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Microkinetic analysis of the oxidative conversion 
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Elementary reaction steps of the oxidative conversion of methane to COx and ethane were 
derived from kinetic data for various (CaO)x (CeO2)l_x catalysts. The rate constants depend on 
electron and 02- conductivity as well as on the reducibility of the oxides. It is shown hereby 
that reactions resulting in increased or in decreased ethane selectivity are interrelated via the 
same catalyst properties. 
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1. Introduction 

In the catalytic oxidative conversion of methane primary reactions lead to total 
oxidation, e.g. COx, and to ethane as a coupling product  from methyl radicals. The 
formation of COx and C2H6 is strongly affected by the catalyst properties, which 
is reflected by various kinetic models of the primary reaction steps for different cat- 
alysts [1-3]. 

The aim of  the present work was to derive a mechanism and the respective rate 
constants of  the various reaction steps for the oxidative conversion of methane 
using differently composed CaO-CeOE catalysts. These catalysts reveal a shift of  
the product  distribution for mainly COx production to higher ethane yields with 
increasing CaO content. Thus, an attempt is made to establish the requirement for 
either total oxidation or selective coupling by analyzing correlations between the 
estimated rate constants and solid-state properties of  these catalysts. 

The suggested mechanistic models included reaction steps on the catalytic sur- 
face and in the gas phase. Estimates of the rate constants were obtained by fitting 
experimental kinetic data of  the measurable gas-phase compounds.  To observe 
mainly the effect of the catalyst on the rate of the primary heterogeneous reactions 
and to confine the complexity of the kinetic model with respect to consecutive 
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Fig. 1. Oxygen anion conductivity ( ( 0 ) T =  1023 K), electron conductivity n-type ( ( A ) p o  2 
= 3 • 10 -2 Pa, T = 1023 K) and p-type ((I?) Po2 = 35 kPa, T = 1023 K) as a function of the CaO 

content in the solid solution CaO-CeO2. 

gas-phase reactions experiments were carried out at short contact time 
(0.012 g s/ml) and low temperatures (<  1000 K). 

The rate constants of the best model obtained by discrimination were related to 
the electron and oxygen-anion conductivity of the (CaO)x(CeO2)a_ x model cata- 
lysts forming solid solutions within the range 0 ~< x ~< 0.23 [4]. The incorporation of 
CaO into the CeO2 lattice leads to an increase of the oxygen-anion conductivity 
up to a maximum at about 10-15 mol% CaO [5]. Simultaneously the proportion of 
n-type conductivity decreases with increasing CaO content while above 15 mol% 
CaO the catalysts reveal p-type conductivity at high oxygen partial pressure [6] (see 
fig. 1). 

2. Experimental 

2.1. P R E P A R A T I O N  AND PROPERTIES OF THE CATALYSTS 

The Ce-Ca-O catalysts were prepared by thermal decomposition of the metal 
oxalates which were obtained by coprecipitation from nitrate solutions at pH = 8; 
(Ca(NO3)2-4H20: Riedel de Haen, >99.9%; Ce(NO3).6H20: Fluka, >99.9%). 
The oxalates were thermally treated at 1173 K for 8 h. 

The crystalline phases have been analyzed by a counter tube diffractometer 
(Freiberger Pr/izisionsmechanik) using Cu Ka radiation. Neither broadening of 
peaks nor additional phase formation (CaO) besides pure CeO2 was observed 
within the range of composition investigated. 

The surface concentration of Ce and Ca was measured by a Leybold Heraeus 
LHS 10 spectrometer (A1 K~ X-ray source). No significant difference exists 
between surface and bulk composition: 



D. Wolf/Microkineticanalysisofoxidative conversion of methane 209 

Ca/(Ce+Ca)(bulk): 0 0.05 0.10 0.20 

Ca/(Ce+Ca)(surface): 0.0 0.07 0.12 0.23. 

The surface areas were obtained by the BET- 1-point method: 

Ca/(Ca+Ce): 0 0.05 0.1 0.2; 

surface area (m2/g) : 2.0 2.3 1.9 2.0. 

Taking into account the reducibility of this method (ca. 10%) no significant change 
in the surface area occurs by increasing the CaO content. 

