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Abstract - The objective of this paper was to use a thermodynamic analysis to find operational conditions that 
favor the production of hydrogen from steam and oxidative reforming of liquefied petroleum gas (LPG). We 
also analyzed the performance of a catalyst precursor, LaNiO3, in order to compare the performance of the 
obtained catalyst with the thermodynamic equilibrium predictions. The results showed that it is possible to 
produce high concentrations of hydrogen from LPG reforming. The gradual increase of temperature and the 
use of high water concentrations decrease the production of coke and increase the formation of H2. The 
reaction of oxidative reforming of LPG was more suitable for the production of hydrogen and lower coke 
formation. Furthermore the use of an excess of water (H2O/LPG =7.0) and intermediate temperatures (973 K) 
are the most suitable conditions for the process. 
Keywords: Hydrogen; Liquefied petroleum gas; Reform; Thermodynamic analysis. 

 
 
 

INTRODUCTION 
 

The great interest in the use of fuel cells in homes, 
transportation, and chemical industries has stimu-
lated the demand for large-scale production of hy-
drogen (Ahmed and Krumpelt, 2001; Cheekatamarla 
and Finnertya, 2006; Rossi et al., 2009; Montané et 
al., 2011; Dantas et al., 2012). In addition, the appli-
cation of more stringent environmental laws in rela-
tion to gaseous pollutants such as ash, hydrocarbons 
(HCs), nitrogen oxides (NOx) and carbon monoxide 

(CO) in industrial processes has required the develop-
ment of cleaner technologies (Barreto et al., 2003). 

However, for fuel cell systems to be employed on 
a large scale, it is necessary to develop processes to 
produce high-purity hydrogen and to store that hy-
drogen at the same place where it will be used. There-
fore, obtaining hydrogen from compounds that al-
ready have a distribution network, such as natural 
gas, oil, ethanol (in the case of Brazil) and liquefied 
petroleum gas (LPG), is a requirement to fully im-
plement a hydrogen-based economy (Ayabe et al., 
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2003; Gokaliler et al., 2008; Jeong and Kang, 2010; 
Li et al., 2010). Industrially, the most common route 
for hydrogen production has been steam reforming 
of methane (Rossi et al., 2009), although there are 
several studies in the literature reporting the use of 
other compounds such as ethanol, propane and bu-
tane to obtain hydrogen (Montané et al., 2011; Goka-
liler et al., 2008; Jeong and Kang, 2010; Li et al., 
2010).  

The oxidative reforming, which involves cou-
pling reactions of steam reforming and partial oxida-
tion, seems to be a good route for hydrogen produc-
tion, since it usually lowers catalyst deactivation due 
to coke deposition and improves the thermal balance, 
depending on the concentration of oxygen fed (Dias 
and Assaf, 2004). Recently, several studies have ana-
lyzed the use of propane (Silberova et al., 2005; Faria 
et al., 2008; Corbo and Migliardini, 2007), butane 
(Avci et al., 2004; Ferradon et al., 2010) and liquefied 
petroleum gas (LPG), a mixture in which the main 
components are propane and butane (Laosiripojana 
and Assabumrungrat, 2006; Moon, 2008), for hydro-
gen production.  

The literature reports the use of transition metals 
such as Ni, Ru, and Rh for LPG reform reactions 
(Laosiripojana and Assabumrungrat, 2006; Moon, 
2008; Laosiripojana et al., 2011). For hydrocarbon 
reform reactions, nickel is usually a good choice 
since it presents good activity and stability. In addi-
tion, the cost of nickel is low when compared to 
noble metals, such as Pt and Rh. Usually, a good 
catalyst for reforming reactions should have a good 
metal dispersion. An alternative way to provide this 
property is the use of the perovskite structure as a 
catalyst precursor (ABO3 A = alkali metal, alkaline 
earth or rare earth, B = transition metal). These ox-
ides have a structure that is able of accept a wide 
range of defects caused by partial substitution at the 
A and/ or B positions, which may provide interesting 
properties for the resulting catalysts (Lima et al., 
2010). 

Although there are several literature reports that 
analyze the thermodynamics of the reforming of 
hydrocarbons to produce hydrogen (Díaz Alvarado 
and Garcia, 2010; Zeng et al., 2010; Wang et al., 
2010), there are none that evaluated the effect of 
using LPG as the hydrocarbon source. There are 
some experimental studies available on LPG reform, 
which show the use of different types of catalysts, 
operating conditions and selectivities for H2 and CO. 
(Laosiripojana and Assabumrungrat, 2006; Gokaliler 
et al., 2008; Moon, D. J., 2008; Laosiripojana et al., 
2010; Laosiripojana et al., 2011). However, the ef-
fects of operational parameters such as reaction tem-

perature, steam/carbon and oxygen/carbon ratios still 
are not clear in the literature. Therefore, thermody-
namic analysis can be applied to this process in order 
to help to determine optimal conditions and operat-
ing parameters that can lead to the best experimental 
conditions, maximizing H2 yield and minimizing 
coke formation, while reducing operational costs. 

In this context, the objective of this paper was to 
use a thermodynamic analysis to find operational 
conditions that favor the production of hydrogen 
from steam and oxidative reforming of LPG. The 
variables studied were temperature and feed compo-
sition. We decided to fix the pressure at 1 atm for 
this study, since the literature reports that the best H2 
yields are obtained at this condition (Wang et al., 
2010; Wang et al., 2011). In this work we also ana-
lyzed the performance of a catalyst precursor, LaNiO3 
(perovskite), in order to compare the performance of 
the obtained catalyst with the thermodynamic equi-
librium predictions in the steam and oxidative re-
forming of LPG. 
 
