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Abstract—A kinetic model for propane dehydrogenation in an
industrial moving bed reactor is developed based on the reported
reaction scheme. The kinetic parameters and activity constant are
fine tuned with several sets of balanced plant data. Plant data at
different operating conditions is applied to validate the model and
the results show a good agreement between the model
predictions and plant observations in terms of the amount of main
product, propylene produced. The simulation analysis of key
variables such as inlet temperature of each reactor (Ti,,) and
hydrogen to total hydrocarbon ratio (H2/THC) affecting process
performance is performed to identify the operating condition to
maximize the production of propylene. Within the range of operating
conditions applied in the present studies, the operating condition to
maximize the propylene production at the same weighted average
inlet temperature (WAIT) is ATjxi= -2, ATixo= 1, ATje= +1,
ATjpxq= 12 and AH2/THC= -0.02. Under this condition, the surplus
propylene produced is 7.07 tons/day as compared with base case.
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[. INTRODUCTION

IN order for a company to remain world-class competitive it
will be necessary to run the plant with less operating cost
and at the same time, increase productivity. To realize this
level of performance, it is crucial to simulate and optimize the
entire process and plant. This requires a new level of
understanding which includes the microkinetic models of each
catalytic step. If entire processes are understood at this level, it
will be possible to increase the output of most of our reactor
systems between 50 and 100% and even up to 200 to 300%
sometimes.

Dehydrogenation is a highly endothermic, equilibrium-
controlled reaction. Equilibrium conversion and reaction rate
increases with temperature, they are likewise favored at lower
pressures because the volume of products exceeds that of
reactants.
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In order to achieve reasonable economic conversion per
pass (separation costs of unreacted paraffin are high),
temperatures exceeding 550 °C are a prerequisite. High
reaction temperature means magnification of side reactions.
The stability of paraffins and olefins becomes critically
influenced by the several side reactions. Oligomerization to
heavier compounds, cracking to lighter hydrocarbons, skeletal
isomerization, aromatization, alkylation of the formed
aromatic rings, eventually leading to coke formation, lower
the yields. Removal of hydrogen from the products improves
the equilibrium extent and rate of dehydrogenation. However,
recycle of hydrogen helps reduce the coke formation on the
catalyst [1].

In view of the reaction characteristics as stated above, the
optimum operating condition of the dehydrogenation reactor
represents a compromise among the critical factors. In view of
this, an accurate model and simulation tool is crucial in
identifying the optimum operating condition of the plant [2].

In the present study, several type of kinetic and reactor
models was validated using the inter reactor sample data. The
best model was identified and rigorous simulations were
performed to determine the operating condition for
maximizing the production of propylene from
dehydrogenation of propane.

II. PROCEDURE

A. Type of Reactor Model Used

In the present study, all the chemical reactions possibly
occurred in the reactor were incorporated into the reactor
model for simulation. However, isomerization of iso-butane
and dehydrogenation of iso-butane and n-butane were ignored
due to its’ negligible amount in the exit composition and
unpredictable trend. Due to the lack of information, the rate
expression to describe coke formation was not included in the
present study. The amount of coke formed was assumed to be
constant as long as the weighted average inlet temperature
remained unchanged.

Since the slow moving bed reactors are employed, the
reactors were modeled using plug flow reactor (PFR). In PFR
or tubular flow reactor the feed enters at one end of a
cylindrical tube and the product exits at the other end. The
PFR model used in in-house software assumes there is no
mixing in the axial direction and complete mixing in the radial
direction. The PFR model is governed by the mole balances
and design equations, rate law, stoichiometry, pressure drop
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correlations and energy balances equations. The flowsheet in
Figure 1 shows the important steps of performing simulation
using PFR in the in-house software.

