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The number of active sites on the surface of carbon catalysts is an important factor in determining their activity in the
decomposition of methane. Although several studies have been performed to identify the nature of these sites, no method
has been established to estimate their number. A method is presented to estimate this value, and its effect on hydrogen
production is evaluated, along with that of temperature and residence time. For this purpose, the thermocatalytic
decomposition of methane is modeled with the inclusion of the number of active sites of the catalyst in the kinetics. The
results of the model indicate the high influence of variations of small residence times in this process, and the reduction
of this effect at high temperatures. Also, the effect of the number of surface sites is shown to be more prominent at low

residence times and temperatures. © 2014 American Institute of Chemical Engineers AIChE J, 60: 2228-2234, 2014
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Introduction

Hydrogen is an attractive fuel for the future. The applica-
tion of this fuel considerably reduces greenhouse gas emis-
sions compared to current methods of producing energy.' At
present, the reforming of methane is the main method of
hydrogen production.” The efficiency of this method is rather
high,3 but it has the disadvantage of producing a significant
amount of CO, gas as a by-product.4 The alternative method
of decomposition of methane has been proposed for hydro-
gen production, with the benefit of considerably reducing the
CO, produced.” Another advantage of the decomposition
method is the production of carbon, which holds 42% of the
energy of the input gasﬁ’7 and can be used in future technol-
ogies such as carbon direct fuel cells.® An overall compari-
son shows that the decomposition method is a valuable field
of research as a technology for hydrogen production in the
future,” and it has, therefore, been the subject of many inves-
tigations in recent years.

To produce a substantial amount of hydrogen, the decom-
position of methane is either performed with a catalyst,g_11
or at high temperatures commonly obtained from solar
energy conversion.””'? The catalysts used in this process are
classified into two main groups of metals and carbons. The
application of transition metal catalysts, such as Ni or Co, in
the decomposition of methane for the production of carbon
dates back to several decades ago.13 These catalysts have a
high initial activity and considerably decrease the operating
temperature. However, they are rapidly deactivated due to
the deposition of carbon, which removal results in the pro-
duction of large amounts of CO,. Conversely, carbon cata-
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lysts, which were originally proposed by Muradov,'* remain
active for longer periods, and also enable the use of the
deposited carbon as a marketable by-product instead of its
removal from the deactivated catalyst. The use of carbona-
ceous catalysts also offers other advantages such as durabil-
ity, availability, and low cost.

Multiple experimental studies have been performed on
the decomposition of methane with carbon as the cata-
lyst.6’10’15_32 In these experiments, the activity and deactiva-
tion of several types of carbons and their variations with
operating conditions such as temperature and gas velocity
have been investigated. To explain the discrepancies
observed in the behavior of different types of carbon cata-
lysts their characteristics, that is, textural properties, surface
chemistry, and surface morphology, were compared with
their activities. The results of these studies suggest that a
portion of the sites available on the surface of the catalyst,
called the active sites, are more prompt to react with the sur-
rounding gas, and the number of these sites is different in
various types of catalysts. It is generally accepted that
defects and irregularities on the surface of the catalyst form
active sites. Therefore, the number of active sites is a func-
tion of the characteristics of the surface of the catalyst.
Although methods have been suggested for obtaining a com-
parative amount of the number of active sites on different
type of carbon catalysts,”™** a general method has not yet
been established to find this value.

While the thermocatalytic decomposition of methane with
carbon catalyst has been widely investigated in experimental
studies, modeling of this process is very limited. A number
of models have been developed for solar reactors with a
flow of methane laden with carbon particles.’**>” The reac-
tion rate in all of these models has been obtained with a sim-
plified rate law, without including the effect of variations in
surface sites. A model has also been proposed for fluidized-
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bed reactors by Dunker et al.,>® where the kinetics is repre-
sented by elementary reactions. In this model, the number of
surface sites is assumed constant and equal to the surface
sites of soot particles for all different types of carbon cata-
lysts, and during the whole experiments.