 

METHODOLOGY 
 
Thermodynamic Analysis 
 

In this work, Brinkley´s stoichiometric method 
was used to minimize the Gibbs free energy (Walas, 
1985). To apply this method, it is necessary to select 
a set of independent reactions representative of the re-
action system, as well as the thermodynamic proper-
ties of all species considered. For each reaction con-
sidered, it is necessary to evaluate the equilibrium 
constant at the temperature considered at the refer-
ence pressure (usually taken as atmospheric pres-
sure). For a system with i species and j reactions oc-
curring, we have: 
 

0
i i ij j

j

n n                 (1) 

 
0
in is the number of moles of species i present in 

the feed and j  is the coordinate number of the reac-

tion j. 
The total derivative of the Gibbs free energy is 

given by: 
 

( ) ( ) ( ) i i
i

d nG nV dP nS dT dn          (2) 

 

The equilibrium condition is achieved when the 
Gibbs free energy for the system reaches a minimum
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value. At equilibrium, with T and P constant, we have: 
 

( ) i i
i

d nG d               (3) 

 

In equilibrium conditions,   0 for 0d nG d    
 

0 lno i
i i i i o

i i

f
and G RT

f
  

 
   
  
 

       (4) 

 
Replacing the chemical potential ( )i  in the equi-

librium condition, we have for each reaction j: 
 

ln 0o i
i i o

i i

f
G RT

f


  
         

          (5) 

 
This leads to  

 

ln 0

i

o i
j o

i i

f
G RT

f

 
   
  
 

           (6) 

 

The species i activity ˆ( )ia  is, by definition: 
 

ˆ
ˆ i
i o

i

f
a

f
                 (7) 

 

in which o
if is the fugacity of species i at the system 

temperature and pressure of 1 atm and îf  is the fu-
gacity of species i in the mixture. Replacing the ac-
tivity ˆ( )ia  in Equation (7), we have: 
 

ˆln 0io
j i

i

G RT a


              (8) 

 
Rearranging, we have:  
 

ˆexp ij
o

j
i

G
a

RT
 

   
  

           (9) 

 
Therefore, for each reaction j, the equilibrium 

constant of each reaction is calculated by: 
 

ˆ expij
o

j
j i

G
K a

RT
  

    
  

        (10) 

ij  is the stoichiometric coefficient of the species i in 

the reaction j. 
In the gas phase, the activity can be evaluated by: 

 
ˆ ˆˆi i i ia f y P              (11) 

 

where iy  is the mole fraction, î  is the fugacity co-

efficient and P is the reference pressure of 1 atm. 

We considered 1o
if   atm because the values of 

formation energy were evaluated at 1atm and, in this 
condition, the species can be considered to be an 
ideal gas. The operational conditions of the reaction 
system considered are atmospheric pressure and high 
temperature. In these conditions, the mixture in the 
gas phase can be considered to be an ideal gas mix-
ture. This occurs because the intermolecular interac-
tion parameter decreases with increasing tempera-

ture. For ideal gases,  1i  , then î if y P . Therefore  
 

ˆi ia y P  and ( ) ij
j iK y P

         (12) 

 
The activity of solid carbon can be considered 

equal to unity ˆ( 1)ca   because the fugacity of a 
solid is not very sensitive to pressure. We also 
considered that in the solid phase, there is just carbon 
(no gas is adsorbed on the solid). Therefore, 

0
ĉ cf f .  

The mole fraction of species i is given by:  
 

i
i

j
j

n
y

n



             (13) 

 
Since the equilibrium constant of each reaction is 

evaluated from Equation (10), it is necessary to 
calculate the change in the Gibbs free energy for the 
reaction j at a temperature T and pressure of 
reference of 1 atm. This calculation is done using 
Equations (14) to (17): 
 

0 0

0 0 0

0

1

j j j j

T T
j j

T T

G G H H

RT RT RT

Cp Cp
dT dT

T R RT

    
 

 
  

     (14) 

 
0 0
j ij fi

i

G G             (15) 
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0 0
j ij fi

i

H H             (16) 

 
o

j ij i
i

Cp Cp            (17) 

 
The standard values of enthalpy and entropy, as 

well as heat capacity values, were obtained from the 
literature (Smith et al., 2007). 
 
Validation of the Computer Code 
 

Data from the literature (Zeng et al., 2010; Li et 
al., 2008) were used to validate our computer pro-
gram, which was based on Brinkley´s method. The 
dry reform of methane was evaluated in three differ-
ent operational conditions, as reported by Li and co-
workers (2008). In the dry reform of methane, with-
out feeding O2, the relevant species include CH4, 
H2O, CO, CO2, H2 and solid carbon. In this case, just 
3 independent reactions are necessary to represent 
the system. The following reactions were used in this 
validation, which was called Case 1: 
 

Reaction 1.1 CH4 + CO2  2CO + 2H2 
Reaction 1.2 CO2 + H2  CO + H2O 
Reaction 1.3 2CO  Cs) + CO2 

 
The conditions evaluated were:  

 
 T = 973 K; P = 1 atm; O2/CH4 = 0; CO2/CH4 = 1 
 T = 1073 K; P = 1 atm; O2/CH4 = 0; CO2/CH4 = 1 
 T = 1073 K; P = 2 atm; O2/CH4 = 0; CO2/CH4 = 1 
 

We also used another literature study to continue 
the validation of the computer program. Zeng and 
coworkers (2010) estimated the thermodynamic equi-
librium composition for the oxidative steam reform-
ing of propane. We used the data from this study 
relative to propane steam reform, without the pres-
ence O2, in which the following species were consid-
ered: C3H8, C3H6, C2H6, C2H4, CH4, CO, CO2, H2 
and H2O. In this case, the set of independent reac-
tions chosen is presented below (Case 2): 
 

Reaction 2.1 C3H8+ H2O  C2H6 + CO + 2H2 
Reaction 2.2 C2H6 + H2O  CH4 + CO + 2H2 
Reaction 2.3 C2H4 + H2O  CH4 + CO + H2 
Reaction 2.4 CH4 + H2O  CO + 3H2 
Reaction 2.5 CO + H2O  CO2 + H2 
Reaction 2.6 CO + H2  C(s) + H2O 

 
The followings conditions were tested, in this 

case: 

 T = 773 K; P = 1 atm; O2/C3H8 = 0; H2O/C3H8 = 5; 
 T = 973 K; P = 1atm; O2/C3H8 = 0; H2O/C3H8 = 3; 
 T = 1173 K; P = 1 atm; O2/C3H8 = 0; H2O/C3H8 = 3. 
 
