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Abstract

The process of synthesis of nanofibrous carbon from methane achieved in an isothermal plug flow reactor with a fixed bed of catalyst 90 wt.%
Ni–Al2O3 is considered. It is shown that the equations allow a solution in the form of a progressive wave of deactivation that moves at a constant
rate and has a stationary profile. Analytic dependencies are obtained to calculate the wave rate and carbon content in the deactivated catalyst. The
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rocess parameters are calculated at 823 K and specific methane consumption 120 l/h g. The process parameters are compared for two types of
eactors operating at identical conditions: a plug flow reactor with the fixed catalyst bed and a reactor with perfect mixing of catalyst particles and
as. The specific carbon yield is shown to be higher in the latter.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Nanofibrous carbon (NFC) falls into a new class of graphite-
ike carbon materials synthesized by gas phase decomposition
f hydrocarbons or disproportionation of CO in the presence
f VIII group metal containing catalysts [1–4]. Depending on
he catalysts used, gas mixture compositions and temperature,
arbon fibers of three modifications can be produced. These
re: multilayer carbon nanotubes (basal planes are deformed
nto nested cylinders in parallel to the fiber axis), fibers with
asal planes perpendicular to the fiber axis, and fibers with
lanes deformed into nested cones at an angle to the fiber axis.
he characteristic size of the catalytically synthesized carbon
anofibers is 10–150 nm depending on the synthetic conditions.
esults of numerous studies on properties of the nanofibers car-
on materials [2,3,5,6] indicate their numerous application areas
ncluding unique sorbents [7], catalysts [8], catalyst supports
9,10], biologically active substances [11], electrodes, fillers in
lectroconductive plastics and dyes etc.

Typical sites of growth of the carbon nanofibers during the
catalytic decomposition of carbon-containing gases are nanopar-
ticles of VIII group metals or of alloys containing these metals.
Fig. 1 shows an electron micrograph of a nickel nanopar-
ticle at such a center with a carbon fiber growing thereon
[12]. The mechanism of the formation of nanofibrous carbon
includes decomposition of hydrocarbons on one type faces of
the nanoparticle to produce carbon, dissolution of the carbon in
the particle, diffusion of the carbon to another type faces where
the carbon nanofibers of a certain structure are released.

In the process of nanofibrous carbon formation, the catalyst is
deactivated thus restricting the quantity of carbon produced per
unit mass of the catalyst and, consequently, the product purity.
In order to enhance the specific (per catalyst unit mass) yield of
carbon, the process is normally conducted until the catalyst is
fully deactivated. The same target can be achieved by improving
the catalyst and optimizing the conditions of NFC synthesis.

Reactors of various types are used in laboratories for synthe-
sis and characterization of NFC. These are tubes with catalyst
baskets loaded in them [2,3,13,14], fixed bed reactors [15–19],
stirred reactors [20], fluidized bed reactors [3,21–25]. In large-
∗ Corresponding author. Fax: +7 3833 460801.
E-mail address: tpa@mail.fam.nstu.ru (G.G. Kuvshinov).

scale NFC production, fluidized bed reactors and stirred reactors
are most practiced because of the necessity to stir the materials
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Nomenclature

a relative catalyst activity
c specific carbon content of the catalyst (g/g)
cm maximal specific carbon content on the catalyst

(g/g)
cav averaged carbon content on the catalyst (g/g)
Gc specific carbon yield (g/g), (=mc/m0)
i node number along τ

j node number along z
Jc flux of carbon in methane feedstock (g/h)
hz step of grid along z
hτ step of grid along τ

k temperature dependent coefficient (g/h g bar)
ka temperature dependent coefficient (h)
kH temperature dependent coefficient (bar −0.5)
Kp equilibrium constant (bar)
m catalyst mass between the inlet and current cross

sections of the reactor (g)
m0 catalyst mass in the reactor (g)
mc carbon mass (g)
min mass of an inert material in the reactor (g)
Nz partition number along z
Nτ partition number along τ

pCH4 partial pressure of methane (bar)
pH2 partial pressure of hydrogen (bar)
P pressure of the gas mixture (bar)
Q natural gas or methane consumption (l/h at stan-

dard conditions)
q specific gas consumption (l/h g), (=Q/m0)
r dimensionless maximal specific rate of carbon

formation
rm maximal specific rate of carbon formation (g/h g)
R universal gas constant (J/mol K)
s dimensionless specific carbon content
sm maximal dimensionless specific carbon content
sav dimensionless averaged carbon content on the cat-

alyst
t time (h)
t0 time of reactor operation (h)
tc contact time (h)
T temperature (K)
V front movement rate (g/h)
x methane conversion
xr equilibrium degree of methane conversion
z dimensionless longitudinal coordinate
zm dimensionless reactor size