It can be concluded that two shortcomings are observed in
the investigation of the activity of carbon catalysts: the num-
ber of surface sites of carbon catalysts has not been quanti-
fied yet, and its effect has not been considered in any of the
existing models. The aim of this article is to address these
two issues by developing a model to estimate the number of
surface sites of different types of catalysts, and use it to
investigate the effect of this value on the activity of the car-
bon catalysts in different conditions. Consequently, a station-
ary fluidized-bed reactor of carbon particles with an input of
methane is modeled to calculate the amount of outlet hydro-
gen, whereas considering the effect of surface sites in the
kinetic part of the model. The fluidized bed was chosen as
the reactor in this study as it has a high-mass and -heat
transfer, and also provides the possibility of a continuous
operation for the process by removing the produced carbon.
In the first section of this article, the model of the reactor is
presented, and the inclusion of the surface sites is explained.
In the next section, experimental values available from liter-
ature are used to calculate the required constants and to
complete the model. The value of the number of active sur-
face sites of different carbon catalysts used in the experi-
ments are then estimated using the model. Finally, the
effects of temperature, residence time, and number density
of surface sites are investigated on the amount of hydrogen
produced in the process.

Model Description

The overall purpose of modeling the reactor for the
decomposition of methane in this study is to find the amount
of hydrogen in the exhaust stream. The composition of the
exhaust mixture from the reactor is determined using the
time-dependent continuity equation for each gas species in
an isothermal well-stirred reactor as follows”*":

k=1,...,N (1)

In this equation, Y; and Y} ;, are the mass fractions of the
kth species at the exit and inlet of the reactor, respectively,
7 is the residence time of the gas in the reactor, p is the den-
sity, and MW, the molecular weight of the kth species. The
variable w;in Eq. 1 represents the molar production rate of
the kth species. This value involves the production rates
from the interaction of gas-phase species with each other,
and the additional production rate due to the presence of the
catalyst particles.

The production rate from the interaction of gas-phase spe-
cies is calculated with a mechanism of 242 elementary reac-
tions and 75 species previously developed by the authors for
the production of hydrogen from thermal decomposition of
methane.®* This mechanism was obtained using several
major mechanisms of combustion of light hydrocarbons.

The production rate of gaseous species from the surface of
particles is obtained using a mechanism of surface reactions
proposed by Dunker et al.,*® which is presented bellow.

Ci—H+H=C,++H, (R1)
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Cye +H — C,—H (R2)

Cye +CoH, — C,—H+H (R3)

Cy+ +CyHg = C—H+C,Hs (R4)

CH 4(+C,—H) = CH 3 +H(+C,—H) (R5)
CoHy(+Cy—H) = CoH, +Hy (+C—H) (R6)
C,He(+Cy—H) = CH 3+CH 3(+C,—H) (R7)
C,Hs(+C—H) = C,H, +H(+C,—H) (R8)

In this mechanism, the surface sites on the carbon catalyst
are considered to be in the form of carbon radical,Cge, and
carbon atoms saturated with hydrogen, C;—H. The first three
reactions and their rate coefficients were directly taken from
the surface growth mechanism in the soot formation model
of Appel et al.*' The remaining reactions were added by
Dunker et al. to model the decomposition of methane. The
rate of reactions R1-R4 is calculated with the following
equation®?:

firshs .y

r,-=k,-Cl» NA yoeoy

4 ()
where k;is the per-site rate coefficient obtained by analogy
with gas-phase reactions, A is the total surface area of the
particles, and N, is Avogadro’s number. Depending on,
whether the forward or reverse rate is calculated, C; and fy;
are the molar concentration of the gaseous species and the
number density of the active surface sites in the reactants or
products, respectively. The role of the number density of
active sites of the catalyst is clearly observed in Eq. 2. This
value has been written in the form of a factor f; multiplied
in y,, the number density of surface sites on soot particles,
which is considered as a base value in this study. f; can,
therefore, be defined as the ratio of number density of active
sites of the catalyst to that of soot. This factor was added in
this study to the original equation to account for the differ-
ence in the number of active sites in various types of carbon,
and also to consider its variations during the process. As
there is not any experimental or theoretical method to find
the number of active surface sites on carbon catalysts, f; is
obtained with experimental data and this model, using a pro-
cedure explained in the next section. In soot formation mod-
els, Eq. 2 originally includes a factor «, which is the fraction
of surface sites available for chemical reactions. This factor
reflects the variations of the activity of soot particles in dif-
ferent flames and its change with temperature. o is only
meaningful at high temperatures and its value is unity in the
temperature range used in the process of interest in this
study, and has therefore been omitted from Eq. 2.

