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ABSTRACT

The main focus of this paper is to report a mechanism, a rate-limiting step, and a rate
law consistent with experimental observation for the decomposition of methane to
hydrogen and carbon nanotube over Ni/Mn based catalyst. An analysis of the rate
equations was obtained for initial rate of reaction for different rate concentration steps. It
is found that the rate equation when adsorption of methane on the surface as a rate
controlling  step showed linear relationship with concentration of methane. This
observation is same as the one obtained from the analysis of data by the integral method.
Hence, the assuming mechanism with adsorption of methane as rate controlling is
consistent with the experimental observation.
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1 INTRODUCTION

Natural gas containing primarily methane is a natural resource that rivals liquid
petroleum in abundance. One of the major challenges is the development of direct
process for conversion of natural gas to more value added chemicals. Carbon nanotubes
and hydrogen are the most innovative material technologies of the twenty-first century
because of their many desirable material properties. The strength and flexibility of
carbon nanotubes makes them of potential use in controlling other nanoscale structures,
which suggests they will have an important role in nanotechnology engineering. In
addition to that, hydrogen is one of the important industrial and potential chemicals. It is
a clean fuel. The greatest incentive for its use as a fuel is the absence of objectionable
combustion products. With increasing interest in fuel cells and progress in hydrogen
storage technologies, the use of hydrogen as a source of clean fuel is likely to increase in
the future (Armor, 1999). There is substantial interest in developing novel methods for
production of hydrogen and carbon nanotube and one such process is the catalytic
decomposition of methane (Steinberg, 1999; Monnerat et al., 2001; Takenaka et al., 2003
& 2004). Many experimental studies have been conducted to gain a better understanding
of the kinetics of methane decomposition. The majority of the research has been focused
on identification of the primary decomposition products and estimation of the activation
energy for methane decomposition. (Alstrup et al., 1993, Dahl el., 2002).

Previously, it was obtained a high concentration of hydrogen (96%) and large amount
of carbon nanotube in a single pass reaction for the decomposition of methane using
Ni/Mn based catalyst (Zein et al., 2003). In this paper kinetic studies were carried out
using Ni/Mn based catalyst for the catalytic decomposition of methane for the production
of hydrogen and carbon nanotube. A mechanism, a rate-limitng step, and a rate law
consistent with experimental observation for the decomposition of methane to hydrogen
and carbon nanotube were discussed.
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2 EXPERIMENTAL

The experiments were carried out at atmospheric pressure in a stainless steel fixed bed
reactor system. A detail experimental procedure was discussed elsewhere (Zein et al.,
2003). A total of 64 experiments were conducted with fresh catalyst in each run. One
gram of catalyst was packed in the reactor. The experiment is repeated for different
volumetric flow rates (100 to 450 mL/min) and temperatures (823 to 1173K). The
product gases were analyzed using an on-line Gas Chromatograph. Spent catalysts were
analyzed using a transmission electron microscope (Philips TEM CM12).

3 RESULTS AND DISCUSSION

The experimental program for obtaining the kinetics of the reaction consisted of runs at
different mole ratios and temperatures with constant weight of the catalyst and the results
are presented in Table 1. The conversion of methane versus time data was subjected to
integral method for deriving a suitable rate law.

TABLE 1. Details of conversions obtained in the present study at various

operating conditions
Volumetric Flow Rate (mL/min)
Temperature (K) 100 150 | 200 [ 250 EED 450
Methane Conversion (%)

823 15.82 11.42 7.04 6.52 - -
873 27.41 20.65 16.55 14.03 7.03 -
923 41.56 33.81 27.43 24.87 16.21 9.87
973 53.99 45.10 37.21 31.58 24.99 17.88
1023 59.07 49.66 39.48 33.24 26.04 21.97
1073 70.54 59.63 49.02 35.10 24.43 21.07
1123 82.49 69.08 54.32 48.77 37.67 2433
1173 92.03 76.88 65.87 53.46 47.01 34.68

For a first order reaction in packed bed reactor, the relation between conversion and
weight time is as follows (Levenspiel, 1999):

k'1=(l+e'4)lnl——€,4/\’mu (0

out

For the present reaction, the above equation reduces as

k't =15l ————-05X,, (2)
= CH ,

From the plots of the function on the right hand side of Equation (2) versus T (w/vy),
shown typically in Figure 1 for a catalyst of weight of 1 gram, it follows that the data fall
on a reasonably straight line through the origin. Hence the decomposition reaction is of
first order.
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FIGURE 1. Plot of conversion as a function of weight time at different temperatures.

