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Coke Formation on the Surface of 0-Al,O; in the Catalytic Pyrolysis of Naphtha
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Abstract—The catalytic pyrolysis of naphtha has been carried out in a quartz reactor loaded with 5 mm a-AlLQO,
spheres. The yields of ethylene and propylene exhibit about 10% and 5% higher values compared to the thermal py-
rolysis in the absence of a-Al,O; spheres at the same reaction conditions. The coke formation on a-Al,O; spheres
increased continuously along with the axial length of the reactor as well as with reaction time. Results suggest that
the concentration of the coke precursors in the gas phase may increase along with the axial length of the reactor.
Coke filled up completely the internal pore of the sphere near the exit of the reactor after reaction for 4 hr. The coke
film on the external surface of the sphere grew continuously thicker. The coke formation was influenced strongly by
the physical properties of the a-Al,O, spheres. Coke deposition was the least on the a-Al,O, sphere with the lowest
surface area and pore volume among the tested a-Al,O; spheres.
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INTRODUCTION

Light olefins such as ethylene and propylene are the most im-
portant basic chemicals for the petro-chemical industry. A general
method to manufacture light olefins from naphtha is the thermal
cracking process in the presence of steam. This method has some
drawbacks, such as the high temperature required for cracking reac-
tions, and especially low selectivity in ethylene and other desired
products [Lemonidou et al., 1989].

Build-up of coke inside of the pyrolysis tube is another problem
to handle routinely in the thermal cracking of naphtha. It reduces
the heat transfer and causes an increase of pressure drop across the
reactor, which is detrimental for the olefin yield [Reyniers and Fro-
ment, 1995]. Therefore, there have been many studies on this issue
to gain a better understanding of coke formation during the pyroly-
sis of hydrocarbons [Chan et al., 1998; Kumar and Kunzru, 1985;
Ghosh and Kunzru, 1988; Albright et al., 1983].

Catalytic pyrolysis has been found as an alternative method to
utilize the feedstock more effectively by producing light olefins at
higher yields [Basu and Kunzru, 1992; Golombok et al., 2000]. How-
ever, it also has several problems to be resolved. One challenging
problem associated with catalytic pyrolysis is also how to control
the coke deposition on the catalyst which may cause the loss of cat-
alyst activity and reactor plugging. There have been relatively a few
studies to tackle these problems [Lemonidou et al., 1991; Kumar
et al., 1997; Xanthopoulou, 1999] with little attention to the char-
acteristics of coke formation on the catalysts.

It has been reported that KVO,/a-AlLO; with low surface area is
a promising catalyst system for coke control in the catalytic pyrol-
ysis of naphtha [Adel’son et al., 1988]. However, there have been
only a few studies on coke formation on this catalyst system [Ad-
el’son et al,, 1985]. In this study, we have tried to find out the effect
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of the physical properties of a-Al,O;, reaction time and the catalyst
location in the reactor on the coke formation on the 5 mm a-ALO,
spheres which were loaded in a quartz reactor. Also the morphology
of coke on the catalyst surface has been investigated with scanning
electron microscopy (SEM).

EXPERIMENTAL

1. Properties of Feed Material (Naphtha) and Catalyst (a-
AlLO,)

The properties of naphtha, the mixture of C4-C10 hydrocar-
bons, used in this study are shown in Table 1. The average
molecular weight of naphtha is found to be 80-85. As catalysts,
0-AlO; spheres of 5 mm were used, which were obtained from
Norton (USA). Their physical properties are summarized in
Table 2. As can be seen, surface areas of all catalysts are below
1 m*/g except that of the a-ALO;sphere “J”.

