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COATING METHOD ON THE JNNER WALLS OF THE REACTION TUBES IN A HYDROCARBON PYROLYSIS 
· REACTOR 

Technical field 

5 The present invention relates to a method of on-line coating a coat film on the 

inner walls of the reaction tubes in. a hydrocarbon pyrolysis reactor so that the formation 

and the deposit of coke on the inner walls can be prevented and inhibited. ~fore 

particularly. the invention relates to a method of on-line coating an inorganic coat film on 

the inner walls of the reaction tubes to prevent the formation and the deposit of coke on the 

1 o inner walls, to remove residual coke continuously, and to inhibit the carburization and 

deterioration of metals on the inner walls so that the operational duration of the reactor can 

be extended. 

15 

Back~ound Art 

Reactors for use in the pyrolysis of hydrocarbons are commonly composed of a 

heating furnace and a series of tubular reactors, and are used in producing olefins such. as 

ethylene, propylene and the like, by supplying steam and a hydrocarbon feedstock into the 

tubular reactors concurrently at an elevated temperature of above 800°C in gaseous phase 

to induce the hydrocarbon feedstock pyrolysed. During the pyrolysis reaction. coke is 

' 20 formed as a by-product from the dehydrogenation of hydrocarbon by way of the catalytic 

25 

and/or pyrolytic reaction. Catalytic coke is formed from catalytic reaction between a 

hydrocarbon and metals such as nickel and iron,· which are present on the surface of the 

tubular reaet~r.'. Dehydrogenation of lighi olefins such as acetylene produces gaseous 

cokes, and dehydrogenation of heavy aromatic materials yield condensed coke. 

These gaseous and condensed cokes are collectively referred to as a pyrolytic 

coke. As the pyrolysis reaction runs, the coke aggregates and accumulates on the inner 

walls of the reactor, alone or through a cooperative trap action. 

Such aggregation or accumulation of the coke on the inner wall of the reactor 

tubes interferes with the flow of fluids in the pyrolysis reactor, causing an increase in the 

30 pressure drop between the frontal and the postal zones of the reactor, and deteriorates the 

efficiency of the heat transfer through the inner walls. This results in the reduction of the 

yields of the main product and the increase of the energy consumption. Carburization may 

also occur into the metals of which the reaction tubes are fabricated, reducing the 
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durability of the reactor tubes. 

Therefore. when the coke is accumulated on the inner walls of the reaction tubes 

to a certain level. the operation of the reactor must be shut down to eliminate the coke 

accumulated. The amount of the production loss and the energy consumed to eliminate the 

s accumulated coke are considerably high. Thus, many approaches have been proposed to 

prevent and inhibit the formation and· deposit of the catalytic coke on the inner walls of a . 

hydrocarbon pyrolysis reactor and to extend the cycle of operating the reactor. 

Such approaches include: a method of using a specific alloy as a reactor tube 

material; a method of continuously injecting a cenain ·chemical such as sulfur, an alkaline . 

Jo metal salt. an alkaline earth metal salt, phosphor,· boron, cei:ium., lanthanum., molybdenum., 

or the like into a hydrocarbon feedstock; ·a method of pre-treating the inner surfaces of the 

reaction tubes with tin and silicone. aluminum, and phosphor; a method of allying a 

ceramic film onto the inner walls of a tubular reactor by molten-coating the inner walls 

with an alkaline earth metal compound; a method of physical vapor deposition of a mixture 

15 of a metal ·and ceramics ·on the inner walls of the reaetion tubes; a method of chemical 

vapor deposition of silicone ceramics on the inner walls of the reaction tUbes; and so forth. 

U.S. Patent Nos. 4,889,614 and 5,358,626 disclose a process for the gasification 

of coke ·into carbon monoxide or carbon dioxide by continuously injecting an alkaline 

metal or alkaline earth metal salt as a catalyst into a pyrolysis reactor during the pyrolysis 

20 of the hydrocarbon. However, this process has a drawback in that a considerable amount 

of the catalyst may be entrained into and accumulated on the recovery section. 

WO 97/41275 discloses a method of forming a protective oxide film by coating a 

mixture of chromium, aluminum and silicon on fresh reaction tubes in a thickness of about 

300 µm by way of a physical vapor deposition and then oxidizing the resultant coat film. 