LPG System 
 

Recent experimental studies have shown that the 
LPG reforming reaction system can be represented 
by the following species: C4H10, C3H8, C2H6, C2H4, 
CH4, CO, CO2, H2, H2O and solid carbon (Laosiripo-
jana and Assabumrungrat, 2006; Moon, 2008). In this 
work, two distinct cases were studied. The first one, 
called “Case 3”, involved butane, propane and steam 
in several proportions. This system was represented 
by the seven linearly independent reactions listed 
below. 
 

Reaction 3.1 C4H10 + H2O  C3H8 + CO + 2 H2

Reaction 3.2 C3H8+ H2O  C2H6 + CO + 2H2 
Reaction 3.3 C2H6 + H2O  CH4 + CO + 2H2 
Reaction 3.4 C2H4 + H2O  CH4 + CO + H2 
Reaction 3.5 CH4 + H2O  CO + 3H2 
Reaction 3.6 CO + H2O  CO2 + H2 
Reaction 3.7 CO + H2 C(s) + H2O 

 
For the second analysis (Case 4) one more spe-

cies (oxygen) was added to represent the oxidative 
system. This system was described by the seven re-
actions already listed above plus reaction 4.8. 
 

Reaction 4.1 C4H10 + H2O  C3H8 + CO + 2 H2 
Reaction 4.2 C3H8 + H2O  C2H6 + CO + 2H2 
Reaction 4.3 C2H6 + H2O  CH4 + CO + 2H2 
Reaction 4.4 C2H4 + H2O  CH4 + CO + H2

Reaction 4.5 CH4 + H2O  CO + 3H2 
Reaction 4.6 CO + H2O  CO2 + H2 
Reaction 4.7 CO + H2 C(s) + H2O 
Reaction 4.8 H2 + 1/2O2  H2O 

 
The following equations were used to evaluate 

the mole fractions of H2, CO, CH4, CO2 on a dry 
basis and conversion of butane and propane formed 
at equilibrium in Case 3. 
 

1

i
i N

j
j

n
y

n



 
 
 
 


                       (18) 

 

    
 

4 10 4 10

4 10

4 10

*100
%

C H C Hin out

C H in

n n
C H

n


    (19) 
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    
 

3 8 3 8

3 8

3 8

*100
%

C H C Hin out

C H in

n n
C H

n


     (20) 

 

In Equation (18), ni and nj are the mole numbers 
of species i and j in the reactor outlet stream (H2, 
CH4, CO, CO2, C2H4, C2H6, C3H8, C4H10), respec-
tively. For Case 4 that represents the reaction of oxi-
dative reforming of LPG, the equations were the 
same as those used in Case 3, but with the number of 
moles of unreacted oxygen added to the denominator 
of Equations (18), (19) and (20). 

For the solution of the reaction system, we used 
Maple12 with a few restrictions on the search 
range. The restrictions are relative to the number of 
atoms of carbon, hydrogen and oxygen present in the 
system. The reaction coordinate numbers (j) are not 
independent. The two restrictions that we used were 
related to the extent of reactions 3.4 and 3.6 for Case 
3 and reactions 4.4 and 4.6 for Case 4.  

The energy demand (Q) was defined as the 
amount of energy necessary to heat the LPG and 
water from 298 K up to the desired temperature in 
the reactor (Equation (20)). Both LPG and water 
were considered to be pure components in the feed. 
For LPG, the energy demand is just that necessary to 
heat this gas from 298 K to the desired temperature 
(Equation (21)). In the case of H2O, at the reference 
temperature (298 K), this species is a liquid and at 
the reactor temperature it is a vapor (referred to in 
this study as steam). Therefore, the energy demand 
for water (Equation (21)) is composed of three terms: 
(i) the first one related to the energy necessary to 
heat the liquid water from 298 K to 373 K at 1 atm 
of pressure; (ii) the second term represents the va-
porization heat at 373 K and 1 atm; (iii) the last term 
represents the heating of vaporized water (steam) 
from 373 K to the reactor temperature at 1 atm.  
 

LPG S
S

Q H H
C

     
 

         (21) 

 

0

T

LPG LPG

T

H Cp dT             (22) 

 

0 n

Tn T
L vap g

S S S STn
T T

H Cp dT H Cp dT          (23) 

 

where [Q] = kJ/(mol of LPG in the feed), 
S

C
= 

Steam/LPG ratio in the feed, L
SCp = Heat capacity of 

liquid water, Tn = Normal boiling temperature; 
vap
S Tn

H = Molar latent heat of vaporization at Tn; 
g
SCp = Heat capacity of water in the gas phase. 

 
Experimental 
 
Catalyst Preparation 
 

The perovskite precursor (LaNiO3) was prepared 
by a precipitation method adapted from Lima and 
coworkers (2010). An aqueous solution of sodium 
carbonate (0.5 M) was rapidly added to a freshly 
prepared aqueous solution of La(NO3)3·6H2O and 
Ni(NO3)2·6H2O under vigorous stirring, until reach-
ing pH 8. Then, the formed precipitate was washed 
and filtered under vacuum to remove remaining con-
taminant ions. The obtained solid was dried in a fur-
nace at 338 K for 20 h and calcined under a flow of 
synthetic air (50 mL.min-1) in two stages: first at 723 K 
(heating rate of 1.5 K min-1) for 4 hours and finally 
at 1173 K (heating rate of 5 K min-1) for 6 hours. 
 