B. Reaction Kinetics

The reaction schemes used in the present study is mainly
based on the one developed by Loc et al. [3-4] and Lobera et
al. [5-6] in addition to the side reactions proposed based on
the inter reactor composition. The kinetic scheme for the
propane reactions over the Platinum on Alumina catalyst are
parallel network as below:

i. Main reaction (dehydrogenation reaction)
C,H; & CH,+H,
(C3) (=C3) (H2)

ii. Side reaction (cracking reaction)

C,H;+H,>C,H,+CH,

(C3) (H2) (C2) (CD

b. CH,+H, ->C,H,

(=C2) (H2) (C2)

2C,H,+H, >CH,,

(=C3) (H2) (C6)

a GH¢+iCH,y —»CH,C/H, +4H,
(=C3) (iC4) (M) (H2)

e C,H;—>C,H,+CH,

f. C,H,+H,—>C,H,+CH,

a.

III. KINETIC PARAMETERS ESTIMATION

A. Rate law developed by Loc et al. [3-4]

The equation describing the main reaction for propane
dehydrogenation (reaction I) is taken from Loc et al. [3-4] and
it is shown in (1):

r, =axk, [1_ P3Py j Pes kmol/(s.m®)

PcsKeq| P:; + K:cs| P:cz
ey
Where K.q is the equilibrium constant of reaction I
K =8.49e +8exp(—118707 /(RT)) kPa )
and k; and K_¢;3; is
k, =0.3874exp(-2950'T)kmol/(s.m’ kPa"?) 3)
K oy =34785x10° exp(7200/T) (kPa) 4)

Due to the lacking of information on the physical properties
of catalyst, the dimensionless catalyst activity, a is fine tuned
using the composition of the reactor inter stage sample. a for
the 1%reactors is 0.34 while for the 2™, 3™ and 4™ reactors is
0.38.

Based on the literature, most of the rate law describing side
reactions can be expressed in power law [3-6]. All the
activation energy side reactions was taken from the literature

while the pre-exponential factor of the Arrhenius equation
was fine tuned base on the composition of the inter stage
samples. Table I shows the rate laws for all the possible side
reactions after fine tuning.

Under tab “Summary”, add and configure a specific
—p| conversion, selectivity or yield as a signal port to
the PFR.

A

Under tab “Summary”, add information about the
configuration of the PFR. This info is the energy

stream out of/into, pressure drop, inner diameter,

length and volume.

A 4

Under tab “Summary”, add information about the
inlet stream. This info is the mass/molar flowrate,
temperature, pressure and composition of the
stream.

A

Under reactions tab, click the Add/Edit button to
bring up the form where reactions can be added or
—» edited. The reactions tab will display the
stoichiometric coefficient matrix for the reactions as
soon as they are configured.

A

The Kinetics tab is where the reaction kinetics are
added and/or edited. Check box that enables the use
|| of advanced kinetics, which allows the user to input
a set of custom reaction kinetics. The advanced

reaction kinetics used in the present study is shown
in the section III.

Data
sufficient

Add/ edit
the
important Solve the
data model
Obtain
simulation
results

Fig. 1 Steps involved in the PFR simulations.
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TABLE I
THE FINE TUNED REACTION KINETICS OF THE SIDE REACTIONS
USED SIMULTANEOUSLY WITH MAIN REACTION KINETICS
DEVELOPED BY LOC ET AL. [3-4]

Side Rate law Kinetic parameter Reactor

reaction involved

a. =k, PPy, K. —246—9ex ‘137°0°[l_L] 1-4
! R \T 79315

b. N =KinPc,Pr K, =1.5E—7ex ’155000(1_ 1 ) 1-4
" R (T 79315

c Ny =KyPesPo| ~3.0E - 8exp -18170 2-4
v RT

d. R=kePciPes| i 0,085 exp| ~30242 2-4
Y RT

e. r, =k, P K, = 33exp(’137000) 3-4

£ =K, PosPi |y, —1.558+ 7exp($j 34

B. Rate law developed by Lobera et al. [5-6]

The equation describing the main reaction for propane
dehydrogenation (reaction 1) is taken from Lobera et al. [4-5]
and it is shown in (5):

K, = akl(Pc3 _(P:C3PH2/Keq)) )
1+(Pe; /K gy)

Where K, is the equilibrium constant of reaction 1
K., = 8.49 +8exp(~118707/(RT)) kPa (©6)

and k] and &CN is

— 3
k =5.15¢-5 exp[ 34570 (l - #D (kmol/s.m’ kPa)  (7)
R \T 793.15
K gy =349 exp(w[l _ ;D kPa ®)
‘ R (T 79315

Due to the lacking of information on the physical properties
of catalyst, the dimensionless catalyst activity, a is fine tuned
using the composition of the reactor interstage sample. The a
for the 1%, 2", 3" and 4" reactors are 0.33, 0.47, 0.55 and 0.68
correspondingly.

