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Abstract−We obtained kinetics data on steam reforming of butane and calculated the appropriate reactor size based

on the kinetics data. Using commercial Ni and Ru catalysts, steam reforming reactions of butane were performed while

changing the reaction temperature and partial pressure of reactants. After comparing the power law model and the

Langmuir-Hinshelwood model by using the kinetics data obtained from the experiment, it is revealed that the reaction

rate could be determined by both models in the reforming reaction of butane over commercial Ni and Ru catalysts.

Also, calculation of the steam reforming reactor size using a PRO/II simulation with a kinetic model equation showed

that the reactor size using the Ni catalyst is smaller than that with the Ru catalyst to obtain the same conversion.
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INTRODUCTION

Coal and oil have been the primary sources of energy for many

different fields. However, alternative energy sources including nat-

ural gas, propane, and butane are also widely used in households

and industry. One of the alternatives that is being considered is hy-

drogen, a clean source of energy that does not create pollution. Butane

is one of the byproducts in petrochemical processes and refining,

and is used as an energy source [1,2]. Using butane as a raw material

for producing hydrogen instead of just burning it off would thus

open new possibilities for using butane more effectively. Hydrogen

can be obtained by performing a steam reforming reaction of hy-

drocarbon. The steam reforming reaction is widely used in hydro-

gen production facilities, fuel cell power generation systems, reform-

ing reactors to obtain hydrogen from natural gas, and dimethyl ether

processes [3-8].

The steam reforming process consists of a reforming reaction

and water gas shift (WGS) reaction, according to Eqs. (1) to (3)

[9].

Steam reforming reaction:

(∆Ho

298>0) (1)

n−C4H10+4H2O=4CO+9H2 (∆Ho

298=649.9 kJ/mol) (2)

Water Gas Shift Reaction:
CO+H2O=CO2+H2 (∆Ho

298=−41.2 kJ/mol) (3)

The catalysts commonly used for the steam reforming reaction

are Ni, Ru, and Rh [10]. Research on the kinetics for the steam re-

forming reaction has primarily focused on the methane steam reform-

ing reaction [11-17]. The primary goal of obtaining kinetic data for

the reaction is to adequately express the chemical reaction as a kinetic

model to design a reactor for commercial use. The kinetic model is

thus a valuable tool for engineers to devise, optimize, and operate

reactors. However, there have been few studies on kinetic models

for the reformation of ethane, propane, or butane [19].

This study obtains kinetics data on steam reforming of butane

and calculates the appropriate reactor size based on the kinetics data.

Using commercial Ni and Ru catalysts, steam reforming reactions

of butane were performed while changing diverse reaction conditions

including reaction temperature, gas hourly space velocity (GHSV),

a partial pressure of reactants. From the results, the most suitable

kinetic model for steam reforming of butane was chosen. Reactor

size, which depends on the reaction temperature under different cata-

lysts including commercial Ni and Ru catalysts, was calculated by

a simulation utilizing PRO/II.

EXPERIMENTAL

The catalysts used for the reaction include a commercial Ni cata-

lyst (FCR-4; Süd-chemie Catalysts Inc., 12wt% Ni/α-Al2O3) and a

Ru catalyst (RuA; Süd-chemie Catalysts Inc., 2wt% Ru/α-Al2O3),

and each catalyst’s BET surface area is 12.3m2/gcat. and 11.4m
2/

gcat, respectively [20,21]. The catalyst used for the steam reforming

reaction was ground into particles of around 75-100µm size, and

then used in the reaction. Before steam reforming was initiated, the

catalyst was reduced in a stream of 10% hydrogen diluted in nitro-

gen gas. Ni catalysts were reduced for 2 hours at 500 oC, and Ru

catalysts were reduced for an hour at 800 oC. In this study, hydrogen,

nitrogen, and butane were utilized (the purity of each gas: 99.999%

(Hydrogen), 99.999% (Nitrogen), and 99.5% (Butane).