Greek letters
ε porosity of a particle layer
ν dimensionless rate of the front movement
�c bulk density of nanofibrous carbon (kg/m3)
τ dimensionless time
τm dimensionless time of reactor operation
ξ dimensionless coordinate in the reference wave

system

Fig. 1. Nanofibrous carbon on nickel-containing catalyst [12].

for preventing agglomeration and to intensify the heat exchange
for keeping the temperature within a narrow range.

Natural gas containing predominantly methane is most abun-
dant and inexpensive feedstock for synthesis of nanofibrous
carbon, while nickel is most active to this process in compari-
son with the other VIII group metals. High-nickel catalysts have
been developed for synthesis of NFC [21,26–29], which allow
the nanofibrous carbon (carbon content up to 99.7%) to be pro-
duced from methane in the form of mesoporous granules of
1–5 mm diameter. A technology for NFC synthesis has been
proposed [3,30,31] with natural and oil associated gas as feed-
stocks. The process of NFC synthesis from methane and natural
gas is implemented on the scale of a batch fluidized bed reactor,
the capacity for NFC being 0.5 kg [3] and 2.4 kg [32] during one
operation cycle.

For the high-nickel catalyst (90 wt.% Ni–AlO3) [26], the
kinetics of the formation of nanofibrous carbon from a CH4–H2
mixture at ambient pressure has been studied [12,33] and a math-
ematic model including catalyst deactivation has been proposed
for the observed process kinetics [34].

The industrial implementation of the process of NFC syn-
thesis gives rise to the problem of developing calculation tools
and mathematic models for the process in various reactors. The
mathematic modeling of the process will make it possible not
only to calculate and predict the process parameters but also to
choose optimal reactor design and operation regimes.
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As the first approximation, analysis of the process in reactors
an be based on the commonly accepted approach in chemical
echnology, i.e. on the idealized model of a chemical reactor.
his is a perfect-mixing reactor with respect to catalyst particles
nd gas. This model can be applied to laboratory shaken reactors
or kinetic studies and catalyst assessment [3,12,21,27]. The
nalytic treatment has been done this way in Ref. [34]. The
odel of a plug flow reactor with a fixed catalyst bed can be used

or analysis of the process in a pilot fluidized bed reactor [32]
here the vibration strength is lower by an order of magnitude

han in the laboratory shaken reactor, so that the particles are only
revented from agglomeration due to vibration but not mixed.
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The aim of the present work is to calculate parameters of
the process of NFC synthesis from methane in an isothermal
plug flow reactor with a fixed catalyst bed and to identify the
optimal reactor design to provide the maximal specific yield of
the carbon.

2. Experimental

The calculated results given below are compared to the exper-
imental data obtained with a pilot reactor [32] for the process of
decomposition of natural gas over a high-loaded nickel catalyst.
Fig. 2 is a schematic drawing of the reactor.

The reactor consisted of a top-closed stainless steel tube 1
(diameter 100 mm, height 1000 mm) with a conical bottom.
There was a hole in the cone point where valve two was attached
to unload the material. Gas was fed to the reaction space near
the cone point through tube three arranged inside the reactor.
A spiral fragment in the tube was used for pre-heating the gas.
A mobile thermocouple was mounted along the reactor axis to
control the temperature. The reactor was arranged inside split
heater four and a heat insulator and hanged to electromagnetic
vibrator five. Experimental results obtained at varied catalyst
loadings are given in Table 1 where m0 is the catalyst mass, min
the mass of an inert material loaded with the catalyst, Q the nat-
ural gas consumption (l/h at standard conditions), q the specific
g

F
f

Table 1
Results of testing of the pilot reactor

m0 (g) min (g) Q (l/h) q (l/h g)) T (K) mc (g) Gc (g/g) t0 (h)

3 43 300 100 808 332 111 20
6 47 600 100 808 480 80 18

10 50 800 80 813 824 82 19
20 74 1700 85 813 1626 81 18
30 100 2000 67 803 2400 80 40

Table 2
Experimental results obtained with a vigorously shaken reactor

m0 (g) T (K) q (l/h g)) Gc (g/g)

0.1 823 120 145 [21]
0.002 813 120 157 [31]

bon mass, Gc the specific carbon yield, Gc = mc/m0, t0 the time
of reactor operation.

