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Abstract—A mathematical model for the performance of a radial-flow moving-bed reactor for dehydrogena-
tion of light paraffins was developed. Assuming relevant kinetic expressions for the main reaction and catalyst
deactivation, the kinetic parameters were obtained through lab-scale fixed-bed reactor testing using the integral
method of analysis. The conversion was found to be a function of a dimensionless decay time, i.e., the ratio of
a “catalyst deactivation time constant” to the residence time of the catalyst within the reactor. For a large dimen-
sionless decay time (negligible catalyst decay), the performance equation approached that of a simple packed-
bed reactor. The predictions of the model were compared with those of a commercial unit, and fair agreements

were observed.
DOI: 10.1134/S0023158408040228

1. INTRODUCTION

Conventional processes for production of olefins
such as steam crackers or FCC units alone do not sat-
isfy the growing demand. Consequently, efficient cata-
lytic dehydrogenation of light alkanes to the corre-
sponding olefins is much sought as a means of convert-
ing relatively inert LPG hydrocarbons to reactive
chemical feedstocks such as propylene and butenes.
This has resulted in a number of commercial catalytic
dehydrogenation processes.

The dehydrogenation of light alkanes can be repre-
sented as

CnH2n+2 D CnHZn + H2
{n =3 AH%s = 124 kJ/mol )
n =4 AHjg~ 120 kI/mol.

The reaction is reversible, endothermic, and accom-
panied by volume expansion. Therefore, higher temper-
atures and lower pressures shift it to completion.
Higher temperatures, on the other hand, promote side
reactions, coke formation, and catalyst deactivation.
Using a suitable catalyst, the side reactions, which are
often thermodynamically more favorable under reac-
tion conditions, can be minimized. Typical commercial
catalysts for dehydrogenation of light alkanes are either
based on platinum or chromia.

! This article was submitted by the authors in English.

Due to thermodynamic limitations, dehydrogena-
tion of light alkanes is conducted at temperatures of
around 600°C to achieve reasonable commercial yields.
Under these conditions, catalyst deactivation is rapid
and frequent catalyst regeneration is necessary. Some
technologies operate under vacuum or in the presence
of steam or even hydrogen to lower alkane partial pres-
sure and to shift the reaction to olefin formation. The
utilization of a diluent reduces the rate of coke forma-
tion and catalyst deactivation as well. A number of
reaction-regeneration systems have been developed,
which makes frequent catalyst regeneration possible
[1-3].

In the Oleflex process of UOP [4], moving-bed reac-
tors packed with a promoted, supported platinum cata-
lyst are used. Figure 1 shows the scheme of one of the
reactors in its longitudinal cross section. The reactor
includes two perforated coaxial cylinders, between
which the catalyst moves slowly downwards under
action of gravity. The gaseous feed comprising a mix-
ture of alkane and hydrogen enters from the bottom and
crosses the catalyst bed, and the products leave the
reactor from the other side. Radial flow reduces the
pressure drop. Reactors operate adiabatically, and to
achieve near isothermal conditions, three or four reac-
tors are employed with interstage heaters.

The catalyst is progressively coked as it moves
through the reactors. The catalyst leaving each reactor
enters the next one, and the total residence time typi-
cally ranges between 2 and 7 days. The catalyst leaving
the last reactor is send to the continuous catalyst regen-
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Fig. 1. Schematic representation of a radial moving-bed
reactor.

eration (CCR) unit, where the coke is burnt, Pt redis-
persed, and the excessive moister is removed.

The Sn-promoted Pt catalysts undergo a “double
mechanism” deactivation through coke deposition and
sintering [5]. These catalyst can tolerate several percent-
age of coke build-up, preserving enough catalytic activ-
ity and allowing an “on stream” period of several
hours/days before mandating catalyst regeneration [2, 5].