Fig. 1 shows the experimental apparatus for the steam reform-

ing reaction of butane. The reactor used in the reaction is a fixed

bed reactor manufactured with quartz, and the reactor’s inner diam-

eter was 10mm. to control the mass-flow rate of the gases (hydrogen,

nitrogen, and butane), we used a mass flow controller. The mois-
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ture in the reaction products was eliminated by passing the product

through a freezer and water trap, and analyzed by an on-line con-

nected gas chromatography system with a methanizer (Model: Youn-

glin, YL 6100 TOGA System). The columns used for the gas chro-

matography analysis were a Porapak N column and a molecular

sieve 5A column. The detectors were a flame ionization detector

and a thermal conductivity detector.

The steam reforming reaction experiment of butane was pre-

pared by installing 0.1g of the catalyst in the reactor. When a kinetic

experiment is performed using a fixed-bed reactor, it is common to

conduct the experiment with a differential reactor by changing the

amount of catalysts or the reaction conditions, because integration

is not necessary to obtain the reaction rate, thus making the deriva-

tion of the reaction rate much easier [22]. Therefore, we searched

for reaction conditions where the conversion rate of butane gas would

not exceed 10% at 350-450 oC, and performed the steam reform-

ing reaction while maintaining the GHSV at 83,200 h−1 based on

the flow rate of total gas.

RESULTS AND DISCUSSION

1. Kinetic Model for Steam Reforming of Butane

To obtain kinetic data for a chemical reaction, the experiment

should be performed when the effect of surface diffusion is mini-

mized, while the reactant passes through the catalyst layer [20]. There-

fore, a preliminary experiment was conducted to determine an ad-

equate catalyst size to obtain the best kinetic data. The sizes of the

catalysts were divided into three categories (35-75µm, 75-100µm,

and 100-125µm) and were used for performing steam reforming

reaction experiments according to the contact time. Since there was

no significant difference in conversion rate upon change of the cata-

lyst size, the reaction was not affected by internal diffusion limita-

tion. Therefore, 75-100µm was selected as the most appropriate

catalyst size for the experiment.

The conversion of n-butane and selectivity obtained at different

feed over Ni and Ru catalysts at 400 oC are shown in Table 1. The

product mixture is free of carbon monoxide, which indicates that

carbon monoxide formation might have been suppressed by the water-

gas shift reaction. The results are in agreement with the trends in a

previous report on butane steam reforming over Ni-based catalysts

[23] in that the product mixture has H2/CO2 molar ratio in a range

of 3-5 and carbon monoxide is not detected. It is noticeable that the

conversion of n-butane over the Ru catalyst was lower than that of

Ni catalyst, which seems to be due to low content of Ru on Al2O3

compared with that of Ni on Al2O3.

Based on the data obtained from the kinetics experiments, we

obtained a kinetic model equation that reflects the actual data. The

kinetic model equation was derived using two methods, the power

law model (P-L model), which can be simply expressed as a power

law function, and the Langmuir-Hinshelwood model (L-H model),

which considers the process of absorption and desorption between

the reactant and active sites of the catalyst.

1-1.Derivation of the Power Law Model

To obtain the activation energy (Ea) included in the power law

Fig. 1. Schematic diagram of experimental setup.

Table 1. Conversion of n-butane and selectivity obtained at dif-
ferent feed over Ni and Ru catalysts at 400 oC

Catalyst PC4H10
PH2O

Conversion (%) H2/CO2 molar ratio

Ni 0.12 0.50 8.77 3.18
0.09 0.50 6.70 3.85

0.06 0.50 4.60 4.92
0.06 0.38 4.74 3.70
0.06 0.67 4.26 3.92

Ru 0.12 0.50 7.87 3.17
0.09 0.50 5.86 3.99
0.06 0.50 4.06 4.20

0.06 0.38 4.08 4.35
0.06 0.67 4.02 4.40
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model, the natural log of Eq. (4) is taken, which yields Eq. (5).