Similar with the previous section, the reaction kinetics
describing side reactions were fine tuned and it is shown in
Table I1.

In order to distinguish the PFR model incorporated with 2
different reaction kinetics, PFR model incorporated with
reaction kinetics developed by Loc et al. [3-4] is labeled as
PFR_Loc Model, whereas the PFR model incorporated with
reaction kinetics developed by Lobera et al. [5-6] is labeled as
PFR_Lobera Model.

TABLE II
THE FINE TUNED REACTION KINETICS OF THE SIDE REACTIONS
USED SIMULTANEOUSLY WITH THE MAIN REACTION KINETICS
DEVELOPED BY LOBERA ET AL. [4-5]

Side Rate law Kinetic parameter Reactor
reaction involved
a. L=KPesRi | 1« 226 0ex *137000(l, 1 ) 1-4
? R \T 79315
b. L =KP_,P, k3:l,2E—7exp[715;000 [Ti’mle] 1-4
c. r,=k,P_;P,, K, = 2.8E —Sexp - 18170 2-4
¢ RT
d =KP_c:Pes | k.~ 0085 exp[— 50242 2-4
: RT
e. r, =kPc; K :29exp[_137000) 3-4
¢ RT
f. r,=kP_,Pp, k, =1.35E +7exp(’2;6T°°0) 3-4

IV. RESULTS AND DISCUSSION

A. Base Case Simulations

The reactor system in the present study comprises of 4
adiabatic moving bed reactors in series with interstage re-
heating in fired furnaces. For regeneration, the catalyst slowly
downflows, and it is collected at the end of the last reactor,
conveyed to the regenerator (CCR) and then transferred back
to the first reactor. The reactor temperature profile is a typical
sequence of reheating steps [7-9]. Table III shows the
operating conditions of each reactor for the base case. The
simulation results are shown in Figure 3, Figure 4 and Table
Iv.

TABLE III

OPERATING CONDITION OF THE BASE CASE (PLANT DATA ON 18
NOV 2010)

Reactor No. Rx 1 Rx 2 Rx 3 Rx 4

Inlet temperature (°C) | *A B C D

Inlet pressure (kPa) E F G H

H2/THC ratio J

(mol/mol)

*Due to its’ confidentiality, all the operating condition is given as unknown
with the range of: 630<A<D<B<C; 150<H<G<F<E, J<0.60

As can be seen from Figure 3 and 4, all the models used
gives comparable predictions to the exit compositions, as
indicated by the comparable absolute relative error in Table
Iv.

Between the models studied, PFR_Loc model gives better
prediction to the exit composition of all the reactants and
products with the average absolute relative error (AARE) of
9.83%, as shown in Table IV. Despite the acceptable range of
AARE, the deviations of the predicted composition of H2,
=C2 and C2 from the plant data are 21%, 14% and 11%
respectively. These significant deviations are due to the
assumptions of no radial variations in velocity, concentration
and temperature or reaction rate in the reactor during the
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variations.
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Fig. 3 Product and reactant compositions of the main reaction in the

reactor exit stream

Fig. 4 Product compositions of the side reactions in the reactor

exit stream
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TABLE IV AARE FOR THE MODELS USED IN
EXIT COMPOSITION PREDICTION.