Catalytic Test 
 
(a) Steam Reforming of LPG 
 

Steam reforming of LPG was carried out in a 
fixed-bed tubular quartz reactor operated isother-
mally at atmospheric pressure. The “U’ shaped reac-
tor was ¼ in. (outside diameter) with a small bulb 
where the catalyst was placed. This reactor was posi-
tioned in the experimental unit inside a high tem-
perature furnace equipped with a thermocouples and 
a temperature controller. The multipurpose experi-
mental unit was composed of a set of 4 mass flow 
controllers that were responsible to feed the desired 
gases at each step of the experiment. In addition, 
there was a high pressure pump to feed liquid water. 
This water was evaporated in a section maintained at 
453 K and the obtained gas then mixed with the 
other reactants coming from the mass flow control-
lers. All the lines were heated at 453 K to ensure that 
there was no condensation of the water coming from 
the pump. Prior to the tests, the perovskite-type 
oxides (~10 mg) diluted with quartz (40 mg) were 
reduced using pure H2 (30 mL.min-1) and a linear 
temperature increase (10 K.min-1) up to 973 K. This 
temperature was kept for 2 h. After this, the sample 
was purged under Ar flow (30 mL.min-1) at the same 
reduction temperature for 30min.The steam reform-
ing of LPG was carried out at 873, 973, 1073, and 
1173 K using feeds with H2O /(C4H10-C3H8) ratios 
equal to 3.5, 7.0 and 10.0. The total flow rate was 
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kept at 200 mL.min-1, containing 20 mL.min-1 of hy-
drocarbons. The reactor effluent was analyzed using 
a gas chromatograph. 

With the objective of ensuring the kinetic regime, 
tests varying the residence time (W/F) were per-
formed. The reaction of the steam reforming of LPG 
was tested using different masses of a similar cata-
lyst precursor (La0.95Ce0.05NiO3) (5, 10, 20, 40 mg) 
and total flow at 200 mL.min-1 and 300 mL.min-1. 
Figure 1 shows C4H10 and C3H8 conversions. It can 
be seen that the region of kinetic control ends at ap-
proximately W/F equal to 0.1 mg.min.L-1. Thus, for 
all the tests in this work, a W/F ratio of 0.05 mg.min.L-1 
with a total flow rate of 200 mL.min-1 and mass 
equals to 10 mg of catalyst were used for catalytic 
tests. 
 
(b) Oxidative Reforming of LPG 
 

The same system and conditions were used for the 
oxidative reforming of LPG. The tests were carried 
out at 873, 973, 1073, and 1173 K using a feed with a 

(H2O/(C4H10-C3H8)/O2 ratio equal to 7.0/1.0/0.25 with 
a total flow rate of 200 mL.min-1. 
 
 

RESULTS AND DISCUSSION 
 

Validation of Thermodynamic Data 
 

Table 1 shows the validation of the computational 
code used in this work comparing the data obtained 
here and those estimated by Li and coworkers (2008) 
considering the system of dry reforming of methane 
(Case 1). At all analyzed conditions, the errors, in 
general, were very small for all variables (conver-
sions of CH4 and CO2, as well as H2 and C(s) yield). 
Table 2 presents the comparison of predicted thermo-
dynamic equilibrium data obtained by Zeng and 
coworkers (2010) and the ones calculated in this 
study for propane reforming (Case 2). Again, very 
similar values of H2, CO, H2O and CH4 yields were 
observed, indicating a good reliability of the results 
obtained in this present study. 

 

A B 
Figure 1: Conversion of butane and propane tests of steam reforming of LPG at 873 K to define the region
where there is only kinetic effect.  200 mL*min-1;  300 mL*min-1. 
 
Table 1: Validation of computational code using data obtained by Li and coworkers (2008) for CO2 re-
forming of methane. 
 

Conditions Results Li et al.,(2008) This paper 
T=973 K 
P=1atm 
O2/CH4=0 
CO2/CH4=1 

Conversion of CH4 90.9 % 90.8% 
Conversion of CO2 66% 66.58% 

H2 yield 75% 75.84% 
C yield 0.60 moles 0.5421 moles 

T=1073 K 
P=1atm 
O2/CH4=0 
CO2/CH4=1 

Conversion of CH4 96% 95.9% 
Conversion of CO2 89% 89.18% 

H2 yield 90% 91% 
C yield 0.18 moles 0.1731moles 

T=1073 K 
P=2atm 
O2/CH4=0 
CO2/CH4=1 

Conversion of CH4 Not reported 92.7% 
Conversion of CO2 Not reported 82.6% 

H2 yield Not reported 83.7%
C yield 0.29 moles 0.28 moles 
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Table 2: Validation of computational code using data obtained by Zeng and coworkers (2010) for propane 
steam reform. 
 

Conditions Results Zeng et al.,(2010) This paper 
T=773 K 
P=1atm 
O2/C3H8=0 
H2O/C3H8=5 

CH4 yield (mol/mol C3H8) ~1.7 1.7720
CO yield (mol/mol C3H8) ~0.2 0.1820 
H2yield (mol/mol C3H8) ~2.7 2.6308 
C yield (mol/mol C3H8) ~0.0 0.0443 

T=973 K 
P=1atm 
O2/C3H8=0 
H2O/C3H8=3 

CH4 yield (mol/mol C3H8) ~0.45 0.4512 
CO yield (mol/mol C3H8 ~1.67 1.6657 
H2yield (mol/mol C3H8) ~5.3 5.4326 
C yield (mol/mol C3H8) ~0.5 0.5485

T=1173 K 
P=1atm 
O2/C3H8=0  
H2O/C3H8=3 

CH4 yield (mol/mol C3H8) ~0.09 0.0917 
CO yield (mol/mol C3H8) ~2.9 2.8814 
H2yield (mol/mol C3H8) ~6.5 6.7462 
C yield (mol/mol C3H8) ~0.0 0.0027 