(4)

(5)

Under the conditions of reaction pressure of 1atm, GHSV of 84,200

h−1, and 2 hours of time-on-stream, the partial pressure of the steam

(PH2O
) was kept constant while the partial pressure of butane (PC4H10

)

was varied from 0.06 to 0.12, and the change of the reaction rate

with temperature change was plotted on a graph, as indicated in

Fig. 2. Similarly, a graph expressing the relationship between the

reaction rate and the temperature when keeping the partial pressure

of butane (PC4H10
) constant while changing the partial pressure of the

steam (PH2O
) from 0.38 to 0.67 was also drawn in Fig. 2. In Fig. 2,

a linear relationship is obtained when the x-axis was defined as (1/

T) and the y-axis as ln(−r'). From the slope of the graph, −(Ea/R),

the activation energy (Ea) was calculated. Ea for the Ni catalyst was

1.8 kJ/mol (Fig. 2(a)) and 2.1 kJ/mol when the Ru catalyst was used

(Fig. 2(b)). The values indicated here are the average results obtained

for the variation of partial pressure of the reactants.

Eq. (5) was rewritten to obtain the reaction orders of butane and

steam from the reaction equation, and Eq. (6) was obtained:

(6)

To obtain the reaction order of butane (α), the partial pressure of

the butane (PC4H10
) was varied while the partial pressure of steam

(PH2O
) was kept constant. Similarly, in order to obtain the reaction

order of steam (β), the partial pressure of butane (PC4H10
) was kept

constant when the partial pressure of steam (PH2O
) was changed. The

change in the reaction rate with change in partial pressure of either

butane or steam is shown in Figs. 3 and 4, where the x and y axes

represent the natural log value of partial pressure for each gas and

the natural log value of the reaction rate, respectively. The average

slope for each reaction temperature was used to obtain the reaction

order. The reaction order for butane and steam was 1.01 and −0.09

for the Ni catalyst, respectively (Fig. 3), and 0.92 and −0.05 when

the Ru catalyst was used, respectively (Fig. 4). Reaction orders show

that the reaction rate is directly proportional to the partial pressure

of n-butane, whereas a minor inhibition is expected at increased

partial pressures of steam. The results are in agreement with the

trends in previous report on butane steam reforming over Ni-based

catalysts [23] in that a positive dependence on butane concentration

and a negative dependence on steam concentration are observed.

The reaction rate constant (k) included in the power law model

equation can be expressed as Eq. (7), by using the Arrhenius equa-

tion. By taking the natural log for both sides of Eq. (7), the pre-ex-

ponential factor can be derived from Eq. (8).

− r' = k
o
 EXP − E

a
/RT( ) P

C4H10

[ ]α P
H2O

[ ]β

− r'( )ln  = k
o
P
C4H10

[ ]α P
H2O

[ ]β( ) − E
a
/R( ) 1/T( )ln

− r'( ) = k
o

( )ln  − E
a
/R( ) 1/T( ) + α P

C4H10

( ) + β P
H2O

( )lnlnln

Fig. 2. Arrhenius plots of butane steam reforming over (a) Ni cata-
lyst, (b) Ru catalyst.

Fig. 3. Plots for reaction order of reactants in butane steam reform-
ing over Ni catalyst: (a) reaction order of butane, (b) reac-
tion order of steam.



Reactor sizing for butane steam reforming over Ni and Ru catalysts 415

Korean J. Chem. Eng.(Vol. 31, No. 3)

k=k
o
 EXP(−E

a
/RT) (7)

ln(k)=ln(k
o
)−(E

a
/R)(1/T) (8)

Using a similar method as employed to obtain the activation energy

(Ea), a linear relationship can be derived by setting the x-axis as (1/T)

and the y-axis as ln (k). From the y-intercept of this graph, the pre-

exponential factor (k0) can be determined. The pre-exponential factor

(k0) derived from Fig. 5 was 0.79×10
−3 for the Ni catalyst and 0.57×

10−3 for the Ru catalyst. As a result, the activation energy (Ea) of

butane, the reaction orders (α, β), and the pre-exponential factor (k0)

of the reaction order were obtained based on the power law model,

and the results are summarized in Table 2.