2.2. KINETIC MEASUREMENTS 

The reaction was carried out in a micro catalytic fixed bed reactor of 8 mm inner 
diameter with a fixed bed of 0.05 g catalyst (particle diameter 0.1-0.2 ram) diluted 
by 1.0 g of quartz. Kinetic measurements covered the following range of condi- 
tions: 5 kPa~<pc~<50 kPa, 0.3 kPa~<po2~<15 kPa, 933 K~<T~<993 K, Ptotal 
= 0.1 MPa (balance N2); the contact time of the gas was kept constant at 
mcat/F(sTv) = 0.012 g s/ml. The blank conversion of methane amounted to 0.03% 
and of oxygen to 0.3% at 1013 K applying partial pressure of methane and oxygen 
of 50 and 5 kPa, respectively. The gas-phase composition was analyzed by on-line 
gaschromatography. H2, 02, N2, CO, CH4 and CO2 were separated by a carbosieve 
and detected by TCD; hydrocarbons were separated by Porapak Q and detected 
by FID. Twenty data sets of different inlet oxygen and methane partial pressures 
were used for each temperature (933,963, and 993 K) [7]. 

3. Evaluation of kinetic data 

3.1. KINETIC MODELS 

The final reaction scheme and the respective kinetic model were selected among 
ten others (see table 1) by discrimination based on the quality of fit between experi- 
mental kinetic data and simulated ones. Different reaction pathways of methane 
activation, surface reoxidation, consecutive oxidation of methyl radicals and 
ethane as well of COE adsorption were considered (see reactionsj = 1-14 in table 
1). To confine the complexity of the numerical parameter estimation various sim- 
plifications were introduced. Ethane and ethylene were lumped to C2 because of the 
generally low amount of the secondary product C2H4 (CaH4/e2H6(max) = 0.07) 
due to the short contact time. Also CO and CO2 are lumped to COx (CO/ 
CO2 (max) = 0.11) although the author is conscious of the fact that both CO and 
CO2 may be primary products. The reason for postulating the steps of consecutive 
oxidation of methyl radicals and ethane (j = 8-11) was to explain the maximum 
in the C2H6 partial pressure at reactor outlet depending on the inlet partial pressure 
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Table 1 
Reaction models and their fitness 

j Reaction steps Reaction model No. 

1 2 3 4 5 6 7 8 

Ref. 

9 10 

methane activation 
1 CH4 + [O] ~ CH3 -F [OH] 
2 CH4 + [02] "-+ CH30 + [OH] 

surface oxidation 
3 02 +2[]  ~ 2[O] 
4 02+[ ]~ [02 ]  
5 [02] + [1--+2[0] 

dehydration 
6 2[OH]-+H20 + [] + [O] 

ethane formation 
7 2CH3 ~ C2H6 

consecutive reactions 
8 CH3 + [O]-+CH30 + [ ] 
9 CH3 + [O2]-*'CH302 + [] 

10 CH3 + O 2 " + C H 3 0 2  

11 C2H6 + [O2]-+2CH30 + [] 

C02 adsorption 
12 CO2 + [O] ~ [O]-CO2 
13 CO2 + 2[0] ~ [O]2=CO2 
14 CO2 + [1 + [O1 ~ [O2]=CO 

average relative error between 
0 experimental and predicted data (~) 

�9 �9 �9 �9 �9 �9 �9 �9 �9 �9 [ 8 - 1 0 ]  

�9 �9 �9 �9 �9 �9 �9 �9 - [ 1 5 ]  

�9 �9 - �9 �9 �9 �9 �9 �9 [ 1 5 ]  

�9 �9 �9 �9 �9 �9 �9 �9 �9 �9 [ 1 2 ]  

�9 �9 �9 �9 �9 �9 �9 �9 �9 �9 [ 8 , 9 , 1 3 ]  

�9 �9 �9 �9 �9 �9 �9 �9 �9 [11,12] 
�9 �9 

�9 [ 1 4 ]  

�9 �9 �9 �9 [ 1 6 ]  

14 30 28 12 8 8 8 8 50 50 

of oxygen experimentally observed for catalysts containing C a � 9  (see fig. 2). It 
should be noted that react ionj  -- 11 has not to be a single elementary step. How- 
ever, its further subdivision is irrelevant for the fitting procedure. 