It is also noted that, in these calculations, the number den-
sity of C;—H for soot is 2.3 X 10 Cmfz,42 while the num-
ber density of Cge is calculated with a steady-state
assumption for this radical as follows:

ki [H]+k—4[C,Hs]

AC. = (Co— 3)
%, k_l[Hz}+k2[H]+k3[C2H2]+k4[C2H6] e~

The forward rate of reactions R5-R8 is obtained from
Eq. 4, which was derived using the kinetic theory,“’44 con-
sidering the collision efficiency. The reverse rate of these
reactions is calculated using the equilibrium constant.

ksT

i = s ‘CiA.v
ri=fsi 21m;

i=5,...,8 4)
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In this equation, 7; is the collision efficiency of the ith
reaction, m; is the mass of the reactant, and kg is the Boltz-
mann constant. The method applied to find the collision effi-
ciency will be discussed in the following section. It is noted
that the derivation of the rate of reaction from kinetic theory
and the definition of f; have lead to the inclusion of this fac-
tor in Eq. 4.

The rate of the surface reactions derived from Eqgs. 2 and
4 provides the production rate of gaseous species from inter-
action with the catalyst. The sum of this value and the pro-
duction rate from the homogeneous phase of the process
determines the total production rate that is to be used in
Eq. 1.

The dependence of the model on the particle distribution
is caused by the variations of the total surface area in Egs. 2
and 4, due to both physical and chemical phenomena. To
account for these changes, the particle dynamics was mod-
eled with the method of moments developed by Frenklach.*’
This method has been widely used in combustion studies for
modeling soot formation due to its computational efficiency.
The initiative of this model is the application of moments of
the particles, defined below, to describe the distribution of
particles.

M=) i'N; r=0,1,..5 5)
i=1

In this equation, M, is the rth moment, i is the number of
carbon atoms, and N; the number density of size i particles.
The changes in the moment are obtained by considering the
combined effect of nucleation, condensation, and surface
growth on the carbon catalyst, similar to the soot formation
models. The application and derivation of the model of these
phenomena can be found in literature.***> In contrary to the
soot formation model, coagulation was omitted in this study
according to the results of Dunker et al.*®

The composition of the outlet mixture from the reactor is
determined by solving the system of initial value ordinary
differential equations (ODE) formed by combining the conti-
nuity equations of all the species, Eq. 1, and the differential
equations of moment variations with a variable coefficient
ODE solver, DVODE.*

Results and Discussion

The model described in this article can be used to study
the effect of different parameters such as temperature, resi-
dence time, and number of surface sites of the catalyst on
the amount of hydrogen production. However, the values of
the collision efficiency of reactions R5-R8, and f; should
first be specified. The experimental data of Dunker et al.*’
are used for this purpose. In these experiments, methane was
decomposed in a fluidized-bed reactor of carbon particles.
Experiments (14) were performed in a temperature range of
1080-1260 K and residence time between 4 and 9 s, with
three different commercial carbon black catalysts of Black
Pearls 120 (BP120), Black Pearls 2000 (BP2000), and Vul-
can XC-72 (XC72). The amount of hydrogen production was
measured in each case, in different times of the run. Data
collected from these experiments show that like other carbon
blacks, the mentioned catalysts have a high initial activity at
the beginning of the experiments, which decreases with time,
until a quasisteady state is reached with a rather constant
amount of hydrogen production.
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Figure 1. Variations of reaction rate vs. specific surface
area at quasisteady-state condition.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The value of collision efficiencies are determined using
the data at the quasisteady condition. Experimental studies
have shown that the initial activity of catalysts and their spe-
cific surface area are not proportional,G’10’16_19’28 and lead to
the conclusion that the number density of active sites of vari-
ous catalysts differs. However, at the quasisteady conditions,
the activity of carbon blacks varies linearly with the specific
surface area of the fresh catalyst until it reaches a maximum
and then stays constant.'”?"** It is noted that the later com-
parisons were made between the activity of the catalyst at
quasisteady state and the surface area of the fresh catalyst,
whereas comparing these values at the same condition leads
to more valuable conclusions. In this study, experimental
data of Lazaro et al.'” and Dunker et al.*’ were used in Fig-
ure 1 to show that the trend of variations of the activity and
specific surface area becomes completely linear when both
of these values are considered at the quasisteady-state condi-
tion. This can be explained by the fact that carbons with
higher specific surface areas, such as BP2000, have generally
larger fraction of pores, which are rapidly blocked by the
deposited carbon, causing a larger decrease in specific sur-
face area relative to catalysts with lower initial surfaces
areas.

The linear trend observed in Figure 1 implies that the
number density of active sites of different carbon blacks con-
verges to an identical value at the quasisteady-state condi-
tion. In this study, this value is considered equivalent to
soot. Accordingly, f; of the carbon catalysts at the
quasisteady-state condition is set equal to one.