25 This method, however, requires a separate step of coating a mixture of metals on the fresh 

tubes by an off-line method. Once the film has been worn down, it is impossible to re-coat 

the tubes without replacing the used tubes with new ones. 

U.S. Patent No. 4,099,990 discloses a method of vapor depositing a silica film 

having a thickness of about. 2 µm onto a metallic reaction tube using tetraethoxysilane as a 

30 vapor deposition material and steam or carbon dioxide as a carrier. A test for the pyrolysis 

of ethane in the resultant tubes demonstrated that the amount of the coke accumulated 

could be reduced by about 80% at a temperature of 850°C or less as compared with the 

uncoated tubes, while at a temperature of above 850°C, no improvement was obtained. In 
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connection with this method, however, it is necessary to coli§lder the appropriate coating 

thickness and the vapor deposition conditions for performing the function of the silica film 

as a barrier and to provide a measure by which the mechanical/thermal strength of the film 

can be secured. If the silica film is too thin, it does not perform its function as a barrier 

s completely and may be easily worn out by carburization or oxidation during decoking. On 

the other hand, if the film is too thick, it is apt to peel off or rupture due to the difference in 

thermal expansion between the matrix metal and the silica film. Further. this patent neither 

suggests nor teaches clearly how to remove the accumulated coke. even though it is 

possible to reduce the accumulation of the coke to some extent by covering the tube 

Io surfaces with an inactive inorganic oxide film to inhibit the catalytic reaction of the 

metallic components by which the formation of coke is accelerated. 

Disclosure of Invention 

According to the present invention, it has been discovered that by coating the 

15 inner walls of the reaction tubes in a hydrocarbon pyrolysis with an inorganic film to 

prevent a catalytic reaction between a hydrocarbon feedstock and a metal such as nickel 

and iron, it is possible to lower the formation and the deposit of coke on the inner wall and 

inhibit the carburization and deterioration phenomena of the metals due to the coke. 

20 

Accordingly, the object ofth.e invention is to provide a method ofon-line coating 

the inner walls of the reaction tubes in a hydrocarbon pyrolysis reactor to prevent the 

formation and the deposit of coke on the inner walls. 

The above object of the invention can be achieved by an on-line method of 

providing -;-;oat film on the inner wall of a reaction tube in a hydrocarbon pyrolysis reactor, 

which comprises the steps of vapor depositing a mixed solution of a metal alkoxide and a· 

25 chromic compound on the inner wall concurrently with introducing a carrier at a flow rate 

of 1-5000 kg/hr/coil at a temperature of 600-900°C under a pressure of 0-3 kg/cm2 to fonn 

a buffer layer on the inner walls; ·and vapor depositing a metal alkoxide as a diffusion 

barrier on th.e buffer layer; and then vapor depositing an alkali metal/alkaline earth metal 

compound alone or mixed with metal alkoxide as a decoking layer to obtain a 

30 continuously formed coat film. 

In this connection, it is noteworthy to understand that the diffusion barrier can be 

vapor deposited directly on the inner walls under the same conditions as mentioned above, 

without providing the buffer layer, and that a decoking layer can then be vapor deposited 
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on the diffusion· barrier and/or the buffer layer. 

Brief Description ofDrawings 

The above and other objects as well as advantages of the invention will be more 

5 apparently recognized with .reference to the description hereinafter and the accompanying 

drawings wherein: 

Figure 1 ill"ustrates•a schematic diagram of an apparatus for coating a buffer layer, 

and/or a diffusion barrier. and/or a decoking layer on the inner walls of a reaction tube, and 

performing a test for the pyrolysis reaction of a. hydrocarbon using the tube so coated, 

Io. according to the invention; and 

15 

Figure 2 is graph.showing a change in the pressure drop at the inlet of the reactor 

used in Example 4 of the invention, compared with the pressure drop at the inlet of a 

conventional hydrocarbon pyrolysis reactor. 

Best Mode for Can:yina·Out the.Jnyention 

The present invention relates to a method of. on-line. coating a coat film for 

preventing the formation and the deposit of coke on the inner walls of the reaction tubes in 

a hydrocarbon pyrolysis reactor and.preventing the carburization or deterioration of metals 

on the inner walls. ·According to the invention, it is essential to provide, in a batch process, 

20 an appropriate layer that can serve as a diffusion barrier on the inner walls of the reaction 

tubes in a hydrocarbon pyrolysis reactor; and a buffer layer which can obtain a solid co.at 

film having good chemical/thermal strength so that better durability can be achieved; and a 

decoking. layer· which can minimize the·· amount of the gaseous coke deposited and 

condensed on the inner walls, which are not suppressed easily by the barrier. In order to 

25 make the coat film formed according to the invention commercially useful, it is important 

that the film should have sufficient mechanical and thermal strength to resist against the 

operating conditions. It is also important that it is able to eliminate any adverse effects 

which may occur in the postal steps of the reaction process, and. that it can be re-coated on 

the inner walls when necessary. 