Although catalyst deactivation greatly complicates
development of chemical processes and plant technol-
ogy, it does not usually receive attention in academic
research [6]. The important point in simulation of cata-
lyst deactivation due to coke formation or poison depo-
sition is to model these phenomena. While kinetic mod-
els for main reactions are well known as tools for pro-
cess design, kinetic modeling of coke formation and
catalyst deactivation are still considered to be too com-
plicated to investigate by the accepted methods for the
main reaction. Therefore, oversimplified empirical
models with limited use of experimental works are
derived which are often programmed very late and in
the final stage of process development [7].

In the present work a simple model for performance
of a radial-flow moving-bed reactor is developed. The
applicability of the model is investigated for isobutane
dehydrogenation, which is commercially operated by
the above system. The proposed kinetic models for
dehydrogenation reaction and catalyst deactivation are
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tested by a lab-scale fixed-bed reactor using two sam-
ples of commercial catalysts. The predictions of the
model are compared to those of a commercial unit, and
the limitations are discussed.

2. EXPERIMENTAL SECTION

The commercial Pt-Sn/Al,O; catalyst samples
(1.8 mm in diameter) were tested in a fixed-bed quartz
reactor (15 mm id.) packed with a mixture of 2.2-2.8 g
of catalyst and equal volume (3.0 ml) of quartz pellets
of the same diameter as a diluent. The important oper-
ating conditions were selected close to industrial condi-
tions as follows:

WHSV =2.0-2.2 h! (referred to isobutane),
H,/HC = 0.5-0.8 mol/mol,

Reaction temperature = 575°C,

Reaction pressure = atmospheric.

The reactor effluent was diluted with 45 ml/min of
nitrogen before being injected to GC. The product was
analyzed by a GC (Pu 4600 Phillips), equipped with
TCD and FID detectors with He as the carrier gas. Isob-
utane conversion, isobutene selectivity, and the yield of
the catalysate were calculated at different times.

The pressure of the commercial reactor is slightly
above the atmosphere (about 2 atm, depending on the
reactor number). A typical run took more than 100 h,
which was in the range of the catalyst life cycle.

3. THEORETICAL BASIS

To begin with, consider the following reversible
reaction:

A = B+H,, (0

where A and B represent the paraffin and olefin, respec-
tively. There are good mechanistic kinetic models for
dehydrogenation of paraffins on Pt-based catalysts [8];
however, for the present work simple yet accurate mod-
els suffice. Most previous studies have shown that the
dehydrogenation reaction is first-order in paraffin con-
centration and negative half- to zeroth-order in hydro-
gen concentration [2]. Therefore, to incorporate the
first-order dependence on paraffin concentration, the
hydrogen-inhibition effect, and chemical equilibrium
limitation, the following expression is assumed to rep-
resent kinetics of the reaction:

. CpCy,
—Ta = kICA_k2CBCH2 = kl(CA_ % ), (D

eq

where r), is the rate of disappearance of paraffin per
catalyst weight; k, and k, are the rate constants of for-
ward and backward reactions, respectively; K, is the
equilibrium constant at reaction temperature; and C; is
the concentration of the species i. Larsson et al. [9]
found that among several kinetic models tested for
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dehydrogenation of propane on Pt—Sn/Al,O; catalysts,
a simple power-law model of this type resulted in the
best fit.

To account for catalyst deactivation, the reaction
rate can be written in terms of activity as

CgC
-1y = a0y - ), @

€q

in which the catalyst activity, a, is defined as

o

—ra(t) —Ta

AT R

3)

Considering the volume change of the reaction, fol-
lowing rather involved algebraic manipulations, one
arrives at the following expression for reaction rate in
terms of paraffin conversion:

o kaCy o(Xy o= Xa) (0 +BX,)
—ra = > , 4)
(1+e,Xy)
in which
_ Xaeqt (O +0Op) + OyOp(1 —€, + €, X o) )
(O + Xp o) (Op + Xy o) '
_ (1 + €5 X4 eq— Xaeq) T Ea XA oq(On + Op) +€,0,05 6)

B (®H+XA,eq)(®B+XA,eq) '

where O and Oy are hydrogen/paraffin and olefin/par-
affin molar ratios initially (or in the feed), respectively;
X, 1s paraffin conversion, X, . is the equilibrium con-
version under reaction conditions, and €, is the volume
expansion factor. When X, ., approaches unity (i.e., to
that of irreversible reactions), the parameters o and 3
approach unity and €,, respectively.