The ratio of collision efficiencies of reactions R5-R8 and
the corresponding gas-phase reactions are assumed equiva-
lent, and the collision efficiencies of these reactions are
found to be 91 X 107", 5+0.5 x 107%, 1.35+0.15 X
1079, and 0.41 * 0.05, respectively. It is noted that applying
reaction probabilities in the specified ranges yields in similar
amounts of hydrogen. The results of the model with these
collision efficiencies, at quasisteady conditions closely fol-
low experimental values as shown in Figure 2.

The factor f; for each catalyst can now be determined
using experimental data at the start of each run. The amount
of hydrogen production obtained from the model with f
equal to one, which implies a number density of surface sites

June 2014 Vol. 60, No. 6 AIChE Journal


http://wileyonlinelibrary.com

60 .

.

= BP2000
Som
.+71203,8.2

o
3
s 50 excm2 ;
= 194,42 .27
+BP120 el
g 40 1256, 4.0m B 1198,8.6
s -1203,3.8
£ = 7 #1198,7.6
59 30
g2
o 1108,45_ .- *1197,38
% 20 119941, ™ ™i085,9.0
8 101,47 /o—ﬁ’osze.g
e 10 41101,85
T© ey
> . 71098,4.3
T
0+
0 10 20 30 40 50 60
Hydrogen Production from Experiment
(vol.%)

Figure 2. Volumetric percentage of hydrogen produc-
tion obtained from model compared to
experimental values at quasisteady-state
conditions.

The values in the labels show the temperature in Kelvin
and residence time in seconds. [Color figure can be

viewed in the online issue, which is available at wileyon-
linelibrary.com.]

equal to soot particles, is compared with experimental results
in Figure 3A. It is observed that using soot properties, the
values of hydrogen obtained from the model are significantly
lower than experimental values. This can be explained by
the fact that carbon catalysts are more active than soot par-
ticles and have a higher number of active surface sites,
which should be considered in the model. This justifies the
use of the factor f; in the calculation of reaction rates. This
factor can be determined by adjusting the results of the
model with experimental data for each of the catalysts. This
investigation shows that the initial number of active surface
sites per unit mass of the catalyst for BP120, XC72, and
BP2000 is 7 X 10", 1 X 10" and 2 X 10" g™', respec-
tively. This is in agreement with experimental studies, which
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Figure 4. Variations of the initial hydrogen production
with temperature, at residence times of 4
(dashed lines), and 16 (solid lines) s for
BP120, BP2000, and XC72.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

show that BP2000 has a higher degree of disorder and more
defects than XC72.%° The results obtained by introducing the
values obtained for f; in the model are presented in Figure
3B, and are in reasonable agreement with experimental data.

Overall, it can be concluded from Figures 2 and 3B that
the values obtained from the model can reasonably predict
the amount of hydrogen production.

After determining the collision efficiencies and the factor f;,
the model developed in the previous section was used to find
the effect of temperature and residence time on the amount of
hydrogen produced from the carbon catalysts BP120, BP2000,
and XC72. The results are presented in Figures 4 and 5. It is
observed that hydrogen production from all catalysts increase
with temperature and residence time, and the trend of varia-
tions is similar for all catalysts. The amount of hydrogen pro-
duced with the BP2000 at each temperature and residence
time is significantly higher than the two other catalysts. This
can be explained by the fact that the number density of active
sites on BP2000 is around 20 and 30 times higher than that of
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Figure 3. Initial percentage of hydrogen production obtained from experiments compared to model with: (A) num-
ber density of surface sites equal to that of soot and (B) adjusted number density of surface sites.

The values in the labels show the temperature in Kelvin and residence time in seconds. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Variations of the initial hydrogen production
with residence time at 1200 (dashed lines)
and 1300 (solid lines) K for BP120, BP2000,
and XC72.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

XC72 and B120, respectively. Figure 4 shows that a small
amount of hydrogen is produced at low temperature with all
catalysts. As the temperature rises, the difference between the
hydrogen production with various catalysts increases until it
reaches a maximum between 1150 and 1200 K, and then
decreases again.