Component Base Case Case 1
PFR _Loc

C3 0.69% 0.65%
C3= 5.39% 4.18%
H2 20.63% 7.14%
Cl1 8.20% 7.83%
C2 13.62% 5.97%
C2= 11.48% 11.97%
BTX + 8.77% 18.43%
Heavies

AARE 9.83% 8.02%
PFR_Lobera

C3 0.65% 0.42%
C3= 6.07% 4.09%
H2 20.54% 7.31%
Cl 7.56% 7.50%
C2 11.08% 8.40%
C2= 11.94% 13.17%
BTX + 12.35% 22.16%
Heavies

AARE 10.03% 9.01%

Figure 5 shows the yield per pass profiles of the entire
reactor system. The increase in temperature from reactor 1 to
4 has increased the conversion as more propane is converted
to the main and side products. Nevertheless, the selectivity
from reactor 1 to 4 is suppressed by the increase of
temperature because high temperature favors the formation of
side products. As a whole, the yield per pass was increasing
throughout the entire reactor system, as can be seen from
Figure 5. Since PFR_Loc model could predict the composition
of propane and propylene with smaller absolute relative error
of <5.5% as shown in Table IV, the yield per pass is also
better described by this model.

Yield per Pass

0.280 -

0.230
- —=—-PlantData

0.120 - m PFR_Loc

Vieldper Pass
\

- PFR_Lobera
0.130 -

0.080
Hx 1 Bx 2 B 3 Hxa

Fig. 5 Yield per pass profile throughout the entire reactor system.

B. Model Validation with Different Cases

In order to test the consistency of the models, the operating
conditions were varied. For Case 1, the inlet temperature of
the Reactor 1 was decreased 1 deg. C while the inlet
temperature of Reactor 4 was increased 1 deg. C. The
operating condition and composition of the product were the
average value of 5 days (25 Nov 2010, 6 Dec 2010, 10 Dec
2010, 13 Dec 2010 and 16 Dec 2010). The same models were

adopted for the simulations and AARE for all the models in
exit composition prediction of both cases is compared in Table
IV. It is found that all the models could predict the
composition of case 1 with lower AARE and PFR_Loc Model
offers the least AARE. In addition to the composition
validation under different cases, the best model, PFR Loc
Model also was tested using the archive data in terms of its
consistency in predicting the amount of propylene produced.
Table V shows the operating conditions of all the cases
selected for the study.

TABLE V
OPERATING CONDITIONS OF ALL THE SELECTED CASES FOR THE
VALIDATION OF THE AMOUNT OF PROPYLENE PRODUCED.

Case No. Inlet temperature difference, ATjnx H2/THC
Rx 1 Rx 2 Rx 3 Rx 4 molar

ratio
difference,
AH2/THC

2 (22 Dec *.1.33 -0.05 -0.05 1.42 0.00

10)

3 (9 July -0.07 -0.21 -2.95 0.03 0.00

10)

4 (20 Apr 0.24 0.22 0.36 0.44 0.04

10)

5 (25 Apr -0.02 -0.16 -0.09 0.06 0.05

10)

6 (26 Apr 0.11 -0.16 -0.10 0.42 0.06

10)

*Due to its’ confidentiality, all the number in the table is given as the
difference with base case.

From Table VI, the deviation of the predicted amount of
propylene produced from plant data is approximately 4.41%
(absolute relative error, ARE). The results also show that the
changes predicted by the model is identical to the changes
generated from the plant data. These changes are referring to
the changes of propylene flow rate in liquid product as
compared with the base case. In case 2, more propylene has
been produced with a decrease in inlet temperature of the 1%
reactor and an increase in the inlet temperature of the 4™
reactor. In case 3, a reduction in the inlet temperature of the
3" reactor has caused a reduction in the propylene production.
From case 4 to case 6, the increase in the H2/THC ratio has
reduced the amount of propylene in the liquid product. All
these changes are observed due to the nature of the
dehydrogenation reaction, which is endothermic equilibrium
limited. Higher temperature and lower H2/THC ratio shift the
reaction to the forward direction. Hence, more propylene is
produced.

C. Simulation Analysis

1. Effect of reactor inlet temperature

The inlet temperature of each reactor in the entire reactor
system was varied by +2 °C while the H2/THC ratio, inlet
flow rate and inlet stream composition were kept constant.
The simulation results show that reactor system with higher
WAIT will produce more propylene and vice versa if it is
operated at lower WAIT as compared with base case. Higher
temperature favors the forward reaction of the highly
endothermic dehydrogenation reaction and hence more
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propylene will be produced. Part of the simulation results
under the same WAIT have been sorted out and tabulated in
Table VII.