From a paraffin mole balance on the cylindrical ele-
ment within the reactor bed (Fig. 2), one obtains, suc-
cessively,

—dF, +r\dW = 0, )

dF, = d[FA,O(l -X))] = _FA,OdXA9 (8)
dX dw

= ©)
—I'a A0

where F,  is the molar flow rate of paraffin, W is the
weight of the catalyst, and the subscript O refers to the
inlet conditions to the reactor. Equation (9) represents
the design equation of the moving-bed reactor. The
final form depends on the geometry of the volume ele-
ment. For the system under consideration,

dW = p,2nrdrdz, (10)

where py, is the bulk density of the catalyst.

Now, assume the following rate law for catalyst
deactivation:

(11)

where k, is deactivation rate constant. This form of
decay law has been used for dehydrogenation of light
paraffin on Pt-based catalysts by several authors
[10, 11].
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The catalyst residence time within the reactor is

n(R> - R))z

W:pr:
b U

= —
U U

—dr = mdz, (12)

S N S

where U, is the mass flow rate of the catalyst; R, and R,
are the inner and outer radii of the moving-bed, respec-
tively; and

2 2
(R, - RY)

o (13)

m = Py

is the reciprocal of the linear velocity of the catalyst
within the bed. From Egs. (11) and (12), one obtains the
rate of catalyst deactivation within the catalyst bed as

—da = kgsadt = kgmadz. (14)
Catalyst
o 7
Fay i
—_ :
z Cay i 1
1 FA|V+AV
| —
i Cay +av
dz :

%

-

dr

Fig. 2. Radial element in the catalyst bed.
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If the catalyst activity at the reactor entrance (z = 0)
is ay, from Eq. (14) one obtains

2 2
a(z) = aoexP(—kdpbn(RzUjZ)- (15)

Equation (15) shows the variation of catalyst activ-
ity along the bed. Combining Egs. (4), (9), and (15) and
integrating along bed height, 4, one obtains

XA out

Fao J‘ (1+8AXA) ax
27tpbleA,0 (XA, eq -X)(a+BX,) A
th (16)
= J.J‘aoefmkdzrdrdz.
OR,
Noting
W = p,m(R; - R)h, (17)

it follows that

(B - SAO(‘)Z ln(a + BXA, out)
B((X‘-'_BXA,eq) (X‘+BXA,in

_ B(l + 8A)(A, eq)zln(XA, eq XA, out)

(0+PBXae))  \Xaeq—Xain (18)
_Ei(XA,out_XA,in)
_ klaOCA,OUsB(l ( kaW. ))
= —————|1-exp R
deA ()XA,eq Us

where X, ;, and X, ,, represent the conversion at the
inlet and outlet relative to the feed of the first reactor,
respectively. Equation (18) gives the paraffin conver-
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sion in terms of feed composition and operating condi-
tions. For the first reactor, X, ;, equals zero.

One observes that the argument of the exponential
function in Eq. (18) is a Damkohler number for catalyst
decay. Similarly, the term factored out from the right-
hand-side (excluding P) is the ratio of the Damkohler
number for the main reaction to that for catalyst decay.

