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Abstract −−−−Coking has presented difficulties in reactions including pyrolysis and steam has been added to reduce
coking. In this study, the effect of steam on coking in the pyrolysis of naphtha components was studied thermody-
namically and experimentally for non-catalytic tubular reactor systems. The qualitative relations between these two
thermodynamic and experimental studies were established. In both studies coking was reduced as the steam ratio
increased. However, experimental studies indicated that the reduction was more effective for smaller values of the ratio,
leading to an effective ratio of about 0.5, and that weak coking still occurred for the ratio greater than the thermody-
namic zero-coke ratio.
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INTRODUCTION

The deposition of carbonaceous materials on reactor walls, or
coking, has presented difficulties in hydrocarbon processing. Cok-
ing reduces the effective volume of reactor and heat transfer from
or to walls. It is also known to induce corrosion of reactor walls
[Tsai and Albright, 1983] and to deactivate catalysts [Song and Ihm,
2003]. Various measures have been taken to prevent or to reduce
coking, or periodic decoking of reactor walls was needed. Steam is
reported to react with graphite by diffusion to coke layer and reac-
tion to produce carbon monoxide, carbon dioxide and hydrogen
[Riede and Hanesian, 1975]. In real processes steam is charged into
pyrolysis reactors with raw materials [Van Damme et al., 1975].

Typical naphtha is a mixture of normal and iso-paraffins, naphtenes
and aromatics, in which c5 and c6 paraffin compounds dominate
as shown in Table 1. Ethylene, propylene, butane, butylene and ar-
omatics are produced in the pyrolysis of naphtha. Olefins and di-
olefins produced in the pyrolysis are known to act as precursors to

coke [Albright and Marek, 1988; Poutsma, 1988]. At temperatu
900-1,000oC precursors are transformed to acetylene by dehyd
genation, to poly-acetylene by polymerization and then to coke
dehydrogenation [Zou Renjun, 1993]. In another pathway, pre
sors are transformed to mononuclear aromatics by cyclization
poly-aromatics, and then to coke by dehydrogenation and con
sation [Trimm, 1983]. Coke is not pure graphite but contains va
ing amounts of hydrogen [Trimm, 1983].

Cokes produced in these mechanisms are of two structures: a
phous and filamentous [Albert and John, 1982; Crynes and Cry
1987]. Amorphous structure is believed to form by deposition
tar-like products on the reactor wall and the subsequent dehy
genation. Thus, a relatively large amount of hydrogen is expe
to remain in the structure [Valerio, 1997]. Catalytic effects of me
particles in gas phase produce filamentous structure. This pro
is expected to continue until the metal particles are completely 
ered by coke [Baker and Yates, 1982]. Kinetics of cracking w
simulated for a quasi-steady state process of the coke deposition
gas phase to reactor walls [Sundaram and Froment, 1979; Sund
et al., 1981]. The studies showed that the carbon concentration
coking per reactor volume, increased along a tubular reactor
assuming carbon-steam reaction in the propane pyrolysis sim
tion, it is shown that steam could reduce the amount of coke
posited [Sundaram and Froment, 1979]. Since reaction equilibr
is approached as the reaction mixture proceeds to the exit, the
modynamic analysis on the effect of steam in coking is expecte
give some insights for preventing coking.

In this study two major components of naphtha, n-pentane 
n-hexane, were selected and effects of steam on coking were 
ied experimentally. Methane, ethane, propane, butane and pe
were selected for thermodynamic analysis to determine the s
ratio above which coking can be prevented. By comparing both
sults, the relations are to be studied.

EQUILIBRIUM CONSIDERATIONS

Desirable conditions for hydrocarbon pyrolysis are optimiz
for conversion and the yield of valuable products. Hydrocarbon 

Table 1. Composition of a typical naphtha

Composition
(wt%)

n-Paraffin i-Paraffin Naphthene Aromatics

C4 1-3 0.5-0.7 0 0
C5 16-20 12-16 1-1.5 0
C6 11-12 11-13 5-7 1.2-2.0
C7 4-6 5-6 5-8 1.2-2.0
C8 1-2 2-3 0.5-2.0
C9 0.5-1.5 1-15 0.2-1.0

0C10 0.2-0.5 0.5-0.7 0.1

Final boiling point (oC) 140-160

Total sulfur (wt. ppm) 200-500
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rolysis reactions generally do not go to completion to maximize
the ethylene yield, but the exit condition can be close to equilib-
rium states if the residence time of the reaction mixture is suffi-
cient. If coke produced per volume increases along the reactor, then
the coke concentration will be the maximum at the reactor exit. This
behavior is shown in the pyrolysis simulation of Froment and Sun-
dram [Sundaram and Froment, 1979]. In some pyrolysis studies,
steam is regarded as an inert diluent in spite of gasifying reaction
of carbon deposited in the reaction [Goossens and Ranzi, 1970].
Standard reaction Gibbs free energy from graphite to carbon mon-
oxide or dioxide is negative in reactions with water and the prod-
ucts are favored in the reaction. Thus water can participate in con-
verting carbon to gaseous components. If there is a steam to hy-
drocarbon ratio at which coke deposition stops, the use of more steam
will result in no coking.