30 As well known in the art, the term "on-line coating" used herein means, that the 

method of the invention can be performed during the operation of the hydrocarbon­

pyrolysis process withou~ cooling down the process and removing the reaction tubes. 

The inventors have discovered a thickness of the barrier suitable for perfonning 
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the invention by subjecting it to a pyrolysis test. The problems associated with the peeling 

off or rupture of the diffusion barrier (inorganic coat film) due to the difference in the 

coefficient of thermal expali~ion between the metal and th~ barrier have also been 

eliminated by forming a buffer layer using a mixture of the buffer components. 

The residual cokes not suppressed· by the barrier have also been . removed by 

forming a decoking layer. Also, the problems of adverse effects on the recovery section 

have been addressed by sending the furnace e:ftluents to a decoking drum. 

Further, according to the invention, the reaction tubes can directly be coated while 

being hot and, therefore, it is possible to re-coat the tubes in a hot state during the 

Io operation of the reactor. 

Particularly, in performing the invention, after the coke is combusted in a 

hydrocarbon pyrolysis reactor equipped with a series of tubular reaction tubes, by way of a 

carrier of 1-5000 kg/hr/coil at 600-900°C under 0-3 kg/cm2
, a metal alkoxide is carried into 

the tubes in an amount of 0.001-10%, preferably 0.05-1.0% based on the weight of the 

15 carrier introduced. Then, the alkoxide absorbs the heat for a residence time of 0.5-2 

seconds, and is then decomposed and deposited on the inner walls of the tubes to form a 

diffusion barrier. Where the amount of the alkoxide introduced is below 0.001 % by weight, 

it requires a long period of time to be coated to a desired thickness. Where the amount 

exceeds 10% by weight, the resultant particles may deteriorate the physical properties of 
20 the coat film so formed. The thickness of the coat film is preferably in the range of 4-12 

µm. If the thickness is below 4 µm, the film does not serve as a barrier. If the thickness 

exceeds 12 µm, the film tends to peel off or rupture as the temperature varies. 

Up~n · ~ompletion of the deposition of the coat film, the temperature is gradually 

elevated until it reaches the temperature of hydrocarbon pyrolysis by . 200°C or less per 

25 hour. · In this process, the organic groups remaining in the coat film are removed to form a 

solid inorganic coat film. Non-limiting metal alkoxides suitable for a deposition material 

include volatite silicone alkoxides such as tetraethoxysilane and tetramethoxysilane; 

titanium alkoxides such as titanium tert-butoxide, titanium ethoxide, and titanium 

isopropoxide; and aluminum alkoxides such as aluminum acetylacetonate and aluminum 

30 isopropoxide. These are used alone or in combinations thereof. Non-limiting carriers 

include nitrogen, helium, argon, carbon dioxide, air, oxygen, and steam. Among them, 

steam is more preferred in the pyrolysis in view of saving production costs. 

The alkoxide may be introduced into the reactor tube, for example, by diluting it 
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in the carrier. The dilution is carried out by bubbling the carrier through the alkoxide or by 

pumping the alkoxide directly into the carrier. Practically, the latter method is more 

preferred. 

However. the inorg8.Ilic coat film fonned of such a metal· alkoxide is apt to easily 

5 peel off or rupture from thermal shock because its thermal expansion coefficient is just 

about 1 /20 as comparecl with that of the metallic tubular reactor. Therefore, it is desirable 

to have a medium layer. namely, a metal oxide buffer layet·sandwicbed between the inner 

wall· of the metallic reactor tube and the inorganic coat film to reinforce the 

mechanical/thermal strength of the entire coat film. The oxide buffer layer can be provided 

lo by depositing a mixed solution of a metal alkoxide and a chromium compound on the inner 

walls of the reaction tubes. The chromium compounds include chromium acetyl acetonate, 

chromium carbonyl. chromic (Ill) 2-ethylhexanoate, and chromic (III) hexafluoroacetyl 

acetonate. Preferably, chromium acetyl acetonate [Cr(C5H10 2) 3, FW 349.33] is used, 

which has a boiling point.of about 340°C and is sufficiently volatile; 