2. Experimental Procedure
Both non-catalytic and catalytic pyrolysis runs were conducted

Table 1. Properties of naphtha feed

Density (kg/m®) 660-680
Viscosity (cP) 0.33
Composition (wt%) n-Paraffin i-Paraffin Naphthene Aromatics
C4 1-3 0.5-0.7 0

C5 16-20 12-16 0 0

Co6 11-12 11-13 1-1.5 1.2-2.0
Cc7 4-6 5-6 5-7 1.2-2.0
C8 1-2 2-3 0.5-2.0
C9 0.5-15 1-15 5-8 0.2-1.0
C10 02-0.5 0.5-0.7 0.1
Final boiling point (°C) 140-160
Total sulfur (wt. ppm) 200-500
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Table 2. Physical properties of fresh a-ALQ; catalysts

Surface area  Pore diameter Pore volume Silica

catalyst " g) (um) (ccly) W%
A 0.008 130 12
B 0.04 15/150 0.2 11
C 0.05 18 0.21 12
D 0.05 20 0.27 12
E 0.25 3 0.26 0.3
F 0.29 4 0.3 6
G 0.3 50 0.43 12
H 0.75 1.2 0.28 0.05
1 0.82 1/10/250 0.54 0.1
J 7.6 11 0.69 6

in a tubular quartz reactor. A schematic diagram of the experimen-
tal apparatus is shown in Fig. 1. Naphtha and water were intro-
duced by HPLC pump (L-7110, Hitachi, Japan) into the vaporizer.
The flow rates of naphtha and water were 1.5 g/min and 0.75 g/
min, respectively, to ensure a weight ratio of steam to naphtha of
0.5. In the vaporizer, which was operated at 300 °C, naphtha and
water were separately vaporized and then mixed at the outlet of the
vaporizer. Thereafter, the mixed stream passed through a pre-heater
which was maintained at 600 °C and then entered into a tubular
quartz reactor (ID 10.5 mm), where the height of catalyst bed was
180 mm. The furnace temperature was maintained at 880 °C and
was controlled by thermocouples which were connected to the on/
off controllers.

The reactor effluent passed through two condensers connected
in series to collect liquid products and water in a reservoir. The mix-
ture of condensed liquid products and water were separated later
and their weights were measured. The gaseous products were an-
alyzed by an on-line gas chromatograph (HP6890, USA) equipped
with TCD and FID detectors and then vented. A Chromosorb 102
column was used to determine the composition of gaseous products.

At the completion of the run, the reactor was flushed with ni-
trogen, and then the coked catalysts were taken out. The amount of

Pampkiba

Wakr

HPLAL paamp

Fig. 1. Schematic diagram of the experimental apparatus.
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coke on catalyst was quantified by the method of the elemental an-
alysis. A scanning electron microscope (JSM6340F, JEOL, Japan)
was employed to observe the surface morphology of the coked cat-
alyst.

RESULTS AND DISCUSSION

1. Olefin Yields in the Pyrolysis of Naphtha in the Presence
of Catalyst (a-ALQO,)

Both non-catalytic and catalytic pyrolysis of naphtha were car-
ried out at a temperature range of 800-880 °C. During reaction, ethyl-
ene and propylene were the major gaseous products together with
significant amounts of methane, butenes, and butadienes. Fig. 2 shows
the temperature (furnace temperature) effect on the yields of ethyl-
ene and propylene. As can be seen, the ethylene yield increases with
temperature for both non-catalytic and catalytic pyrolysis. How-
ever, the propylene yield in catalytic pyrolysis passes through the
maximum with increasing temperature due to the secondary pyrol-
ysis and polymerization reactions above the optimum temperature,
whereas that in non-catalytic pyrolysis increases continuously with
increasing temperature. The maximum propylene yield is expected
to be observed at the higher temperature in non-catalytic pyrolysis
[Basu and Kunzru, 1992]. It is noticeable that at the same tempera-
ture, the yields of ethylene and propylene in catalytic pyrolysis ex-
hibit about 10% and 5% higher values compared to those in ther-
mal pyrolysis, respectively. Enhancement in olefin yields in the pres-
ence of catalyst was attributed to the promotion of the initiation step
of the fiee radical reaction, which is known to be the slowest step
[Basu and Kunzru, 1992]. Another possibility is due to the enhance-
ment of heat transfer through packing material, in this study, a-ALO;
spheres from the reactor wall. Since the pyrolysis reaction is endo-
thermic, the increase in heat transfer from the wall will result in an
enhanced reaction. For the present system, the latter view seems to
explain better the result that the olefin yield does not decrease sig-
nificantly, even after coke covers almost all the surface of a-AlLO;
spheres.