The influence of the reactor design on the specific yield of
carbon was assessed using experimental data [21,31] obtained
for an identical catalyst and methane in a vigorously shaken
reactor where the regime close to perfect mixing of catalyst
particles and gas was achieved. The data on specific carbon yield
are summarized in Table 2.

3. The kinetic model of formation of nanofibrous
carbon from a CH4–H2 mixture over a high-loaded
nickel catalyst

The kinetic model of atmospheric-pressure synthesis of NFC
from CH4–H2 mixture over a high-loaded nickel catalyst with
the catalyst deactivation taken into account [34] underlies the
process calculation.

In the model, the catalyst state at every instant is character-
ized by two parameters, the quantity of carbon formed per 1 g
of catalyst c (g/g) and relative activity of the catalyst, a, ranging
from 0 to 1. The catalyst deactivation is considered as a decrease
in the relative catalyst activity due to carbon deposition on the
catalyst surface. The catalyst is fully deactivated when the rel-
ative catalyst activity falls to zero. The following equations are
proposed for the process description in time:

w
f
p

as consumption, q = Q/m0, T temperature, mc the produced car-
ig. 2. Schematic diagram of pilot reactor: (1) tube, (2) unloading valve, (3) gas
eeding tube, (4) heater, (5) vibrator.

r
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dc

dt
= rma, (1)

da

dt
= −kar

2
mca, (2)

here t is time (h) and rm the maximal specific rate of carbon
ormation depending on the gas mixture composition and tem-
erature (g/h g).

m = k
pCH4 − p2

H2
Kp

(1 + kH
√

pH2 )2 , (3)

CH4, pH2 are partial pressures of methane and hydrogen (bar),
espectively, ka, k, Kp, kH the coefficients depending on temper-
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Fig. 3. Comparison of calculated data (lines) and experimental data (points) on
temperature dependence of the rate of carbon formation at different hydrogen
volume fractions: 0% (©), 15% (�), 30% (�), 40% (+).

ature as

ka = exp

(
135600

RT
− 32.077

)
, (4)

k = exp

(
20.492 − 104200

RT

)
, (5)

Kp = 5.088 × 105exp

(
−91200

RT

)
, (6)

kH = exp

(
163200

RT
− 22.426

)
, (7)

R is the universal gas constant (J/mol K).
The model is formulated on the basis of assessment of exper-

imental kinetic data [12] obtained at temperature 763–863 K
and hydrogen volume percentage from 0 to 40%. It is assumed
that the methane decomposition into carbon and hydrogen is the
limiting stage of the process:

CH4 = C + 2H2
, (8)

and abstraction of the first hydrogen atom from a methane
molecule adsorbed on the catalyst surface is the limiting stage of
the mechanism of reaction (8). The phenomenological approach
i
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Fig. 4. Experimental (points) and calculated (lines) dependencies of dimension-
less carbon content on the catalyst on dimensionless time at different temper-
atures and compositions of the reaction medium: 803 K 0% H2 (♦), 823 K 0%
H2 (�), 843 K 0% H2 (�), 863 K 0% H2 (×), 823 K 15% H2 (+), 843 K 15%
H2 (©).

4. The problem formulation and derivation of equations

The isobaric-isothermal process of NFC synthesis in a plug
flow reactor with a fixed catalyst bed is under consideration.
Let P be the total pressure of the gas mixture and T the reactor
temperature. The reactor can be represented as a tube with a
catalyst of mass m0 (g) loaded therein and methane fed thereto
at the consumption Q (l/h at standard conditions). It is assumed
that the process in the reactor depends only on the longitudi-
nal coordinate but not on the transverse coordinate. Since the
rate of carbon formation (3) is related to the catalyst mass, it
seems suitable to choose mass, m, of the catalyst between the
inlet and current cross sections of the reactor as the longitudinal
coordinate. The choice of longitudinal coordinate related to the
catalyst involves indirectly expansion of the catalyst bed due to
formation of NFC. In the schematic of the reactor (Fig. 5), the
reactor axis is drawn horizontally for convenience.