4. RESULTS AND DISCUSSION

Figure 3 shows a typical long-term time-on-stream
performance of catalysts from experimental runs.
While the selectivity remains rather constant, activity
drops smoothly as implied by drop of conversion.
Therefore, olefin yield closely parallels paraffin conver-
sion and the latter can be considered as a good measure
of the overall performance of the catalyst during its life-
time. The stable selectivity depicted in Fig. 3 is typical
of Sn-promoted platinum catalysts and can be
explained in geometric terms by the dilution of Pt
ensembles by Sn. This dilution greatly reduces the
activity toward reactions that require a large ensemble
of Pt-atoms to constitute active sites, such as hydro-
genolysis and coking [2]. Additionally, the carbon
deposited during reaction acts the role of inactive spe-
cies that inhibits undesired reactions. Therefore,
although coke deposition adversely affects catalyst
activity, it exhibits some beneficial effects on olefin
selectivity.

4.1. Kinetic parameters. To test the validity of the
kinetics assumed and to obtain the kinetic parameters
required for Eq. (18) from experimental data, an inte-
gral method of analysis can be used. According to the
kinetics assumed in Egs. (2) and (11) and the perfor-
mance equation of the tubular packed-bed reactor, it
can be shown that for a fixed-bed reactor

kl,cve_kdt — B—l|: ([3_8A(x)2 ln(a+BXA)
B(a‘+BXA,eq) o (19)
B(1+exX, q)2 (XA - X\ 2
- o) 1y (Zacg )—SX}
(0 + BX s cq) X eq e
or, upon taking the logarithm of both sides,
O (B-gao)’ o+ PBX,
In(k, < —ktzln[ ‘[ m( )
e~k P Ba+BY 0 o
(20)

2
_B(l +£AXA,eq) ln(XA,eq_X
(a + BXA, O—t) XA, eq

in which 7', the ratio of catalyst weight per volumetric
feed flow rate, is a capacity factor known as the weight-
time.

Equation (20) proposes a method for testing the
kinetic expressions employed. To obtain equilibrium
conversions, the equilibrium constant was calculated
from the free energy of formations of the species
involved in the reaction from the literature (for exam-

ﬂ—dxq}=ﬂxm,
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Fig. 4. Testing Eq. (20) using experimental data for Catalyst A
(WHSV =2 h™!, HyHC = 0.5 mol/mol).

ple, [12]). Figures 4 and 5 show plots of Eq. (20) based
on experimental concentration-time data for two differ-
ent commercial catalyst samples.

As is observed, the kinetic models adequately pre-
dict the trend in the reduction of conversion and deacti-
vation for both catalysts. This confirms the validity of a
first-order decay law for the range of interest. The scat-
ter in experimental data is more pronounced at early
time on stream. This is due to the fact that the reactor
effluent is close to equilibrium, and any error in calcu-
lating conversions is magnified due to the logarithmic
term in the right-hand-side of Eq. (20). The observed
fluctuations are damped out with increasing time on
stream, because as the catalyst deactivates and the reac-
tion departs from chemical equilibrium. The slopes and
intercepts of the two lines are close and consistent,
implying similar performances of the two catalysts.

Plots similar to Figs. 4 and 5 provide a convenient
screening test of dehydrogenation catalysts in terms of
activity and stability. Accordingly, catalyst A is more
active but less stable than catalyst B. This tendency is
common within catalysts of the same family; that is, the
higher the catalyst activity, the more rapid its decay rate
under similar operating conditions. As the commercial
plant data were those of isobutane dehydrogenation
using catalyst A, Fig. 4 is used to obtain kinetic parame-
ters for scale-up. From the slope and intercept of Fig. 4,
one obtains k; = 0.0127 h™! and k,T' = 3.51. Considering
the operating conditions (7' = 0.972 kg h/m?), the rate
constant is found to be k, = 3.61 m?/(kg h).

Equation (11) is indicative of independent deactiva-
tion kinetics [13]. This implies that deactivation may be
caused both by hydrocarbon products and reactants, the
total concentration of which is nearly independent of
paraffin conversion. Similar behavior is observed in
certain other hydrocarbon conversion reactions such as
isomerization and cracking [13].