 
Comparison Between Thermodynamic and Experi-
mental Data for Steam Reforming of LPG 
 

Table 3 presents the equilibrium constants for the 
reactions considered in the steam reforming system 
calculated at different temperatures (873 to 1173 K). 
We can observe that reactions 3.1, 3.2, 3.3, 3.4, 3.5 
are endothermic, while reactions 3.6 and 3.7 are 
exothermic. Therefore, as usually is demonstrated in 
both experimental and theoretical studies, the use of 
higher temperatures favors both hydrogen production 
(reactions 3.1 to 3.5) and reduction of coke deposi-
tion (reaction 3.7). However, the use of high tem-
peratures increases the operational costs and, there-
fore it is important to evaluate the effect of variables 
such as temperature and steam to hydrocarbon ratio 
on the hydrogen production, coke deposition and 
energy demand. 
 
Table 3: Equilibrium constants for the reactions 
considered in the LPG steam reform as a function 
of temperature. 
 

 873 K 973 K 1073 K 1173 K 
K1 2.398 x 103 2.358 x 104 1.517 x 105 7.097 x 105

K2 2.236 x 103 2.198 x 104 1.412 x 105 6.596 x 105

K3 1.060 x 104 9.081 x 104 5.225 x 105 2.230 x 106

K4 3.466 x 105 3.899 x 105 4.287 x 105 4.630 x 105

K5 5.092 x 10-1 1.218 x 101 1.636 x 102 1.424 x 103

K6 2.710 x 100 1.641 x 100 1.104 x 100 8.018 x 10-1

K7 4.313 x 100 6.284 x 10-1 1.308 x 10-1 3.550 x 10-2

 
Usually LPG is represented by a mixture of the fol-

lowing species: C4H10, C4H8, C3H8 and C3H6 (Laosiri-
pojana and Assabumrungrat, 2006; Moon, 2008). In 
order to better understand the influence of the pres-
ence of saturated and unsaturated compounds in the 
feed on the final equilibrium compositions of hydro-
gen, LPGs with different amounts of saturated and 
unsaturated hydrocarbons were evaluated. For this 

analysis, two additional reactions were added to case 
3, representing the reaction of butene and propene with 
water to form CO, H2 and a smaller chain hydro-
carbon. 
 
C4H8 + H2O C3H8+ CO +H2 
C3H6+ H2O C2H6+ CO + H2 
 

The amount of water added was maintained at the 
stoichiometric value. The ratios of butane/ propane/ 
butene/propene studied were: A-0.5:0.5:0.0:0.0, B-
0.35:0.35:0.17:0.13, C-0.17:0.13:0.35:0.35 and D-
0.0:0.0:0.5:0.5. The composition A contains just satu-
rated hydrocarbons and D just unsaturated ones. C 
represents LPG composed of 70% of saturated and D 
30% of unsaturated hydrocarbons. The number of 
moles of hydrogen is shown in Table 4. Although it 
can be noted that the feeds containing higher amounts 
of saturated hydrocarbons led to higher H2 yields, it 
is clear that the effect of temperature is more pro-
nounced than the effect of feed composition. 
Therefore, in order to simplify the analysis and the 
experimental set up, we decided to consider LPG 
only as a mixture of saturated hydrocarbons (50% 
C4H10-50% C3H8). 
 
Table 4: Effect of the presence of unsaturated hy-
drocarbons on the number of moles of hydrogen ob-
tained at equilibrium. Molar ratios of propane: bu-
tane: propene: butane evaluated: A - 0.5:0.5:0.0:0.0, 
B - 0.35:0.35:0.17:0.13, C - 0.17:0.13:0.35:0.35, D - 
0.0: 0.0:0.5:0.5. 
 

 Moles of H2 
T (K) A B C D 
873.15  4.3990 4.2332 3.9827 3.7741 
973.15  6.9371 6.6905 6.3168 6.0018 

1073.15  7.7096 7.4517 7.0564 6.7227 
1173.15  7.9147 7.6562 7.2570 6.9191 
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The calculated equilibrium conversions of C4H10 
and C3H8, mole fractions of H2, CO, CO2, CH4 and 
H2/CO ratio are shown in Figure 2 (H2O/LPG = 
3.5/0.5C4H10-0.5C3H8). It can be noted that, at all tem-
peratures, the equilibrium conversion for C3 and C4 
species is total. Major differences can be observed 
when analyzing the influence of temperature on the 
mole fractions of methane, carbon dioxide, carbon 
monoxide and hydrogen. The temperature increase 
causes a decrease in the mole fraction of methane 
and an increase of the mole fractions of CO and 
H2.This fact can be related to the steam reforming of 
methane (reaction 3.5) which, as shown in Table 3, 
has an endothermic character. The increase in tem-
perature also causes a decrease in the mole fraction 
of carbon dioxide. Probably, the reverse water gas 
shift reaction is favored, which explains the drop in 
the CO2 mole fraction, with simultaneous increase of 
CO mole fraction as the temperature raised.  
 

A 

 
B 

Figure 2: Calculated C4H10 and C3H8 conversions, 
mole fractions and H2/CO ratio at equilibrium as a 
function of temperature (3.5H2O/0.5C4H10-0.5C3H8). 

 YH2;  YCO;  CH4;  YCO2;   C4H10 Conver-
sion;    C3H8 Conversion. 

Laosiripojana and Assabumrungrat (2006) studied 
experimentally the steam reforming of LPG at 973 – 
1173 K. According to these authors, the use of high 
temperatures favors the decomposition of butane and 
propane according to the following equations: 
 

4 10 2 6 2 4C H  C H C H           (24) 
 

 3 8 2 4 2C H 3 / 2 C H H          (25) 
 

2 6 2 4 2 C H  C H H            (26) 
 

2 4 4C H  CH C             (27) 
 

At high temperatures, in this system, the final state 
is the production of C* and H2, because this condi-
tion favors the decomposition of methane. 
 