Given the initial composition of reactants, the global minimiza-
tion of the total Gibbs free energy at a temperature and pressure
yields the equilibrium composition. This method is well documented
[Smith and Missen, 1982] and has been applied for the computation
of methane pyrolysis [Gueret et al., 1997; Rokstad et al., 1992].

where ∆Go
f, i denotes the free energy of formation of component i at

the standard pressure. We also assumed that carbon is graphite, exists
as condensed phase and the pressure is low. Furthermore, the gas
phase may be assumed ideal at high reaction temperatures. Then for
a component in condensed phase [Koh et al., 2001],

for a component in gas phase,

The required information is the Gibbs free energy of formation
that is obtained from Barin [Barin and Plazki, 1995], Reid et al. [1988]
and NIST’s web site. The species present in the reacting mixture are
selected from the literature and kinetic study [Back and Back, 1983;
Sundaram and Froment, 1978] and listed in Table 2. The radicals
higher than C4 are not considered in the present calculation since
they are isomerized and directly decomposed in pyrolysis [Ranzi,
1982]. By extrapolating the calculated amount of coke versus the
initial amount of steam to the zero-coke condition the zero-coke
steam ratio can be obtained as shown in Fig. 1.

EXPERIMENTAL

Reactants were n-pentane and n-hexane from Kanto Chem
Co. with 99% purity. A schematic diagram of the experimental 
paratus is shown in Fig. 2. A reactant and distilled water were s
arately fed from reservoirs by Hitachi pumps (model L-7110) throu
a vaporizer into the reactor after being preheated at 300oC. The tu-
bular reactor was made of Inconel Alloy 600 to prevent corros
The reactor was 0.995 cm in inside diameter, 1.285 cm in out
diameter and 100.0 cm in length. The reaction mixture was 

GTotal
 = niGi + niGi

condensed
∑

gas
∑

= ni ∆Gf i,
o + RTln

f i

Po
----- 

 
 
 

 + ni∆Gf i,
o

condensed
∑

gas
∑

∆Gf i,
o = 0

f i = y iP

Table 2. Components present in reacting mixtures

Feed Present components

CH4 H, CH3, CH4, C2H2, C2H4, C2H6, C3H4, C3H6, C3H8, C4H6, C4H8, C6H6, H2O, CO2, CO, C
C2H6 H, CH3, CH4, C2H2, C2H4, C2H6, C3H4, C3H6, C3H8, C4H6, C4H8, C6H6, H2O, CO2, CO, C
C3H8 H, CH3, CH4, C2H2, C2H4, C2H6, C3H4, C3H6, C3H8, C4H6, C4H8, C6H6, H2O, CO2, CO, C
C4H10 H, CH3, CH4, C2H2, C2H4, C2H6, C3H4, C3H6, C3H8, C4H6, C4H8, C4H10, C6H6, H2O, CO2, CO, C
C5H12 H, CH3, CH4, C2H2, C2H4, C2H6, C3H4, C3H6, C3H8, C4H6, C4H8, C6H6, C5H12, H2O, CO2, CO, C

Fig. 1. Effect of steam to hydrocarbon ratio on the amount of coke
deposited for 1 mol of pentane at 1,000 K and 1 bar.

Fig. 2. Schematic diagram of pyrolysis reaction system.
Korean J. Chem. Eng.(Vol. 21, No. 1)
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charged after being cooled through a heat exchanger. The reactor
pressure was maintained at atmospheric pressure by a valve installed
after the heat exchanger. The reactor is divided into four heating
zones to maintain the reaction temperature constant at 900oC. A
temperature probe was installed on the outside wall of the furnace.
A rupture valve was used to cope with unexpected pressure buildups.
Connecting line between vaporizer and heating zone was heated to
prevent reactant vapor mixtures from condensation. The product is
condensed in a condenser and transformed into liquid phase. The
difference in the mass of the reactor before and after reactions for
varying reaction time was taken as the amount of coke deposited.

RESULTS AND DISCUSSION

For the thermodynamic analysis, three different values of pres-
sure were selected (0.1, 1, 10bar) and temperature ranges were from
800 K to 1,300 K. The pressure and the temperature dependence
of the zero-coke steam ratio were calculated and presented in Figs.
3-7 for methane, ethane, propane, butane, and pentane. The com-
putation indicated that the steam ratio exists in all conditions. As
shown by Fig. 1, the reduction in coking is proportional to the steam

Fig. 3. Equilibrium zero-coke steam to alkane ratio for methane.