From the values of specific reaction rate constant, k', calculated from the slopes at
different reaction temperatures, the activation energy obtained in the present study is 60
kJ/mol following Arrhenius equation. The plot is shown in Figure 4. Reported activation
energies for methane decomposition without catalyst ranged from 356 to 402 kJ /mol
(Holmen et., 1976; Steinberg, 1998; Dahl, 2002) and with catalyst from 90 to 236 kJ/mol
(Alstrup, 1993; Kuvshinov, 1998; Muradov, 2000). Thus, the activation energy obtained
in this study by using Ni/Mn based catalyst is considered to be the lowest activation
energy reported in the literature for this reaction.

3.1 REACTION MECHANISM

The reaction mechanism and the identification of rate controlling steps are attempted in
the present study following the mechanism proposed by Snoeck et al.(1997). They
proposed the following mechanism for methane decomposition:

k
CH,+S 2" CH,S 3)
-1
k
CH,S+S 27CH,S+HS )
K
CH;S+S 7' CH,S+HS ()
k-S
CH,S+S 57 CHS+HS (6)
k kf'
CHS+S 27CS+HS (7
§ -5
CiSF ot RS (8)
k -0
2H.S i’ H,+2S (9

While equation 3 represents the adsorption of methane on the surface of the catalyst,
equations 4 — 7 represent the surface reaction to form adsorbed methyl radicals and
adsorbed hydrogen atoms on the catalyst surface. Equations 8 and 9 represent the
deposition of carbon on the catalyst surface and the desorption of hydrogen from the
catalyst surface respectively. For the mechanism shown in Equations 3 - 9, the rate-
limiting step is identified as follows: It is assumed that one of the equations to be the rate
limiting and then the rate law is formulated in terms of partial pressure of the methane
and hydrogen. From the equation obtained, the variation of the initial reaction rate with
the initial partial pressure of methane will be checked. If the theoretical rate varies with
pressure in the same way as observed experimentally, it will be assumed that the
mechanism and the rate limiting step are correct. A mechanistic interpretation for the
growth of carbon on the catalyst was proposed in literature [17, 18]. Figure 2 supports
the proposed mechanism for the growth of carbon nanotube on the catalyst. Methane
decomposes on the front surface of certain active sites of the catalyst and the carbon so
formed diffuses through the metal and precipitates at the rear surface. The driving force
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which pushed the carbon diffusion was suggested to originate from the concentration
gradient of dissolved carbon between the two interfaces i.c. the metal-gas interface to the
metal-nanocarbon interface. Therefore, for high values of diffusivity, the concentration of
carbon dissolved in nickel is almost uniform and small (.. Cy; =0).

FIGURE 2. The transmission electron microscope image
of the carbon formation on the catalyst particle.

When the adsorption of methane is the rate-limiting step, the expression between rate
of reaction and concentration of various species is:

CrK i fen,

= e e C AL (10)
1+K:.I _‘F>h"l'.‘

eH, =

Initially, the concentration of hydrogen is zero and equation (10) becomes:
“Feij, 0 = CTK!PCH, (11)

If the methane decomposition is adsorption limited reaction, then the initial rate will be
linear with the- initial partial pressure of methane. This is what has been observed
.experimentally in the present study. However. the individual rate laws and individual
initial rate plots with the other steps in the mechanism as rate limiting step will be
derived and checked to confirm whether the methane decomposition reaction is really
adsorption limited or not. When the removal of first hydrogen atom from molecularly
adsorbed methane is rate-limiting step. it follows:

CTKIk+2PC'/l4

"‘CH_;_S = g o = (12)
(]+k|Pc//4 +K- _P//f)
Initially. [H.] = 0 and hence equation (12) becomes:
B CT:A-'/"-~_"D’:: (13)

= o R =
HE, 1'*/‘-11)('//_}

If the removal of first hydrogen atom from molecularly adsorbed methane limits the
methane decomposition. the rate will increase at low initial partial pressures of methane
and then decrease at high initial partial pressures of methane. This observation is not
coherent with the experimental of the present study.

When the removal of second, third and fourth hyvdrogen atom from molecularly
adsorbed methane is rate-limiting step. the expressions between rate of reaction and
concentrations of various species. respectively. are as follows:

1-264



Proceedings of the 18th Symposium of Malaysian Chemical Engineers
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K, Py,
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K ,K P, KK ;K ;P X i
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(15)

B AL o

CTJKIKJK,1K4k+.iP(‘II,
na (16)
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172

Initially, [H,] is zero and the numerator and denominator of equation (14) to (16)
approach infinity. Therefore, the limit of these expressions approaches to zero. Since the
reaction rate cannot be zero, the removal of either second or third or fourth hydrogen
atom from molecularly adsorbed methane cannot be the rate- limiting step.

When the deposition of carbon on the catalyst is rate limiting step, it gives:

CTKIKJK3K4K5kaCII,
58’
KIKJPCH_, KIK_‘KJPCH, +KIK2K3K4PCH, +K1K.7K.iK4KSPCH, 172

-)+ ” /2 E) 2 k) +K7 .PH.I/Z
B KRy KPR, k'R, '

(17)

des=

1+K,Fryy, +

172

Initially, [H,] is zero and the numerator and denominator of equation (17) approach
infinity. Therefore, the limit of this expression gives:

Tes =Crkyg (18)
Since, the reaction rate can not be Crk.4, the deposition of carbon on the catalyst can not

be rate-limiting step.
When desorption of hydrogen from the surface is rate limiting step, it gives:

o Cr k- Py, ‘ (19)
Initially, [H>] = 0 and equation (19) becomes:
—rys =0 (20)

Since the reaction rate cannot be zero, desorption of hydrogen from the surface cannot be
rate limiting step.

An analysis of the above rate equations indicates that the rate equation when
adsorption of methane on the surface as a rate controlling step showed linear relationship
with concentration of methane. This observation is same as the one obtained from the
analysis of data by both integral and differential methods. Hence, the assuming
mechanism with adsorption of methane as rate controlling is consistent with the
experimental observation. This can be expected as the surface reaction is unlikely
controlled the rate because the reaction occurs at relatively high temperatures.
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4 CONCLUSIONS

For the decomposition of methane to hydrogen and carbon using Ni/Mn based catalyst, it
was found that the decomposition reaction is of first order with an activation energy of 60
kJ/mol. This activation energy is considered to be the lowest activation energy reported
in the literature for this reaction. It was also found that the adsorption of methane on the
surface is the rate-controlling step.
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NOMENCLATURE

Cyn = concentration of carbon dissolved in nickel

C1= total concentration of sites

Cy= concentration of vacant sites

ki, ko, koko ks ks, kg ko, kas ks, k- k6, k .7 k 7= Rate coefficients of the
forward (+) and the reverse (-) reactions

k’= specific reaction rate constant (mL/g ¢, S)

K, Ky, Kj, Ky, Ks, K, K7 = Equilibrium coefficients

— Iy, = rate of methane decomposition (mol/g .4 S)

PCH,,Z partial pressure of methane

S = surface active site

?0= entering volumetric flow rate
W = weight of catalyst

b SN conversion of methane

Xou = conversion at outlet

Greek Symbols

€ = fraction change in volume per mole of A reacted resulting from the change in total
number of moles

T = weight time (g. s/mL)
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