No. 4 2008
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Implicit in derivation of Eq. (19) is a pseudo-steady-
state assumption. This assumption should be valid as
the deactivation rate is very slow such that conditions
change slowly enough for the system to be at steady
state at any instant of time.

4.2. Mass transfer limitation effects. The influ-
ence of mass transfer limitations on the reaction can be
examined, for example, through Mears and Weisz—
Prater analyses for external and internal mass transfer
limitations, respectively. Knowing the kinetic parame-
ters from the previous section, the reaction rate can be
obtained at any point using Eq. (4). The effective diffu-
sivity and mass transfer coefficient can be estimated
from appropriate correlations given in the literature. In
this way, one observes based on maximum reaction rate
Cy=7.4x10"7<0.15 and Cyp = 0.09 < 1, confirming
working under the kinetic regime.

The Weisz—Prater parameter, however, is not small
enough to ensure negligible intraparticle diffusion lim-
itation throughout operation. Coking might cause a sig-
nificant additional diffusion limitation. The presumed
series-parallel deactivation mentioned in the previous
section as well as cross-sectional examination of the
coked catalysts implies that uniform coke deposition
occurs. On the other hand, a significant diffusion limi-
tation (for example, through pore-mouth plugging)
could result in a shifting-order decay law, which is not
confirmed by experimental observations. Conse-
quently, mass transfer limitations should be negligible
throughout the useful life of the catalyst in both scales
and the reaction rate and kinetic parameters represent
the intrinsic ones. This reduces the complexities that
often arise in scale-up due to the difference in extent of
resistances in the two scales.

4.3. Testing the model. The table compares the pre-
dicted and practical values of isobutane conversion for
each reactor of the commercial plant. As is observed,
the predicted overall conversion is very close to the real
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Comparison of the industrial results with the model

BIJANI, SAHEBDELFAR

Reactor 1 Reactor 2 Reactor 3 All reactors
Predicted conversion (reactor outlet) 0.25 0.17 0.10 0.52
Conversion in industrial reactor (reactor outlet) 0.20 0.165 0.135 0.5
Activity of outlet catalyst 0.65 0.4 0.23 0.23

value. However, the conversion in the first reactor is
overestimated, while that in the third one is underesti-
mated. The prediction for the second reactor shows the
best agreement. This might be attributed to the fact that
to achieve nearly the same level of conversion per reac-
tor, in commercial practice, the average temperature
increases slowly from the first to the last reactor. The
average temperature used in conversion calculations
should be slightly higher than that for the first and
slightly lower than that for the third reactor. More accu-
rate results could be obtained through performing lab-
scale tests at the average temperature of each reactor.

Also, the activity of the catalyst leaving each reactor
is presented. As it is observed, the catalyst leaving the
last reactor still retains one-fourth of its activity. Due to
economic and technical considerations, the catalyst is
sent to the regeneration unit before complete deactiva-
tion. In other words, the decrease in activity is not too
significant and simple expressions such as first-order
decay law could be adequate to describe the deactiva-
tion behavior.

In the limiting case when the catalyst activity is con-
stant along the catalyst bed, one expects that the perfor-
mance equation of the moving-bed reactor would
reduce to that of a fixed-bed reactor in the absence of
catalyst deactivation. Noting Eq. (18), one observes
that the argument of the exponential function is the
ratio of two characteristic times: the residence time of
the catalyst within the reactor to the “deactivation
time.” When the residence time is very small compared
with the deactivation time (that is, k,W/U; > 0), the
activity is the same throughout the reactor and equals
that for the catalyst at the entrance and the performance
equation must approach that of a plug reactor. In this
case, assuming a, = 1, the right-hand-side term of
Eq. (18) can be written successively as

leA’OUSB(l—ex (_kdw))
keFr o o o)

ki Cy OUSB( ( deD (CA oW)
St h L) Y ) =k 0% kB,
deA,O Us ]B FA,O ] B

S

where upon substituting into Eq. (18), one obtains
Eq. (19) (with k4 = 0 and X, ;, = 0). Thus, the reactor
behaves like a fixed-bed reactor being packed with
fresh catalyst.