The gas mixture composition will be characterized by the
methane conversion, x, with respect to pure methane. The
decomposition of methane follows the pathway of reaction (8);
therefore, partial pressures of methane and hydrogen relate to
the methane conversion as

pCH4 (x) = P
1 − x

1 + x
, (9)

p

s used for deriving the deactivation equation.
The calculated data obtained with dependence (3) and

he experimental data are compared in Fig. 3. Comparative
xperimental and calculated data on time dependence of spe-
ific carbon yield are plotted in dimensionless coordinates in
ig. 4.

Specific features of the process kinetics are illustrated with
he case when carbon is formed on the catalyst particles
t constant composition of the gas medium (pCH4 = const,
H2 = const). When so, the carbon amount on the catalyst
ends in time asymptotically to some maximal value cm, which
ncreases with a temperature reduction and with an increase in
he hydrogen concentration in the mixture.
H2 (x) = P
2x

1 + x
, (10)

Fig. 5. Schematic drawing of reactor.
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Fig. 6. Function rm(x) at T = 823 K and P = 1 bar.

with Eqs. (9) and (10), rate rm (3) can be considered as a function
of x.

rm(x) = rm(pCH4 (x), pH2 (x)). (11)

Function rm(x) is plotted in Fig. 6 at T = 823 K and P = 1 bar.
In the fixed catalyst bed, parameters of the catalyst (c, a) and

gas (x) are functions of time t and longitudinal coordinate m.
Preceding the consideration of equations that describe

the process in the reactor, we estimate the contact time
of the gas in the reactor. If the characteristic parameters
are m0 = 1 g, Q = 120 l/h, T = 823 K, P = 1 bar, NFC bulk den-
sity ρc = 640 kg/m3, porosity of a NFC particle layer ε = 0.4,
cm = 150 g/g, then the estimated contact time tc is

tc = m0cmε273

ρcQT
= 2.6 × 10−4 h = 0.9 s. (12)

The characteristic time of the catalyst deactivation under
given conditions is several hours or dozens hours [12,21,32],
i.e. longer than the contact time by several orders of magni-
tude. Hence, it is reasonable to conclude that a quasistationary
approximation is valid for the gas phase, and the gas character-
istics obey the stationary equations related to the catalyst state
at the instant under consideration.

Let the value Jc (g/h) be the flux of carbon, which enters the
reactor as a component of inlet methane.

J
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The equation set (14)–(16) needs to be added with initial and
boundary conditions for functions c(t,m), a(t,m) and x(t,m)

c(0, m) = 0, a(0, m) = 1, x(t, 0) = 0. (17)

To simplify the equations and calculations, dimensionless values
are introduced:

r(x) = rm(x)

rm(0)
, (18)

s =
√

karm(0)c, (19)

τ = rm(0)
√

karm(0)t, (20)

z = rm(0)

Jc
m. (21)

With the new variables, the equations, the initial and boundary
conditions (14)–(17) change to

∂s

∂τ
= r(x)a, (22)

∂a

∂τ
= −r2(x)sa, (23)

∂x

∂z
= r(x)a, (24)
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c = Q12

22.4
, (13)

here 12 g/mol is the molecular mass of carbon, 22.4 l/mol the
olume of 1 mol of gas at standard conditions.

Then the equation set describing dynamics of the processes
f carbon deposition and catalyst deactivation in the reactor will
e

∂c

∂t
= rm(x)a, (14)

∂a

∂t
= −kar

2
m(x)ca, (15)

c
∂x

∂m
= rm(x)a. (16)

qs. (14) and (15) correspond to kinetic Eqs. (1) and (2), and
q. (16) is derived by inspecting the carbon balance over the

eactor at quasistationary approximation.
(0, z) = 0, a(0, z) = 1, x(τ, 0) = 0. (25)

. Solution in the form of progressive wave of the
atalyst deactivation

In kinetic studies, the lower hydrogen concentration, the
aster is the catalyst deactivation process. Hence, the catalyst
ayers nearby the inlet section of the reactor will be faster deac-
ivated than the farther layers. As a result, a transition region
ppears between the deactivated and maximally active catalyst
ayers which transfers along the direction of gas flowing. If a
eactor with a rather large catalyst loading is under considera-
ion, questions arise naturally, if profiles s, a and x are stabilized
nd if there is a solution in the form of a wave moving at a
onstant rate and possessing its stationary profile.