3.2. PARAMETER ESTIMATION 

In the present work rate equations were based on the assumption of steady state 
of the surface intermediates Oi (units of rate constants see list of symbols and 
fig. 4): 

14 dO[o] dO[o21 dO[OH] dO[] dO[cox] -1 
dt - dt - dt - dt - dt --  PtotalPbed ~ mijrj = O~ (1) 

j=l 
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Fig. 2. C2 outlet partial pressure as a function of the 02 inlet partial pressure. (--) Fits of different 
models (10 mol% CaO/CeO2; T = 933 K). 

1 = 69[01 + 69[02] + 69[oH] + 6)[] + mj69[cox ] 

(mj = 1 i f j  --- 12;mj = 2 i f j  = 13; 14). (2) 

A pseudo-steady state has been assumed for the gas-phase intermediates CH3, 
C H 3 0 ,  CH302 :  

0 -- dpCH3Ox 14 
dt  - Pbed Z mijrj. (3) 

j=l 

The steady state concentrations of the intermediates calculated from the set of alge- 
braic equations (1)-(3) were implemented into the differential equations of the C2 
and COx formation rates assuming an isothermally operated plug-flow reactor: 

dpc2 
d(mcat /F)  - kv(PCH3)2 -- A, (4) 

List of symbols 

4 
F 

kg 

meat 
Pi 
Ptotal 

external specific of the 
catalyst particle (6 dp 1 p~-l) 

particle diameter (cm) 
flow rate (ml s -1) 

b rate constant (ml/(gsPa))  
mass transfer coefficient (cm s -1) 

(correlation see Hougen et al. 
AIChE J., 8,5 (1962)) 

weight of catalyst (g) 
partial pressure (Pa) 
total pressure (Pa) 

rj rate of a reaction step (Pa ml g-1 s-l) 
T temperature (K) 
tmod modified contact time = mcat/F 
mij stoichiometric coefficient 
~9i degree of surface coverage 
Pbca density of catalyst bed (g ml-1) 

indices 
s surface 
g gas-phase 
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dpcox - B + C 
d(meat/r)  (5) 

A = 0  

= rll = kll (~[o2]PC2H6 

B = r8 = k8PCH30[O] 

C = 0  

= r9 = k9OozPCH3 

= rl0 = kl0PO2PCH3 

= r2 = k20[02]PcH 4 

= rll = 2k110[021Pc=I-I6 

(models 1-4, 9, 10), 

(models 5 -8 ) ,  

(models 1-9) ,  

(model 1), 

(model 2), 

(model 3), 

(models 4, 10), 

(models 5 -8 ) .  

The kinetic data have been evaluated taking account for interparticle mass transfer 
limitations of oxygen, methyl radicals and ethane (see stationary balances in eqs. 
(6)-(8)): 

02: kga(po2,g -po2,s) = - r j , ,  

CH3: 

(j  = 3; 4 (see reaction models table 1)) ; 

kga(PCH3,g -- PCH3,s) = ~ rj,s -- ~ 

(6) 

(js = 1; 8; 9;j = 7, 10 (see reaction models table 1) 

with PCH3 = (PCH3,s +PCH3,g)/2 and PCH3,g <<PCH3,s) ; (7) 

C2H6: kga(pc2H6,g --PC2H6,s) = Z rj,s + k7(p--~3) 2 

(js = 11 (see reaction models table 1)). (8) 

Only the gas-phase concentrations of the reactants CH4, 02 and the products C2, 
COx were known. The surface and gas-phase intermediate concentrations Oi, 
Pcn30x resulted from the feed concentration, the rate constants kj were estimated by 
an optimization procedure summarized below. 

The optimization criterion was the minimum of the sum of the relative devia- 
tions between measured and calculated data at constant temperature: 

4 rtt~ Pcalc,/,n - -  Pexp,i,n 
Q(k) = E E x 100O7o (9) 

i=1 n=l Pexp,i,n 

(i denotes the reactants CH4, O2, CO x, C2; n is the total number of data points). 
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Parameters were estimated by a stochastic search algorithm ("genetic algo- 
rithm") [17,18] by which the global minimum ofeq. (9) was found with high prob- 
ability. This was of special interest since no a priori estimates of the parameters 
were available. Therefore a search within a parameter space covering initially a 
range of magnitude from 10 -15 to 1030 was required. Solutions without physico- 
chemical meaning, i.e. negative concentrations and surface coverages as well as 
Oi > 1, were rejected. In one optimization 800 parameter vectors were generated on 
which 8000 further iterations were based. The quality of the parameters obtained 
was judged by repeating the procedure up to five times. A confidence measure of 
the estimated parameters was derived from their standard deviations based on the 
five optimization runs (cf. model 5 and table 2). 