Fig. 4. Zero-coke steam ratio of ethane pyrolysis.

Fig. 5. Zero-coke steam ratio of propane pyrolysis.

Fig. 6. Zero-coke steam ratio of butane pyrolysis.

Fig. 7. Zero-coke steam ratio of pentane pyrolysis.

ratio up to the zero-coke ratio. For methane the zero-coke st
ratio ranged from 0.7 to 1.7 at 800 K for the pressures selected
approaches to 1 above 1,200 K regardless of pressure. Similar
vergence at high temperatures was obtained for ethane, pro
January, 2004
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butane and pentane. Above 1,200 K, the zero-coke steam ratio on
molar basis becomes the number of carbon atoms in feeds, 2 for
ethane, 3 for propane and 5 for pentane. These ratios correspond to
1.12 for methane, 1.20 for ethane, 1.23 for propane, 1.24 for butane
and 1.25 for pentane on weight basis.

Measured amounts of coke deposited are shown in Figs. 8 and 9
as a function of time for pentane and hexane at different steam to
alkane ratios. In all experiments, the coke deposition decreased as
the steam ratio increased in qualitative agreements with calculated
results. For both substances, measured amounts of coke were found
reduced to about a half at the ratio of 0.5 after 6 hours. The reduction
in 6 hours was 61.7% for pentane and 52.0% for hexane. These val-
ues are also in qualitative agreement with equilibrium values of about
40% based on the linearity as shown by Fig. 1. However, for fur-
ther increase of the ratio beyond the zero-coke ratio the reduction
in coking was insignificant except for pentane with the ratio value
of 3. Even at a ratio far greater than the calculated zero-coke steam
ratio the coke deposition was still observed contrary to the results

Further examination of Figs. 8 and 9 indicates that the time 
havior is similar to the experimental pyrolysis results for octane [Sh
1976]. Rate of coking at the initial stage of approximately two ho
is different from that in the subsequent stage. Shah suggested
coking begins to cover the surface of reactor during the initial sta
After the surface is covered, coking proceeds due to homogen
reactions [Shah, 1976]. In the present thermodynamic analysis
initial surface coking was not included. If we concentrate on 
later stage, we see that the effect of steam ratio is much more
nounced up to some ratio greater than 0.5 by weight. The re
tion in coking from 2 hours to 6 hours is about 82.95% for penta
and 65.5% for hexane for the ratio of 0.5. As discussed in the 
vious paragraph the equilibrium value was about 40% at the r
value. For pentane at the ratio 1, the reduction was 76%, which 
be compared with equilibrium value of 80%.

The relation between equilibrium thermodynamic analysis a
the time-dependent experimental coking results is shown gra
cally in Fig. 10 for the later stage of homogeneous coking. Si
experimental results are expected to depend on reaction condi
only qualitative interpretations are attempted. Thermodynamic a
ysis for hexane was not computed. It involves other species not l
in Table 2 and the zero-coke ratio by weight was inferred to be 1
The figure shows that coking decreases as the steam ratio incre
The effect is more pronounced for smaller values of the steam r
The optimal steam ratio to reduce coke is probably around 0.5
weight, which is the ratio in commercial pyrolysis of ethane [Su
daram et al., 1981]. Froment suggested using a higher steam
to reduce coking by analyzing the CO concentration at the rea
exit [Froment, 1990]. However, even with more steam than t
the zero-coke ratio coking still proceeds. There could be other m
anisms working that are ignored in the present thermodynamic a
ysis.

CONCLUSION

The effect of steam on coking in the pyrolysis of naphtha co

Fig. 8. The effect of steam ratios on coke formation for n-pentane
at 1,173.15 K.

Fig. 9. The effect of steam ratios on coke formation for n-hexane
at 1,173.15 K.

Fig. 10. Comparison of coke reduction at different steam ratio be-
tween 2 hr and 6 hr for pentane and hexane at 1,173.15 K
and 1 bar.
Korean J. Chem. Eng.(Vol. 21, No. 1)

of thermodynamic analysis. ponents was studied thermodynamically and experimentally for non-
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catalytic tubular reactor systems. Thermodynamic analysis showed
that the coking reduced linearly with the steam ratio up to the zero-
coke ratio of 1.25 by weight where coking ceased to occur. Experi-
mental results were in qualitative agreement with the thermody-
namic analysis. However, they indicated that the reduction was more
effective for smaller values of the ratio, leading to an effective ratio
of about 0.5, and weak coking still occurred for a ratio greater than
the thermodynamic zero-coke ratio.
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NOMENCLATURE

f i : fugacity of species j
Gtotal : total Gibbs energy for the system at T and P
Gi : the molar Gibbs energy of species j
∆Go

f, i : the standard Gibbs free-energy change of formation for spe-
cies j

ni : mole number of species j
Po : the standard state pressure, 1 bar
yi : mole fraction of species i in gas phase
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