4.4. Influence of intrabed temperature profile. To
solve the model analytically, the reactors were assumed
to be isothermal operating under some average temper-

ature. This is nearly the case for the lab-scale packed-
bed reactor employed for determination of kinetic
parameters. However, the commercial moving-bed
reactors operate adiabatically and can exhibit a radial
temperature decline. There should exist also a much
less pronounced axial temperature change, which orig-
inates from catalyst deactivation.

Assabumrungrat et al. [14] obtained an activation
energy of 62.7 kJ/mol for dehydrogenation of propane
on Pt=Sn—K/y-Al,O; catalysts. Aguilar—Rios et al. [11]
obtained 92 kJ/mol for the same reaction in the pres-
ence of hydrogen on both Pt/MgALO, and Pt
Sn/MgAl,O, catalysts. Both activation energies fall
within the range of low activation energy reactions.

To account for the influence of bed temperature pro-
files on reactor performance, one can apply the model
explicitly to cylindrical elements of width Ar and
height Az within which the temperature can be consid-
ered as constant. Scanning the reactor from the top ele-
ment in the inner wall side to the lowest element in the
outer wall side of the bed will result in concentration,
activity, and temperature profiles across the reactor
from which conversion can be obtained. The tempera-
ture increase per element can be obtained by energy
balance considerations. Activation energy of the main
reaction and catalyst decay can be obtained by Arrhe-
nius plots of the rate constants obtained from plots such
as Figs. 4 and 5.

4.5. Final remarks. To be applicable for scale-up,
the formulations outlined here need only the reaction
temperature and hydrogen-to-hydrocarbon ratio of the
feed to be the same at the two scales. In this case, the
corresponding rate constants are equal and the results
from the lab-scale reactor are applicable to a commer-
cial reactor. Temperature affects the rate constant of
reactions as well as the equilibrium constant. The deac-
tivation rate constant, on the other hand, in addition to
temperature, depends on the hydrogen concentration.
The concentration of hydrogen can be assumed to be
constant through the reactor (i.e., method of excess),
and therefore, no attempt is made to incorporate the
concentration of hydrogen in the catalyst decay law.
Hence, the deactivation rate constant is dependent upon
the hydrogen-to-hydrocarbon ratio, which conse-
quently should be the same at both scales. Other vari-
ables should not necessarily be the same at the two
scales. For example, while the lab-scale reactor is atmo-
spheric, the commercial plant operates at about 2 bar.
Also, it should be noted that the commercial reactors
operate adiabatically rather than isothermally. The tem-
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perature drop decreases successively from the first reac-
tor to the last reactor, while the average temperature
increases slowly from the first to the last reactor. Better
results could be achieved by obtaining the effect of tem-
perature on rate constants using numerical methods.

In the present work, no attempt has been made to
develop a kinetic model for the main reaction and deac-
tivation kinetics. The kinetic relations employed are
simple, single-parameter ones, whose parameters can
be readily calculated using lab-scale test runs.

5. CONCLUSIONS

This study showed the effect of important operating
parameters on the performance of a moving-bed reactor
in dehydrogenation of light alkanes. The alkane conver-
sion was found to be a function of a dimensionless
decay time, i.e., the ratio of two characteristic times, the
“catalyst deactivation time constant” to the residence
time of the catalyst within the reactor. The applicability
of simple-to-treat, single-parameter kinetic expressions
in describing the kinetics was verified. The observed
catalyst decay kinetics was considered as an indication
for series-parallel catalyst deactivation to occur. The
correlations developed can be used for screening dehy-
drogenation catalysts. It is shown that in commercial
practice the catalyst sent to the regeneration system still
retains a considerable portion of its activity.
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