1-2.Derivation of the Langmuir-Hinshelwood Model

The second kinetic model considered in this study is the Lang-

muir-Hinshelwood model (L-H model), which takes the adsorption

mechanism between the active site of the catalyst and the reactant

into account. The Langmuir-Hinshelwood model was used under

the assumption that reactant molecules adsorb on active sites over

the catalyst surface and the adsorbed molecules undergo a bimolec-

ular reaction. The mechanism may be visualized as follows, where

θi represents the fraction of available sites on which species i is ad-

sorbed [22,24].

Adsorption: C4H10+*↔C4H10−* (9)

H2O+*↔H2O−* (10)

Surface reaction: C4H10−*+H2O−*↔CO2−*+H2−* (11)

Desorption: CO2−*+H2−*↔CO2+H2+2 * (12)

At equilibrium, the rate of adsorption equals the rate of desorption,

so that

(13)

(14)

(15)

(16)

k
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Fig. 4. Plots for reaction order of reactants in butane steam reform-
ing over Ru catalyst: (a) reaction order of butane, (b) reac-
tion order of steam.

Fig. 5. Plots for pre-exponential factor of butane steam reform-
ing: (a) Ni catalyst, (b) Ru catalyst.

Table 2. Parameter of butane steam reforming reaction for power
law kinetic model

Catalyst k0 Ea [kJ/mol] α β

Ni 0.79×10−3 1.8 1.01 −0.09
Ru 0.57×10−3 2.1 0.92 −0.05
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If the surface reaction is the rate determining step, the reaction

rate for the Langmuir-Hinshelwood model in steam reforming of

butane can be expressed as Eq. (17):

(17)

Adding Eqs. (13)-(16),

(18)

(19)

Combining Eqs. (13), (14), (17), and (19) gives

r = k
S
θ
C4H10

θ
H2O

θ
v
K

C4H10

P
C4H10

 + K
H2O

P
H2O

 + K
CO2

P
CO2

 + K
H2

P
H2

( )
= θ

v
 + θ

v
 + θ

v
 + θ

v
 =1− θ

v

θ
v
 =1/ 1+ K

C4H10

P
C4H10

 + K
H2O

P
H2O

 + K
CO2

P
CO2

 + K
H2

P
H2

( )

Table 3. Parameters for the Langmuir-Hinshelwood model

Catalyst Temperature [oC] ks KC4H10
KH2O

Ni 350 0.000549 0.413 1.011
400 0.000564 1.048 0.772

450 0.000577 1.696 3.355

Ru 350 0.000379 7.400 9.289
400 0.000391 7.139 8.870

450 0.000401 7.752 9.476

Fig. 6. Comparison of the kinetic model evaluation in butane steam
reforming over Ni catalyst: (a) constant concentration of
steam, (b) constant concentration of butane).

Fig. 7. Comparison of the kinetic model evaluation in butane steam
reforming over Ru catalyst: (a) constant concentration of
steam, (b) constant concentration of butane).

(20)

In this equation, ks is a constant expressing the characteristics of

the surface reaction, and the constants KC4H10
 and KH2O

 are adsorp-

tion equilibrium constants for butane and steam, respectively. If the

adsorption of reaction products is very weak, the last two terms in

the denominator can be deleted, and Eq. (20) would become [19]

(21)

After measuring the reaction rate according to the change in partial

pressure of butane and steam in a temperature range of 350-450 oC,

the Polymath program was used to perform a non-linear regression

to compute the unknown constants ks, KC4H10
, and KH2O, 

in Eq. (21).