4. Results  and discussion 

4.1. MODEL DISCRIMINATION 

The most significant criterion for the model discrimination was the capability 
of the different models to fit the reactor outlet partial pressure of ethane. The effect 
of the inlet oxygen partial pressure was of particular interest since the ethane par- 
tial pressure passed through a maximum as a function of P~ for all catalysts con- 
taining CaO. The fit of the different models is illustrated for one catalyst (10 mol% 
CaO, T = 933 K) in fig. 2. The pattern of the experimental data was matched by 
model 5; this was valid for the total range of temperatures, partial pressures and 
catalyst compositions applied (cf. figs. 3a-3h). The consideration of CO2 adsorp- 
tion (models 6-8) did not improve the fit of experimental data. The quality of the 
various models is depicted in table 1 by the average relative error of all predicted 
data (Q(k)/ntotal) as a function of the inlet partial pressure of CH4 and 02, tempera- 
ture and catalyst composition. 

Table 2 
Standard deviations of the final parameter estimates (reaction model 5) 

Rate constant kj Range of standard deviation for catalysts and temperatures applied (%) 

kl 25-32 
k-1 48-71 
k4 12-15 
k-4 30-36 
ks 35-44 
k6 26-33 
k7 8-11 
ks 8-13 
kll 12-16 
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Fig. 3. C2 and COx outlet partial pressure as the function of the oxygen and methane inlet partialpres- 
sure; (experimental data (points) and simulations of model 5 (lines)) catalysts: (a-d) 10 mol% CaO/ 

CeO2; (e-h) pure CeO2. 

4.2. KINETIC MODEL 5 

According to model  5 (see table 1) methane is reversibly activated by monoa-  
tomic surface oxygen sites resulting in methyl radicals and surface OH-groups 
( j  = 1). Gas-phase oxygen is incorporated into the surface via its molecular adsorp- 
tion and consecutive dissociation. CH3 species either react with monoatomic  oxy- 
gen sites on the surface ( j  -- 8) resulting in total oxidation or recombine in the gas- 
phase ( j  = 7). A second source of  COx formation besides reac t ionj  = 8 is the oxi- 
dation of  ethane by molecular oxygen species on the surface ( j  = 11). This reaction 
leads to an accelerated consumption of ethane and a lowering of  C2 selectivity 
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Fig. 3. (Continued). 

with increasing oxygen partial pressure. Therefore the product distribution is 
likely controlled by the capability of catalysts to dissociate gas-phase oxygen and 
by the activity of the dissociated oxygen to oxidize CH3. 

4.3. RATE CONSTANTS AS FUNCTION OF CATALYST COMPOSITION 

Constants obtained for the elementary steps of model 5 are compared with 
respect to catalyst composition in fig. 4. 

Any interpretation of the temperature dependence of these rate constants is elu- 
sive resulting from the statistical uncertainties of the parameters (table 2), the nar- 
row temperature range (60 K) chosen and the small number (3!) of different 
temperature levels. For these reasons no activation energies were determined. 
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Fig. 4. Values of estimated parameters k/(model 5) as the function of the catalyst composition, k/in 
(ml/(g s Pa b)): b = - 1 i f j  = - 4 ,  5, 6; b = 0 i f j  = 1, - 1, 4,  8, 11; b = 1 i f j  = 7. 

Nevertheless, the similar dependence of all rate constants for each temperature 
level on the catalyst composition supports the applicability of  model 5. 

4.3.1. Gas-phase reaction 
The validity of  the method of parameter estimation and partly also of  model 5 

itself is confirmed by the fact that the estimated rate constant kll  of  the non-cataly- 
tic gas-phase reaction is independent both of catalyst composition and tempera- 
ture within the range investigated [13]; its value when related to the gas phase 
volume (ca. 2.6 x 1013 cm 3 mo1-1 s -1) is in the same order of  magnitude as known 
from literature sources (1.16 x 1013 cm 3 mo1-1 s -1) [13]. 