2. Coke Formation on a-ALO; Spheres During the Pyrolysis
of Naphtha
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Fig. 2. Effect of temperature on ethylene and propylene yields in
the thermal and catalytic (E) naphtha pyrolysis.
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Fig. 3. The amount of coke deposited on catalyst (E) as a function
of reactor length with a variation of reaction time.

The amount of coke deposited on a-ALO; spheres during the
pyrolysis of naphtha was measured quantitatively after the pyroly-
sis of naphtha for 4 hr. The reactor was fully loaded with a-AlLO,
spheres of 5 mm in a row. Fig. 3 shows the profiles of coke deposi-
tion on a-ALO; sphere “E” (see Table 2) at various locations in the
reactor for the different reaction time. There seem to be two regions
in the reactor. Up to the middle of the reactor, coke deposition in-
creases with the axial length of the reactor at a higher rate, after which
the rate of increase is lower for the second region. The amount of
coke increases with reaction time regardless of the location of the
reactor. Kumar et al. [1997] also observed the increase in coke for-
mation with increasing reaction time for the system of calcium alu-
minate catalyst for pyrolysis of n-heptane. The amount of coke de-
posited at L/1,,=0.18, 0.55, and 0.82 was plotted as a function of
reaction time in Fig. 4. It is evident that the slope is steeper at a
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Fig. 4. The amount of coke deposited on catalyst (E) as a function
of reaction time.

higher value of L/L,. These results suggest that the concentration
of the precursor for coke in the gas phase may increase along with
the axial length of the reactor. Our finding well accords with the
results of Zou et al. [1993] who report that the coke precursors in
pyrolysis of hydrocarbon are aromatics and ethylene whose con-
centrations increase with increasing residence time. Coke forma-
tion is caused by a complex process involving both chemical reac-
tions and thermodynamic behavior, such as the cracking of side chain
from aromatic groups, condensation of aromatics and dimerization
or oligomerization, etc. [Speight, 1998]. Changes in the slope for
L/L,=0.55 and 0.82 in Fig. 4 are probably due to the decrease in
the inner surface area and pore volume of a-ALO; sphere as the
pore plugging by coke progresses [Lee and Ha, 1998]. On the other
hand, the coke formation on a-AlLO, sphere at L/1.,=0.18 occurs
still inside of the sphere predominantly after the 4 hr reaction.
3. Effect of Physical Properties on the Amount of Deposited
Coke
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Fig. 5. The amount of coke deposited on various catalysts after na-
phtha pyrolysis for 4 hr.
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Various efforts have been reported to suppress the coke deposition
during the catalytic pyrolysis of hydrocarbons [Kumar et al., 1997;
Mukhopadhyay and Kunzru, 1993; Golombok et al., 2000]. One
effective method was to add the alkali metals such as K and Na on
the catalyst, which catalyze the gasification reaction of coke depos-
ited on the catalyst during pyrolysis [Mongkhonsi et al., 1998; Sri-
hiranpullop et al., 2000]. On the other hand, not easily available in
the open literatures were data on the effect of physical properties of
the catalyst such as surface area and pore volume on coke forma-
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tion during the catalytic pyrolysis of naphtha. In this study, spheres
of 0-Al,O; having various physical properties as listed in Table 2
were tested in order to find the best support for suppressing coke
formation.

After pyrolysis reaction for 4 hr, 0-AlLO; spheres charged into
the quartz reactor were taken out and the amount of coke depos-
ited was measured (Fig. 5). As can be seen in Fig. 5, the amount of
coke ranges from 3 to 45 wt%, depending on the sample. The coke
deposition was the least on catalysts A and B. The amount of coke
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Fig. 6. The effect of (A) surface area and (B) pore volume on the amount of coke deposited on catalyst after naphtha pyrolysis for 4 hr.