The parameters for the steam reforming reaction of butane at a tem-

perature range of 350-450 oC for the Langmuir-Hinshelwood model

are in Table 3.

1-3.Comparison of the Power Law Model and the Langmuir-Hin-

shelwood Model

The data from the experiments and the two models, the power

law model and the Langmuir-Hinshelwood model, were compared

with each other. The equations for both models and experimental

r = k
S
K

C4H10

K
H2O

P
C4H10

P
H2O

/ 1+ K
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data obtained at 450 oC over Ni and Ru catalysts are shown in Fig. 6

and 7, respectively. The experiment with variation of the partial pres-

sure of butane under Ni and Ru catalysts (Fig. 6(a), Fig. 7(a)) and

the experiment changing the partial pressure of the steam (Fig.6(b),

Fig. 7(b)) showed similar results to the Langmuir-Hinshelwood model

as well as the power law model. As a result of the reforming reaction

of butane over commercial Ni and Ru catalysts, the reaction rate

could be determined by the power law model as well as the Lang-

muir-Hinshelwood model.

1-4. Kinetic Equation for Water Gas Shift Reaction

The water gas shift reaction is described in Eq. (3), where carbon

monoxide that is produced after the steam reforming reaction reacts

with steam and converts into carbon dioxide and hydrogen. To derive

the power law model parameters for the WGS reaction, the experi-

ments were performed in a similar manner as the steam reforming

reaction of natural gas. From the experimental results, the activa-

tion energy (Ea), reaction order (α, β), and per-exponential factor

(ko) were derived. Eqs. (22) and (23) are the reaction rate equations

over the Ni and Ru catalysts, respectively. 

(22)

(23)

2.Reactor Sizing for Steam Reforming of Butane over Ni and

Ru Catalysts

The reactor size was determined by using a PRO/II simulation

program using the model equation obtained based on the kinetics

data. The parameters that were entered to compute the reactor size

for the steam reforming reaction are indicated in Table 4. The Lang-

muir-Hinshelwood model equation was used for the simulation along

with its parameters. A fixed bed catalyst reactor was assumed, with

a stream of mixed gas that contains 0.94% of butane, similar to the

amount of butane in natural gas, injected with a mass-flow rate of

311m3/h, and the steam was also injected to provide a steam/carbon

ratio of 2.0 to simulate the reaction. In this simulation, the reactor’s

volume was determined from the weight, the density, and the porosity

of the catalysts, and the conversion rate of butane was calculated

using the PRO/II simulation program after the obtained kinetic model

equation was applied. The reactor’s size to accomplish the conver-

sion rate of butane under commercial Ni and Ru catalysts using the

Langmuir-Hinshelwood model is indicated in Fig. 8. As the reaction

temperature increases, the reactor volume for the process becomes

smaller, and the reactor has to be of a very large volume in order to

have a higher conversion rate of butane. The reactor volume re-

quired to reach a certain level of hydrogen production at reaction

temperature of 350-450 oC was smaller in the reactor using the Ni

catalyst than the reactor using the Ru catalyst. Therefore, if only

the reactor size is compared, using the Ni catalyst is more econom-

ical than using the Ru catalyst in steam reforming of butane at a

temperature range of 350-450 oC.

CONCLUSIONS

The kinetics data of steam reforming of butane were obtained

over commercial Ni and Ru catalysts while changing reaction tem-

perature and the partial pressure of butane and steam. After com-

paring the power law model and the Langmuir-Hinshelwood model

by using the kinetics data obtained from the experiment, it is revealed

that the reaction rate could be determined by both models in the

reforming reaction of butane over commercial Ni and Ru catalysts.

Also, calculation of the steam reforming reactor size using a PRO/

II simulation with the proposed kinetic model equation showed that

the reactor size using the Ni catalyst is smaller than that with the

Ru catalyst to obtain the same conversion rate.
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