Figure 5 shows that changing the residence time from 1 to
around 10 s significantly affects the amount of hydrogen pro-
duction, whereas an increase beyond 10 s creates a much
smaller effect; for example, for XC72 at 1200 K, hydrogen
production is doubled when the residence time is changed
from 1 to 50 s; whereas half of this variation is achieved
with a residence time of 7 s. It is also observed that as the
temperature increases, the effect of residence time is
reduced, especially for BP2000. This effect can be explained
by considering that the difference between the hydrogen pro-
duction at a specific residence time and the equilibrium
value is much larger at low temperatures due to a slower

100
20
80
70
60

50

40

Hydrogen Production (vol.%)

30

20 +
2.3E+15

9.2E+15
Number Density of Active Sites (cm2)

1.6E+16 2.3E+16

Figure 6. Variations of the initial hydrogen production
with the number density of active sites at
1200 K with different residence times.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 7. Variations of the initial hydrogen production
with the number density of active sites at dif-
ferent temperatures with a residence time of
4s.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

reaction. The larger difference in this value initiates the
higher effect of residence time.

The model was also used to find the effect of the number
density of surface sites on hydrogen production. For this pur-
pose, a specific surface area equal to XC72 was considered,
whereas the number density of active sites started with the
base value of soot particles and was increased by a factor of
up to 10. The variation of hydrogen production with the
number density of active sites, and the effect of temperature
and residence time on it are shown in Figures 6 and 7,
respectively. As expected, hydrogen production at each tem-
perature and residence time increases with the number den-
sity of active sites. Figure 6 shows that this increase is more
noticeable at lower residence times; at 1200 K, the increase
in hydrogen production is more than 70% with a residence
time of 2 s, whereas it is only 20% with 64 s. Since the rate
of the reaction is lower when the number of surface sites is
small, the increase in residence time creates a higher effect
on the rate of collision of species with surface sites and,
therefore, creates a larger change in the hydrogen produc-
tion. Figure 7 shows that the variations of hydrogen produc-
tion due to changes in active sites are higher at low
temperatures; with a residence time of 4 s, these variations
are around 100 and 30% at 1100 and 1300 K, respectively.

Conclusions

A model was developed for the thermocatalytic decompo-
sition of methane in a fluidized bed of carbon particles that
includes the effect of active surface sites. The amount of
hydrogen from the process was obtained by combining the
production from the interaction of gas-phase species with
each other, and the additional production due to the presence
of the catalyst particles. The gas-phase kinetics was repre-
sented by a reaction mechanism previously developed by
the authors,” and a mechanism proposed by Dunker et al.*®
was modified to model the surface reactions. The effect of
variations of the number of active sites with the type of the
catalyst and during the process was included in the model by
modifying the equations of the rates of surface reactions. To
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the best knowledge of the authors, this is the first model to
incorporate the effect of the number of active sites on the sur-
face of carbon catalysts in the decomposition of methane. A
method was presented to estimate the number density of active
sites with the model and experimental data. Accordingly, the
initial number of active surface sites per unit mass of three
commercial carbon blacks, BP120, XC72, and BP2000 were
determined to be 7 X 10'7, 1 X 10'®%, and 2 X 10" g_l,
respectively. The model was then used to study the effect of
number of surface sites, temperature, and residence time on
hydrogen production. The results show that increasing small
residence times can lead to a significantly higher amount of
hydrogen production, whereas changing large residence times
can only cause a slight improvement. However, increasing the
temperature reduces the effect of residence time. It was also
concluded that the effect of the number of surface sites is
higher at low residence times and temperatures.

The results obtained in this article can be used as a guideline
to choose between several catalysts considering their charac-
teristics, or to suggest appropriate operating conditions. The
model developed can be used to find the optimum operating
and design parameters of the process. However, it should be
mentioned that a complete optimization can only be performed
when other parameters such as economic factors are consid-
ered. It is also noted that the results obtained in this study are
related to the initial activity of the catalysts. To perform a
complete comparison between the different catalysts, the rate
of deactivation should be added to the model.
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Notation

A = surface area of the particles, m?
C = molar concentration of gaseous species, mol/m?
fs = ratio of number density of active surface sites on catalyst to that
of soot
i = number of carbon atoms in a particle
k = per-site rate coefficient of surface reactions, 1/mol s
kg = Boltzmann constant, 1.3807 X 10 2% m? kg/s> K
m = mass of reactant, kg
M, = rth moment, l/m3
MW = molecular weight, kg/mol
Na = Avogadro’s number, 6.022 X 10?* 1/mol
N; = number density of size i particles, 1/m*
r = Reaction rate, mol/m3 S
mass fraction

~
Il

Greek letters

7 = collision efficiency

p = density, kg/m®

7 = residence time of the gas in the reactor, s
%s = number density of surface sites on soot particles, 1/m*
@ = molar production rate, mol/m3 S

Subscripts

i = number of reaction
in = reactor inlet
k = number of species
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