To answer the question, we shall search for the solution in
he form of progressive wave for equation set (22)–(24):

(τ, z) = s(ξ), a(τ, z) = a(ξ), x(τ, z) = x(ξ), (26)

here ξ = z − vτ, and v the dimensionless rate of the front
ovement.
Substituting (26) in (22)–(24), we get

v
ds

dξ
= r(x)a, (27)

v
da

dξ
= −r2(x)sa, (28)

dx

dξ
= r(x)a. (29)
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At ξ = − ∞, the boundary conditions will be: the catalyst is fully
carbonized and deactivated, the gas is methane

s(−∞) = sm, a(−∞) = 0, x(−∞) = 0, (30)

where sm is the dimensionless carbon amount on the deactivated
catalyst (this is as yet unknown value). At ξ = ∞: the catalyst
is free of carbon and reveals the maximal activity, the gas is an
equilibrium mixture of methane and hydrogen

s(∞) = 0, a(∞) = 1, x(∞) = xr, (31)

where xr is the calculated equilibrium degree of methane con-
version in the given process at the condition of r(xr) = 0.

It follows from Eqs. (27) and (29) that

v
ds

dξ
+ dx

dξ
= 0. (32)

Integrating (32) with boundary conditions (30) and (31) gives

vs + x = const = vsm = xr. (33)

It follows from Eq. (33) that

s = xr − x

v
, (34)

sm = xr

v
. (35)
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Fig. 7. Profiles s/sm, a and x/xr vs. ξ at T = 823 K.

Jc
√

karm(0)ν = 0.2 g/h, maximal specific carbon content cm =
sm/

√
karm(0) = 132 g/g. Note for the dimensional values, the

maximal specific carbon content cm is independent of the con-
sumption of the gas mixture and the front rate V is proportional
to Jc.

Profiles of dimensionless values s(ξ)/sm, a(ξ), x(ξ)/xr are
shown in Fig. 7.

6. Calculation of the process for a reactor with finite
catalyst loading

The calculation is aimed at determination of values s(τ, z),
a(τ, z) and x(τ, z) to fit Eqs. (22)–(24) and conditions (25) in a
certain region 0 ≤ z ≤ zm and 0 ≤ τ ≤ τm, where zm and τm are
the region boundaries.

Equation set (22)–(24) is a hyperbolic type system with char-
acteristics z = const and τ = const. For the calculation, a grid is
constructed along z and τ with nodes in the points

zj = j · hz j = 0 . . . Nz, (41)

τi = i · hτ i = 0 . . . Nτ, (42)

where hz, hτ , Nz, Nτ are steps of grid and partition numbers along
z and τ, respectively.

The first unknown values to calculate are s, a and x at the
r

(
t

s

u
x

ubstituting Eq. (34) into Eq. (28) and combining the latter with
q. (29), we have an equation set for a and x:

da

dξ
= 1

v2 r2(x)(xr − x)a, (36)

dx

dξ
= r(x)a. (37)

ith eliminated ξ, from Eqs. (36) and (37) follows the equation

2da = r(x)(xr − x)dx, (38)

hich can be integrated with allowance for Eq. (30) to give the
elationship between a and x:

2a =
∫ x

0
r(x)(xr − x)dx. (39)

ith ξ = ∞ and boundary condition (31), we can derive from
q. (39) the formula for calculating the front movement

ate:

=
√∫ xr

0
r(x)(xr − x)dx. (40)

Finally, sm is determined from Eq. (35), and profiles a
nd x can be calculated by solving numerically the equa-
ion set (36) and (37). For example, the Runge-Kutta method
an be applied with x=xr/2 taken as the reference point
ξ = 0) and the initial condition for a determined from Eq.
39).

The calculation is done at T = 823 K and P = 1 bar. From
he calculation, xr = 0.41, ν = 0.104, sm = 4.0. At Q = 120 l/h,
he dimensional values are: front movement rate V =
egion boundaries τ = 0 and z = 0.
The value for x at the boundary τ = 0 is determined by Eq.

24). Taking into consideration a = 1, the equation is written in
he form

∂x

∂z
= r(x). (43)

Eq. (43) with the initial conditions x(0, 0) = 0 is numerically
olved by the constant step Runge-Kutta method.