4.3.2. Catalytic reactions 
Considering the dependencies of  the rate constants on catalyst composition 

(fig. 4) relations between the electrical properties and the particular rate constants 
are evident (cf. fig. 1). 
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At this point it should be emphasized that a distinction between electronic states 
of the active surface sites, i.e. surface defects (Vo.., Vo-, Vo) and surface oxygen spe- 
cies (O- 0 2- and 02, 02,  2- , 02 ) is not possible by the modelling procedure based 
on gas-phase kinetic data. Therefore, the rate constants of the catalytic reactions 
reflect a distribution of various electronic states and various reactivity of surface 
sites. For instance, n- and p-type conductors affect this distribution by providing 
electron donors or acceptors for the surface species. Furthermore, the oxygen 
anion conductivity is related to the number of surface oxygen defects [19,20]. In the 
following paragraphs the correlations between rate constants and electrical proper- 
ties are discussed with due consideration of these aspects. 

The dependence of the rate constant of the CH3 formation (j  = 1) and of its 
reverse reaction ( j  = - 1 )  on catalyst composition (fig. 4) shows a minimum 
between a CaO content of 5 and 10 mol% in the catalyst. High absolute electron 
conductivity seems to promote the methane activation as is illustrated by the corre- 
lation between the rate constant kl and the overall electron conductivity of the cata- 
lysts (cf. fig. 1 and fig. 4). If both, n-type and p-type conductors promote methyl 
radical formation, the only requirement to the catalyst should be the availability of 
electron acceptors. Methane activation on n-type conductors (CeO/) may be 
related to the reaction of lattice oxygen and the reduction of the reducible cation 
(Ce 4+ + e-  ---* Ce 3+) whereas in the case of p-type conductors the electron acceptors 
might be provided by positive holes (h++  e - ~ 0 )  [19,20]. However, electron 
donors required for the reverse reaction ( j  --- - 1) are supplied in the same manner. 

The rate of oxygen adsorption (j  = 4) is expected to depend on both, the type 
of electron conductivity and the oxygen-anion conductivity, the latter being related 
to the concentration of oxygen defect sites. However, the dependence obtained 
(fig. 4) points to a dominant influence of the p-type conductivity, providing a high 
concentration of electrons and a fast electron transfer to gas-phase oxygen (cf. fig. 
1). The rate constant of oxygen desorption ( j  = -4 )  has a minimum at a catalyst 
composition of 10 mol% (fig. 4) that corresponds to the maximum of oxygen-ion 
conductivity at a CaO content of 10-15 mol% and is in the range of low electron 
conductivity (fig. 1). Thus, this reaction is promoted by a high electron mobility of 
the catalyst as well. The increase in the rate constant of oxygen dissociation 
( j  = 5) with increasing n-type conductivity possibly results from a partial reduc- 
tion of Ce in the steady state of the catalysts with Ce content and thus, from the 
high oxygen affinity of vacant sites. 

Only sparse knowledge is available from literature about the reactivity of sur- 
face OH-groups. Therefore, the surface dehydration ( j  = 6) as a function of cata- 
lyst composition cannot be easily interpreted. This reaction includes splitting of 
different bonds: [OH] --~ [O] + H#; [OH] ~ [] + OH#; H # + OH # ---~ H20 (with # 
indicating some kind of an intermediate form). Hence, the reaction requires differ- 
ent properties of active sites which might be provided by doping CeO2 with CaO. 

The activity of monoatomic surface oxygen for the oxidation of CH3 radicals 
( j  = 8) decreases monotonously with increasing CaO content as well as with 
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decreasing n-type and or increasing p-type conductivity (fig. 1). The observed cor- 
relation between electron conductivity and reducibility of cations with the solids 
on the one hand and catalytic performance on the other hand agrees with results of 
Lunsford et al. [11], who found a dependence between the activity of lattice oxygen 
for the oxidation of CH3 radicals and the reducibility of different oxide catalysts. 
Since in react ionj  = 11, i.e. the consecutive oxidation of ethane by molecular sur- 
face oxygen sites, several reaction steps are lumped, no dependence of the global 
reaction rate constant kll on particular catalyst properties can be derived. Never- 
theless, there appears to be an influence of the electron conductivity. 

