 +0.05 kJ mol™!
Ea, 104.38 +1.18 kJ mol™!
Ea, 7.37 £0.16 kJ mol~!
AHcy, 187.35 +£2.37 kJ mol~!
AHco, 21.56 +0.07 kJ mol~!
AHy, 51.75 +0.72 kJ mol~!
AH,, 265.61 +21.2 kJ mol™"
AH,, 38.06 £13.3 kJ mol™"
AH,, 144.42 £36.2 kJ mol ™"
kd,, 5.23E-02 +9.39E—04 min~! bar—2
kd,, 141.49 £3.29 min~! bar™*
kds, 9.07E-03 + 1.64E—04 bar™!
kry, 3.24E-02 +2.40E-04 min~! bar™?
AH,, 191.64 £2.70 kJ mol~!
AH,, -398.86 +11.45 kJ mol~!
AHy, 792.99 +12.97 kJ mol~!
Ea, 265.89 +1.54 kJ mol ™!

rate determining step of coke formation. Finally, an equation
providing the relationship between activity and coke content
is proposed.
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