Fig. 7. SEM photographs of the catalyst at different bed locations after naphtha pyrolysis for 4 hr; (A) fresh catalyst, (B) inlet, (C) middle

and (D) outlet points.
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deposition increased in the order A<B<C=D<E<F=H<G<J<I. Fig. 6
shows the relationships between the amount of coke deposition and
the surface area (A) and pore volume (B). The amount of coke on
0-Al,O; spheres increases sharply with increasing surface area up
to 1 m’/g and then remains constant with further increase in the sur-
face area of 0-ALO; spheres (Fig. 6A). It is evident that a correla-
tion also exists between the amount of coke and pore volume of O-
ALO; spheres (Fig. 6B). If the precursor of coke forms in the gas-
phase from the pyrolysis of hydrocarbons and adsorbs on the in-
ternal surface of a-AlLO; spheres as well as the external surface, the
results are rather expected. That is, coke forms more on 0-AlO;
spheres with the lager pore volume and surface area. Therefore, o-
AlO; spheres having low surface area and pore volume are pre-
ferred for the support. It appears that there is no significant effect of
silica (SiO,) in a-ALO; on the coke deposition during naphtha pyrol-
ysis (Fig. 6).
4. Scanning Electron Microscopy (SEM) Photograph of Coke
A scanning electron microscope (SEM) was employed to observe
the surface morphology of the coked a-ALO; sphere “E,” whose
mean pore diameter is about 3 pum (see Table 2). Fig. 7 shows SEM
photographs for a-Al,O; spheres taken out at various locations of
the reactor after reaction for 4 hr. In order to observe the inside of
spheres, they were cut into the half. Fig. 7(A) is the SEM photo-
graph for the inside of a fiesh 0-ALO; sphere. Fig. 7(B) is the SEM
photograph for the a-Al,O; spheres near to the inlet of the reactor.
It shows that coarse coke particles less than 1 pm formed on the sur-
face of 0-AlLO, particles. In case of the 0-ALO; sphere in the mid-
dle of the reactor, it is evident that the a-Al,O, particles inside the
sphere were covered with the coke films (C). Some coke films were
destroyed due to the impact given when the sphere was cut into the
half. The thickness of film is about 0.2 um. The internal pores still
remain. The coke deposition may result from the adsorption of com-
plexes of the reaction products, which are considered to be inter-
mediates in the coke formation [Guéret et al., 1995], onto the sur-
face of 0-ALO, particles. In case of a-Al,O; sphere near the exit of
the reactor, thick coke films of the thickness of about 0.7-1 um cov-
ered the 0-ALO, particles (D). Because of the impact on cutting the
0-AlO; sphere into the half, some a-AlO, particles escaped and
only broken coke films were left like empty nut shells in half. It is

Fig. 8. SEM photograph for the external surface of coked catalyst.
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evident from the photograph that pores are filled up completely with
the grown coke films. This result agrees well with that in Fig. 3.
That is, the formation of coke occurs more severely along with the
axial length of the reactor, which is attributed to increasing concen-
tration of heavy products and coke precursors toward the exit of the
reactor.

Fig. 8 shows the thick film of coke formed on the external sur-
face of 0-ALO; sphere near the exit of the reactor after naphtha py-
rolysis of 4 hr. The thickness of coke film exhibits about 5 pum, which
is a much higher value compared with a film in the internal pore
(about 0.7-1 pm) of 0-Al,O, sphere [Fig. 7(D)]. That is, the coke
film on the outer surface of a-AlLO; sphere grows up continuously
even after internal pores are plugged by the deposited coke. This
result suggests that coke deposition comes from condensation of
the gas phase products [Guéret et al., 1995].

CONCLUSIONS

The catalytic pyrolysis of naphtha has been carried out in a quartz
reactor loaded with 5 mm 0-AlQO; spheres. The yields of ethylene
and propylene exhibit about 10% and 5% higher values compared
to the thermal pyrolysis in the absence of a-AlO; spheres at the
same reaction operation conditions. The coke formation on a-AlO,
spheres increased continuously along with the axial length of the
reactor as well as with reaction time. Results suggest that the con-
centration of the coke precursors in the gas phase may increase along
with the axial length of the reactor. Coke filled up completely the
internal pore of the sphere near the exit of the reactor after reaction
for 4 hr. The coke film on the external surface of the sphere grew
continuously thicker. The coke formation was influenced strongly
by the physical properties of the a-AlO, spheres. Coke deposition
was the least on the 0-ALO; sphere “A” of this study, which has
the lowest surface area and pore volume among the tested a-ALO;
spheres.
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