4 2CH  C* 2 H            (28) 
 

Thus, a simplified mechanism for the LPG reform 
could be described as: the hydrocarbons are broken 
into solid carbon (C*) and hydrogen on the catalyst 
surface, which is desorbed as H2. Then, the solid 
carbon is oxidized to form CO or CO2 by oxygen 
provided by water molecules. The balance between 
these two processes can be verified by the H2/CO 
ratio. The stoichiometric value of the H2/CO ratio for 
LPG reforming is equal to 2.29. When the H2/CO 
ratio is higher than this value, probably the first proc-
ess of the mechanism occurs and, since CO is not 
forming, carbon accumulates on the catalyst surface. 

The data in Figure 2B show that at 873 K the 
H2/CO ratio is 6.3, indicating that at lower tempera-
tures the first stage of the reform mechanism of bu-
tane and propane – conversion of the hydrocarbons 
into H2 and C* – is occurring. Consequently, due to 
the use of milder temperatures, the oxygen from water 
does not remove all the carbon deposits, resulting in 
a low CO yield. However, above 1125 K, the H2/CO 
ratio is approximately equal to that predicted by 
stoichiometry, suggesting that the use of high tem-
peratures is necessary to prevent carbon accumula-
tion. This result is in agreement with Zhuand co-
workers (2010), who also obtained lower values of 
the H2/CO ratio at higher temperatures during the 
steam reforming of methane. For CO2, the tempera-
ture rise generates a decrease in the fraction of this 
compound. In accordance with Avci and coworkers 
(2004), the water-gas-shift reaction is slightly exo-
thermic, indicating that at higher temperatures the 
formation of CO2 is impaired. 
 

2 2 2CO  H O  CO  H

H 41.2 kJ / mol

  

  
        (29) 
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Figure 3 shows the experimental results obtained 
for the reaction of steam reforming of LPG under the 
same conditions assessed by thermodynamics (H2O/ 
LPG = 3.5/0.5C4H10-0.5C3H8 and T = 873 – 1173 K). 
The catalyst precursor used in these tests was LaNiO3 
since it presented good results for reactions of 
hydrocarbon reforming (Lima et al., 2010). In Figure 
3A, it can be seen that the increase in temperature 
leads to higher propane and butane conversions, as 
expected (Avci et al., 2004; Corbo and Migliardini, 
2007). Most of the experimental data obtained in this 
study follow the same trends of the ones predicted by 
the thermodynamic analysis. H2 mole fraction in-
creases sharply from 873 K, stabilizing around 1073 K 
(0.67). CO mole fraction increases with increasing tem-
perature; however, the amounts of CO2 and CH4 gradu-
ally decrease. According to Rostrup-Nielsen and Se-
hested (2002), for nickel-based catalysts, hydrocar-
bon molecules adsorb on the metal and suffer succes-
sive scissions. The resulting C* species can react with 
oxygen species generated by the dissociation of water, 
or remain adsorbed on the active sites, resulting in 
deactivation of the catalyst. The H2/CO ratio obtained 
experimentally (Figure 3B) confirms that, below 973 
K, the formation of C* and H2 occurs, but probably 
due to the low temperature the second process, which 
is the production of CO or CO2, is inhibited. 

In the search for the best operational conditions, 
we evaluated the amount of water necessary to ob-

tain 1% or less of carbon deposition under equilib-
rium conditions for the steam reform of LPG. The 
feed was again a mixture of 0.5 mol of C4H10 and 0.5 
mol of C3H8 with different amounts of water. The 
results are presented in Figure 4. The number of 
moles of hydrogen obtained per mol of hydrocarbon 
fed (Figure 4A) increases sharply with the rise of 
both temperature and water in the feed. Figure 4B 
presents the number of moles of solid carbon ob-
tained under the same conditions. It can be noted that 
the amount of solid carbon at equilibrium decreases 
with the increase of temperature and water fed. How-
ever, both variables probably will increase the opera-
tional costs. 

Figure 5 shows the effect of excess water on the 
ratio H2/CO experimentally obtained in the reaction 
of steam reforming of LPG as a function of tempera-
ture. Note that at high temperatures (above 1000 K), 
independent of the H2O/LPG ratio used, the H2/CO 
ratio decreases to values close to the stoichiometric 
one (H2/CO = 2.29). However, the use of a large ex-
cess of water (H2O/LPG = 10) did not lead to higher 
H2 yields. Therefore, this condition is not recom-
mended since it would have much higher energy 
costs. According to Wang and coworkers (2010), 
above 1000 K, regardless of the amount of water 
added in a hydrocarbon reform system, the H2/CO 
ratio obtained is small and close to the stoichiometric 
value. 

 
 

A B 
Figure 3: Experimental Data: C4H10 and C3H8 conversions, mole fractions and H2/CO ratio (Conditions: 
H2O/LPG = 3.5/0.5C4H10-0.5C3H8; W/F=0.05 mg.min.L-1) as a function of temperature. 

 YH2;  YCO;   YCH4; YCO2;   C4H10 Conversion;  C3H8 Conversion 
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A B 

Figure 4: Number of moles of H2 and coke calculated at equilibrium as a function of temperature and number
of moles of water fed. 
 

Figure 5: Effect of excess water on H2/CO ratio obtained experimentally in the steam reforming of LPG 
as a function of temperature (Conditions: 0.5C4H10-0.5C3H8; W/F = 0.05 mg.min.L-1). 