TABLE VI
COMPARISON OF THE AMOUNT OF PROPYLENE
PRODUCED BETWEEN PLANT DATA AND RESULTS PREDICTED BY

of -0.02 (data no. 5 in Table VIII) gives maximum surplus of
propylene production as compared with the base case, which
is 0.56 tons/day. Lower H2/THC ratio shifts the reaction
equilibrium to the product side and hence more propylene will
be produced.

THE MODEL SIMULATION TABLE VII
Case No Propylene in | Propylene in | Changes in propylene flow SIMULATION RESULTS FOR THE STUDY OF
: opy opy O EFFECT OF INLET TEMPERATURE
liquid liquid rate as compared with base -
No. AT Difference
product, product for case, kg/hr .
kg/hr base case, Rx 1 Rx 2 Rx 3 Rx 4 1n mass
flow rate
kg/hr as
ARE, % ARE, % plant data Model compared
2 3.99 4.15 o 66.79 with basc
3 4.54 4.15 - -557.02 case, tons/
4 4.49 4.15 - -169.05 day
5 4.34 4.15 - -289.52 1 *1 -1 0 0 -0.65
6 470 4.15 - -199.23 2 1 0 -1 0 -0.97
3 1 0 0 -1 -1.15
4 t lus, - ts short:
represents surplus, - represents snortage 4 ] 1 0 0 0.66
. 5 -1 0 1 0 0.99
Base on the data no. 4-6, 9-10, 12, 16-18, 21-22 and 24 in 6 1 0 0 1 3.40
Table VII, the amount of propylene reduced due to the 7 0 1 -1 0 031
decrease of inlet temperature of one reactor can be 8 0 1 0 -1 -0.49
compensated by the amount of propylene produced by the 13 g i (1) (1) g'zi’
following re.actor with the increase of temperature. As 11 0 0 1 1 016
compared with the base case, surplus propylene can be 12 0 0 -1 1 0.20
produced under these operating conditions because of the 13 2 -2 0 0 -1.29
difference in the degree of sensitivity of equilibrium YS‘ ; g '3 2 ég;
conversion to reactor temperature (S). Based on the data 16 5 2 0 0 134
given by Cavani and Trifiro [10], the equilibrium conversion 17 2 0 2 0 1.99
is most sensitive to the temperature when the temperature is 18 -2 0 0 2 236
ranged at 600-650 °C. Therefore, S of the reactor system is ég g ; '3 g _8'3(5)
ranked as S4th reactor>s3rd reactox>San reactor>Slst reactor+ An increase 21 0 2 2 0 0.68
of 1 °C in the inlet temperature of 4™ reactor could produce 22 0 -2 0 2 1.06
more propylene if comparing with an increase of 1 °C in the 23 0 0 2 -2 -0.30
24 0 0 -2 2 0.42

inlet temperature of 1%, 2" and 3™ reactors.

Under the identical WAIT, the maximum amount of
propylene could be produced when the inlet temperature
differences from the base case for 1%, 2" 3™ and 4™ reactor
are -2 °C, +1 °C, +1 °C and +2 °C respectively. The amount
of propylene produced is an additional of 6.5 tons/day as
compared to the base case. The reduction of the inlet
temperature of the 1% reactor has reduced the amount of main
and side products. Nevertheless, the amount of propylene and
side products produced by the reactor system is more as
compared with base case because the reduction in the 1%
reactor has been compensated by the increment in the 2™, 3
and 4™ reactors with the increase of inlet temperature.

2. Effect of H2/THC Ratio

The H2/THC ratio of the entire reactor system was varied
by £0.02 while the inlet temperature, inlet flow rate and inlet
stream composition were kept constant. From Table VIII, the
simulation results show that reactor system with lower
H2/THC ratio will produce more propylene and vice versa if it
is operated at higher H2/THC ratio as compared with base
case. The reactor system operates at H2/THC ratio difference

**Due to its’ confidentiality, all the inlet temperature in the table is given as
the difference with base case.

TABLE VIII
SIMULATION RESULTS OF THE STUDY OF
EFFECT OF H2/THC RATIO
No. AH2/THC | Difference in mass flow
rate as compared with
base case, tons/
day
1. *0.02 -0.58
2. 0.01 -0.29
3. 0.00 0.00
4. -0.01 0.29
5 -0.02 0.56