At the boundary z = 0, the values for s and a are calculated
sing the equation set (22) and (23). Taking into account that
= 0 at this boundary, the equations are given by

∂s

∂τ
= a, (44)

∂a

∂τ
= −sa. (45)
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Fig. 8. Profile s/sm vs. z at τ = 0.

The equation set (22) and (23) with the boundary conditions s(0,
0) = 0 and a(0, 0) = 1 has an analytical solution

s(τ, 0) =
√

2th

(
τ√
2

)
, (46)

a(τ, 0) = 1

ch2
(

τ√
2

) . (47)

Within the region of 0 < z ≤ zm, 0 < ≤ τm, the values for s, a
and x are calculated by the method of characteristics [35].

The following initial parameters are used for the calculations:
catalyst loading m0 = 1 g in the reactor, temperature T = 823 K,
pressure P = 1 bar, methane consumption Q = 120 l/h, and oper-
ation time of the reactor is ca. 10 h. Note that the process in the
reactor is determined in fact by two parameters: temperature and,
according to Eq. (21), specific consumption of methane Q/m0.
The preset parameters are relevant to the region with boundaries
at zm = 3.0 and τm = 60. Nz = 100 and Nτ = 200 are chosen for
the calculations.

The calculated results are illustrated in Figs. 8–12, where
profiles s/sm, a and x/xr versus z are plotted in dimensionless
coordinates for different instants τ; here sm is the maximal
carbon content in the reactor with an infinite catalyst loading
(sm = 4.0), xr the equilibrium degree of methane conversion at
823 K (xr = 0.41).

a
a

r

Fig. 10. Profiles s/sm, a and x/xr vs. z at τ = 36.

Fig. 11. Profiles s/sm, a and x/xr vs. z at τ = 48.

Fig. 12. Profile s/sm vs. z at τ = 60.

the reactor. After the deactivated catalyst region has appeared,
the profile of s has a maximum at the front boundary, the profile
being not any longer varied in time behind the front. After all
the catalyst has been deactivated, s increases as goes away from
the inlet.

From the calculations, the reactor length averaged content
of carbon on the catalyst (after the catalyst deactivation) is
sav = 3.125 or, in dimensional form, Gc = cav = 103 g/g.

7. Discussion

According to the calculations [34], at identical conditions
(temperature 823 K, specific consumption of methane 120 l/h g)
the specific yield of carbon is 159 g/g in the reactor with perfect
gas and catalyst particles mixing, i.e. 1.6 times as high as that
Fig. 8 (τ = 0) shows an only profile of x/xr since s = 0 and
= 0. Fig. 12 (τ = 60) shows an only profile of s/sm since a = 0
nd x = 0.

One can see that a deactivation wave propagates along the
eactor. Until all the catalyst is active, s falls monotonically along

Fig. 9. Profiles s/sm, a and x/xr vs. z at τ = 18.
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in the fixed catalyst bed reactor. The reasons may be as follows.
Kinetic studies of the process of carbon formation from methane
reveal a common feature: The higher carbon formation rate, the
faster is the catalyst deactivation and the lower specific carbon
yield. It is known that when the chemical reaction rate increases
with an increase in a reactant concentration, the average reaction
rate is higher in a plug flow reactor than in a perfect mixing reac-
tor at otherwise identical conditions [36]. In the process under
consideration, the reaction rate is proportional to the concentra-
tion of methane. Hence, the average rate is higher in a plug flow
reactor than in a perfect mixing reactor; as a result, the catalyst
is faster deactivated but the specific carbon yield is lower in the
plug flow reactor.

There may be another explanation. As the hydrogen partial
pressure increases in the mixture, the catalyst deactivation rate
decreases and the specific carbon yield increases. In an ideal
mixing reactor the catalyst is entirely in the methane-hydrogen
medium. In a plug-flow reactor, a part of the catalyst (at the
boundary of the deactivation front) undergoes carbonization in
the pure methane medium that results in an accelerated catalyst
deactivation and in a decrease in the specific carbon yield.

The modeling results also elucidate why the specific carbon
yield is lower in the pilot reactor [32] than in the laboratory
fluidized bed reactor [21,31]. The operation regime in the labo-
ratory fluidized bed reactor is close to perfect mixing of catalyst
particles and gas, and the specific carbon yield reaches ca.
1
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