 
 
Figure 6 shows the experimental H2 mole fraction 

on a dry basis and conversion of butane and propane 
obtained from the steam reforming of LPG (A: 
H2O/LPG = 3.5; B: H2O/LPG = 7.0; C: H2O/LPG = 
10; W/F = 0.05 mg.min.L-1). The reactions were car-
ried out at different temperatures: 873, 973, 1073 and 
1173 K. Note that, regardless of the feed, the tem-
perature increase generates an increase in the conver-
sions of propane and butane. Furthermore, the use of 
a higher H2O/LPG ratio generated an increase in con-
version. Similar results were observed by Rostrup-
Nielsen and Sehested (2002) for the steam reforming 
of methane: the use of high steam/hydrocarbon ratios 
(4-5 moles of H2O per carbon atom) resulted in high 
hydrocarbon conversions. 

The data obtained at 873 K (Figure 6A) also show  
that the H2 mole fraction began around 0.45 and de

creased strongly (~0.26) during the 6 hours of reac-
tion. At 973 K, there is an initial increase in this vari-
able (~ 0.69). However, after approximately 2 hours 
of reaction, there is a decrease in the H2 mole fraction. 
According to Laosiripojana and Assabumrungrat 
(2006), milder temperatures favor the decomposition 
of butane and propane and the final state is the pro-
duction of C* and CH4. The resulting C* species can 
react with oxygen species from the dissociation of 
water, or remain adsorbed on the active sites, leading 
to deactivation of the catalyst. Therefore, at inter-
mediate temperatures (873 and 973 K), it is possible 
that the formation of C* species is privileged, thus 
justifying the strong catalytic deactivation. At 1073 K, 
we note that, during the 6 hours of reaction, the 
hydrogen mole fraction is initially lower than at 973 
K and stable around 0.65.  
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B 

 

 
C 

 

Figure 6: H2 mole fraction on a dry basis and propane and butane conversions obtained during the steam 
reforming of LPG (A: H2O/LPG = 3.5; B: H2O/LPG = 7.0; C: H2O/LPG = 10; W/F = 0.05 mg.min.L-1).  
YH2:  873 K;  973 K;  1073 K; 1173 K;  C4H10 conversion;  C3H8 conversion. 

 
 

Starting from 1073 K, there is a large increase in 
the production of CO, which results in the decrease 
of the fraction of H2 and stability of the reaction sys-
tem. The stability observed in these data is directly 
related to the use of high temperatures, which results 

in the removal of carbon deposits, causing a higher 
catalytic stability. 

H2 mole fractions obtained from the steam re-
forming of LPG using a molar ratio of H2O/LPG 
equal to 7.0 are shown in Figure 6B. At 873 K, this 
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variable starts around 0.44, but decreases after 2 
hours of reaction, indicating the deactivation of the 
catalyst. At 973 K, we observe stable values around 
0.67 for H2. This catalyst stability could be related to 
the addition of more water to the reaction system 
(H2O/LPG = 7.0). At 1073 and 1173 K, the H2 mole 
fraction is stable around 0.63. However, regardless 
of the temperature, when we compare Figures 6A-B, 
we note that the H2 mole fraction is smaller for the 
system with the larger amount of steam. This hap-
pens because the larger quantity of water favors the 
formation of both CO and H2. Thus, the increase in 
the number of moles of CO results in a decrease in 
the H2 mole fraction for all temperatures analyzed. 
Similar results were observed by Zhu and coworkers 
(2010), who analyzed the production of hydrogen 
and synthesis gas in steam reforming of methane. 
According to these authors, the increased amount of 
vapor and temperature promote the increase in both 
H2 and CO mole fractions. 

The data obtained for the H2 mole fraction for a 
H2O/LPG ratio equal to 10 are shown in Figure 6C. 
Independent of the temperature analyzed, during the 
6 hours of reaction, the H2 yields were stable, indi-
cating that excess water favors the catalytic stability. 
At temperatures above 973 K, the values of the H2 

mole fraction are larger in comparison to the lowest 
temperature (873 K). Another interesting fact is that, 
regardless of the amount of water added to the sys-
tem (Figures 7A-C), the mole fraction of H2 was 
higher at 973 K. However, stable and high values of 
H2 mole fractions were obtained when using a ratio 
H2O/LPG = 7.0. This is an indication that the tem-
perature of 973K and ratio H2O/LPG= 7.0 are the 
most appropriate conditions for this process. Similar 
results were thermodynamically predicted by Wang 
and coworkers (2010), who analyzed the best operat-
ing conditions for the reactions of steam and dry 
reforming of propane. According to these authors, in 
relation to the amount of hydrogen obtained in the 
steam reforming of propane, the number of moles of 
H2 increases steadily with increasing temperature 
when the ratio H2O/C3H8 is less than 6. 

It is important to consider that the addition of ex-
cess water should be considered carefully because it 
is related to the operating cost of the process. The 
effect of the addition of excess steam at different 
temperatures on the energy demand for the steam 
reform of LPG is presented in Table 5. This table 
shows the energy demand required to operate the 
system with 3.5, 7.0 and 10.0 moles of water at tem-
peratures ranging from 873 to 1073 K. The tempera-
ture increase causes an increase in energy demand, 
independent of the amount of water used, leading to 

higher operating costs. Experimentally, it was ob-
served that the most appropriate operating conditions 
to obtain H2 from steam reforming of LPG were: T = 
973 K and H2O/LPG = 7.0. Table 5 shows that, under 
these experimental conditions, the operating costs 
are intermediate, which can facilitate the industrial 
implementation of these operational conditions. 
 
Table 5: Energy demand to operate the system as 
a function of the water added. 
 

Temperature Energy Demand (kJ/mol HC) 
(K) Water (moles) per mol of Hydrocarbon 

 3.5 7.0 10.0 
873 307.90 534.95 728.71 
973 341.29 582.52 788.17 

1073 376.18 631.41  849.3 
1173 412.41 682.82 913.31 

 
Comparison Between Thermodynamic and Experi-
mental Oxidative Reforming of LPG System 
 

The addition of oxygen to the system can be a 
good choice to try to decrease the amount of solid 
carbon that is generated mainly in systems with 
higher hydrocarbons. According to Ayabe and co-
workers (2003), oxidative reforming, which is the 
combination of the reactions of steam reforming and 
partial oxidation, may cause a decrease in the 
amount of coke generated. 