**Due to its’ confidentiality, all the H2/THC in the table is given as the
difference with base case.

3. Effect of the combination of reactor inlet temperature

and H2/THC ratio

The H2/THC ratio and inlet temperature of the entire
dehydrogenation system were varied by £2 °C and +0.02
respectively, while the inlet flow rate and inlet stream
composition were kept constant. The simulation results show
that the operating condition that maximize the production of
propylene is AT;yx= -2, ATio= +1, ATixs= +1, ATipe= 12
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and AH2/THC= -0.02. Under this condition, the surplus
propylene produced is 7.07 tons/day.

V.CONCLUSION

Among the models studied, model PFR_Loc offers the least
AARE for the composition prediction of the dehydrogenation
system under various operating conditions. Model PFR_Loc is
robust to predict the changes in composition when there are
changes in the operating conditions.

Higher temperature and lower H2/THC shifts the
dehydrogenation reaction to the product side and hence more
propylene will be produced.

In the reactor system at the same WAIT, it is preferably to
increase the temperature of the reactors which operate at
higher range of temperature to obtain more surplus propylene
as compared with the base case (e.g., increase the temperature
of reactor 2 could have more surplus propylene as compared
with increasing the temperature of reactor 1; increase the
temperature of reactor 3 could have more surplus propylene as
compared with increasing the temperature of reactor 2).

Within the range of operating conditions applied in the
present study, the operating condition to maximize the
propylene production is ATy = -1, ATio= 1, ATims= +1,
ATiuxa= T2 and AH2/THC= -0.02. Under this condition, the
surplus propylene produced is 7.07 tons/day as compared with
base case.

ACKNOWLEDGMENT

The authors would like to acknowledge an undisclosed
operating unit at the far east for providing opportunity for the
staff industrial attachment and Universiti Malaysia Pahang for
the financial support throughout the entire period of
attachment.

REFERENCES

[1] D. Sanfilippo, and I. Miracca, Dehydrogenation of Paraffins: Synergies
between CatalystbDesign and Reactor Engineering, Catalysis Today,
111, 2006, 133-139.

[2] H. F. Rase, Handbook of Commercial Catalysts: Heterogeneous
Catalysts. CRC Press, New York, 2000.

[3] L.C. Loc, N. A. Gaidai, S. L. Kiperman and H. S. Thoang, Kinetics of
propane and n-butane Dehydrogenation over Platinum-Alumina
Catalysts in the presence of Hydrogen and Water Vapor. Kinetics and
Catalysis, 37(6), 1996, 851-857.

[4] A. Rosjorde, S. Kjelstrupa, E. Johannessena, R. Hansenb, Minimizing
the Entropy Production in a Chemical Process for Dehydrogenation of
Propane, Energy, 32, 2007, 335-343.

[5] M. P. Lobera, C. Tellez, J. Herguido and M. Menendez, Transient
Kinetic Modelling of Propane Dehydrogenation over a Pt—-Sn—-K/ALO;
Catalyst, Applied Catalysis A: General, 349, 2008, 156-164.

[6] M. P. Lobera, C. Tellez, J. Herguido and M. Menendez, Propane
Dehydrogenation over Pt Sn K/y-Al203 Catalyst in a Two-Zon
Fluidized Bed Reactor, Ind. Eng. Chem. Res. 47, 2008, 9314-9320.

[7] MM. Bhasin, J.H. McCain, B.V. Vora, T. Imai and P.R. Pujado,
Dehydrogenation and Oxydehydrogenation of Paraffins to Olefins,
Applied Catalysis A: General, 221, 2001, 397-419.

[8] P.Pujado and B. Vora, 1990. Hydr. Proc., 65, 1990.

[9] http://www.uop.com/gasprocessing/TechSheets/Oleflex.pdf.

[10] F. Cavani, and F. Trifiro, 1994. Skillful Matching of Chemistry and
Engineering in Catalytic Dehydration of Low-Molecular-Weight
Alkanes, La Chimica & L’Industria, 76, 1994.

293