4.4. S I M U L A T I O N  

As a sensitivity characteristic of the overall reaction rate to the rate of individual 
steps the integral selectivity to ethane at complete oxygen conversion was chosen. 
The estimated rate constants of the most selective catalyst containing 20 mol% 
CaO in the solid solution was decreased or increased by one order of magnitude 
(see table 3). Hereby it should become evident which rates affect mainly total com- 

Table 3 
Change of  C2-selectivity by decreasing ( - )  and increasing (+)  
CaO/CeO2  catalyst by one order of  magni tude (p~ = 90 k P a , p ~  2 

rate constants for the 20 tool% 
= 10 kPa, T = 993 K) 

Ra te  Akj tmod S~ 
constant  (g s m l -  1) (%) 

kj ~ (xo2 > 99.9%) 

S~ - S~ b 

log(k +) - log(k- )  

as est imated a 0.32 14.4 
- 0.125 5.1 

kl + 0.031 45.3 

- 0.031 45.3 
k-1 + 0.125 5.1 

- 0.305 30.4 
k4 + 0.018 9.3 

- 0.018 9.3 
k-4 + 0.305 30.4 

- 0.230 7.5 
ks + 0.025 26.5 

- 0.087 10.0 
k6 -k 0.046 31.0 

- 0.086 2.5 
k7 e + 0.023 58.5 

- 0.073 43.2 
ks + 0.061 5.2 

- 0.076 36.5 
kll  + 0.055 4.1 

m 

20.1 

- 2 0 . 1  

-10 .5  

10.5 

9.5 

10.5 

25.9 

-19 .0  

-16 .2  

a As estimated, see fig. 4. 
b Sensitivity measure of  the selectivity influenced by the particular rate constants. 
c Fict i t ious s imulat ion since ks is no surface rate constant. 
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bustion and ethane formation. Simulations based on model 5 were carried out for 
p c r u =  90 kPa, po2 = 10 kPa and T = 993 K; the contact time was chosen in such 
a way that 02 was completely converted. From table 3 it can be derived that every 
rate constant of the proposed reactions influences the selectivity. 

Increasing the rate of methyl radical formation (reaction j = 1) increases Ca 
selectivity strongly; as shown above it can be affected by high electron conductivity 
(n-type as well as p-type). An increase in the reverse reaction rate (j  = -1 )  leads 
to an opposite change in selectivity. The methyl radical oxidation ( j  = 8) by which 
the Ca selectivity is diminished can be suppressed by avoiding n-type conductiv- 
ity. The acceleration of the surface dehydration ( j  = 6) leads to increase in ethane 
selectivity because new oxygen defects are created. Consequently, dissociation of 
diatomic oxygen is promoted and total combustion of ethane by diatomic oxygen is 
suppressed. The rate constants of reactionsj -- 4, -4 ,  5 and 11 should be discussed 
in the same context. If total oxidation is to be avoided, the adsorption of diatomic 
surface oxygen ( j  --- 4) should be slow and reactions of diatomic oxygen ( j  = -4 ,  5) 
should be fast to suppress any diatomic oxygen on the surface. There are two possi- 
bilities to realize these requirements. First, a catalyst is to be provided with n-type 
conductivity. Secondly and more reasonably, a p-type conductor should be used 
because the oxidation of methyl radicals is avoided simultaneously. It should be 
noted that these are fictitious considerations since most of rate constants, such as 
kl and k- l ,  k4, k-4 and ks, are interrelated via solid properties and cannot be con- 
trolled independently. 

5. Conclus ion  

The derivation of rate constants estimated for schemes of elementary reactions 
by a stochastic search algorithm on the one hand and of relationships between solid 
state properties, reaction conditions and the selectivity of various catalysts on the 
other hand has been proven to be useful. From the correlations between surface 
rate constants and the electrical properties of the CaO-CeO2 catalysts the conclu- 
sion is drawn that electron acceptors and donors play a major role in the reactions. 
Reactions leading to methyl radicals and subsequently to ethane as well as to their 
total combustion are obviously coupled via solid-state properties. These findings 
would explain the limits of the ethane and/or  ethylene yield as discussed for the oxi- 
dative coupling of methane [16]. 

Based on the results described above non-steady state operation of a catalytic 
reactor looks beneficial for improving C2 hydrocarbon yield by suppressing high 
diatomic oxygen concentration on the surface. Furthermore, rate constants for the 
elementary surface reactions would support the optimization of reactor design as 
was recently suggested by Iglesia et al. [21]. 
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