Table 6 presents the equilibrium constants for all 
the reactions of oxidative reforming of the LPG system 
calculated at different temperatures (873 to 1173 K). 
Reactions 4.1, 4.2, 4.3, 4.4, 4.5 are endothermic, while 
reactions 4.6 and 4.7 are exothermic. Reaction 4.8 
represents the addition of oxygen to the oxidative 
reforming system, which is an exothermic reaction. 
 
Table 6: Equilibrium constants for the reactions 
considered in the oxidative reforming of LPG as a 
function of temperature. 
 

 873 K 973 K 1073 K 1173 K 
K1 2.398 x 103 2.358 x 104 1.517 x 105 7.097 x 105

K2 2.236 x 103 2.198 x 104 1.412 x 105 6.596 x 105

K3 1.060 x 104 9.081 x 104 5.225 x 105 2.230 x 106

K4 3.466 x 105 3.899 x 105 4.287 x 105 4.630 x 105

K5 5.092 x 10-1 1.218 x 101 1.636 x 102 1.424 x 103

K6 2.710 x 100 1.641 x 100 1.104 x 100 8.018 x 10-1

K7 4.313 x 100 6.284 x 10-1 1.308 x 10-1 3.550 x 10-2

K8 8.814x 1011 2.701 x 1010 1.532 x 109 1.434 x 108

 
Figure 7A illustrates the number of moles of hy-

drogen obtained at equilibrium for different amounts 
of water in the feed (H2O/0.5C4H10-0.5C3H8/O2) 
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necessary to obtain 1% or less of carbon deposition 
for the oxidative reform of LPG. The hydrocarbon to 
oxygen ratio in the feed was 0.5C4H10-0.5C3H8 /0.25. 
Compared to Figure 4A, the addition of oxygen gen-
erated a small increase in hydrogen yield, independ-
ent of temperature and the amount of water used. 
This result is in agreement with the literature (Ayabe 
et al., 2003; Gokaliler et al., 2008). Figure 7B presents 
the number of moles of solid carbon obtained in these 
same conditions. Independent of temperature and the 
amount of water used, the addition of oxygen led to 
lower coke formation, as predicted in various studies 
in the literature (Faria et al., 2008; Li et al., 2008). 

Figure 8 compares experimental and equilibrium 
data for H2 and CO mole fractions obtained for LPG 
oxidative reforming as a function of temperature. 
The conditions used were: H2O/LPG/O2 = 7/1/0.25, 
W/F = 0.05 mg.mL.L-1, T = 873, 973, 1073 and 1173 K. 
In general, the addition of oxygen to the system re-
sulted in an increase in the H2 mole fraction in both 
experimental and equilibrium conditions, especially 
at 873 K where there is a high coke formation. Simi-
lar theoretical results were obtained by Zeng and 
coworkers (2010), who evaluated thermodynami-
cally the oxidative reforming of propane. According 
to these authors, in cases where the addition of oxy-
gen occurs, there is an increase in the total energy of 

the system, which consequently causes the promo-
tion of carbon consumption reactions. However, ex-
perimentally even with the addition of oxygen, it was 
not possible to avoid the deactivation process at 873 K. 
This deactivation is related to coke formation. 

Increasing the temperature to 973 K, the H2 mole 
fraction increases and reaches higher values than 
predicted by the equilibrium calculation. This hap-
pens because, in this temperature range, there is a 
real increase in the number of moles of hydrogen due 
to the temperature increase. Furthermore, the amount 
of CO obtained experimentally is much lower than 
that predicted by thermodynamic analysis. This fact 
is an indication that the carbon-containing species 
obtained by the cleavage of butane and propane (CH4 
and C*) are not being fully converted to CO (or CO2) 
and H2. In fact, the H2 mole fraction obtained in both 
equilibrium and experimental conditions at 1073 K 
and 1173 K are lower than those obtained at 973 K. 
Thus, it can be generally concluded that the use of a 
ratio of H2O/LPG/O2= 7.0/1.0/0.25 and T = 973 K is 
the most suitable condition for the production of H2 

from LPG. This is because the excess water favors 
the formation of hydrogen with an intermediate oper-
ating cost and the addition of a small amount of oxy-
gen promotes the removal of carbon deposits, con-
tributing to the catalytic stability. 

 
 

A B 
Figure 7: H2 Mole fraction and number of moles of coke calculated at equilibrium conditions as a 
function of temperature and amount of water in the feed (Considering a feed of 0.5 moles of propane and 
0.5 moles of butane and 0.25 moles of oxygen). 
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A 

 
B 

 
C 

 
D 

Figure 8: Comparison between H2 and CO mole fractions obtained experimentally during the oxidative 
reforming of LPG and the calculated equilibrium data. (Conditions: H2O/LPG/O2 = 7.0/1.0/0.25; W/F = 
0.05 mg.min.L-1).  
A: 873 K, B: 973 K, C:1073 K, D: 1173 K). 
   YH2 Experimental;  YH2 Equilibrium;  YCO Experimental;  YCOEquilibrium

 
 

CONCLUSIONS 
 

From this work, it can be concluded that it is pos-
sible to produce high concentrations of hydrogen 
from LPG reforming. The gradual increase of tem-
perature and the use of high water concentrations 
decrease the production of coke and increase the 
formation of H2. In this system, the final state of 
propane and butane cleavage is the production of C* 
and H2. The reaction of oxidative reforming of LPG 
was more suitable for the production of hydrogen 
and lower coke formation. Furthermore, excess water 
(H2O/LPG = 7.0) and intermediate temperatures (973 
K) are the most suitable conditions for the process. 
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