15 The above chromium compounds are present in solid form at room temperature 

and thus are needed to dissolve them ·in an adequate·. organic solvent such as 

tetrahydrofuran, toluene, and. so forth. The toluene may act as a precursor producing coke 

during p)irolysis at a high temperature. Therefore, the use of toluene is avoided when 

possible .· and tetrahydrofuran is preferably used in the invention. · Concurrently with 

20 introducing the carrier into the reactor tubes, a metal alkoxide and a chromium compound 

are injected in an amount of0.001-10% by weight and in an amount 0.001-1.0% by weight, 

respectively, based on the total weight of the carrier, resulting in a buffer layer having a J -5 

µm thickness directly on the inner wall~ of the reactor tubes. Preferably, the metal 

alkoxide and the chromium compound are introduced in a mixture in an amount of 0.005-

25 1.0% by weight based on the total weight of the carrier. When the metal alkoxide is used in 

an amount ofless than 0.001% by weight, it is insufficiently transferred to the outlet of the 

reactor, or requtres much time to obtain a suitable thickness of the barrier film. When the 

alkoxide is used in an amount of above l 0% by weight, it will be wasteful due to its low 

deposition yield and the physical· properties of the resultant coat fi]m will be degenerated 

30 due to the formation of particles. If the amount of the chromium compound used is less 

than 0.001 % by weight, there will be little or no effect. If it is used in an amount of above 

1.0% by weight, it will also be wasteful. Further, if the thickness of the buffer layer is less 

than 1 µm, satisfactory buffering effects cannot be· obtained, and if above 5 µm, further 
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improvement cannot be expected. 

Meanwhile. the provision of a diffusion barrier on the surfaces of the reactor tubes 

can inhibit a catalytic reacticiil of the metal components that rti~~ cause the coke formation. 

However. the gaseous or condensed coke cannot be prevented from being deposited on the 

5 barrier. In addition to the diffusion barrier, a mixture of an alkoxide and an alkaline metal 

or an alkaline earth metal oxide may be deposited on the barrier to form a decoking layer 

thereon. This decoking layer can give coke gasification ability to the barrier. 

In providing an alkaline metal or alkaline earth metal oxide film on the reactor 

tubes as a decoking layer in accordance with the on-line coating method of the invention. it 

1 o is important to select adequate precursors depending upon the operating conditions. such as 

the vapor deposition temperature and the types of the carriers. Those precursors include 

organic compounds such as alkoxides, beta diketonates, alkylates, carboxylates. and 

inorganic compounds such as nitrates and carbonates. Examples of the alkaline 

metal/alkaline earth metal compounds include potassium acetyl acetonate, potassium 

15 tetramethyl heptanedionate, potassium acetate, calcium acetyl acetonate, calcium 

tetramethyl heptanedionate, calcium acetate, magnesium acetyl acetonate, magnesium 

tetramethyl heptanedionate, magnesium acetate, barium acetyl acetonate, barium 

tetramethyl heptanedionate, barium acetate, lithium acetyl acetonate. lithium tetramethy1 

heptanedionate. and lithium acetates. These compounds may be used alone or in 

20 combinations thereof. 

The amount of alkaline metal/alkaline earth metal compounds used is 0.001-10% 

by weight, preferably 0.05-1.0% by weight with respect to the total amount of the carrier 

introduce([ -·-Beyond this range, the deposition time may be increased, resulting in lowering 

the deposition yields and degenerating the physical properties of the desired coat film. The 

25 thickness of the coat film deposited is preferably 0.1-2 µm. If the thickness is not within 

this range, a sufficient coke gasification effect cannot be obtained, or an undesirable coat 

film is apt to be formed. 

As described above, the method according to the invention can be performed at a 

high temperature, and thus a pure inorganic oxide film can be deposited on the inner walls 

30 of the reaction tubes by minimizing thennal shock. Further, in the invention, there are no 

limitations in the surface conditions and the term of use of the reaction tubes to be coated. 

Therefore, whenever the coat film has been worn out, it is possible to re-coat the film on 

the inner walls of the tubes during the operation of the reactor without replacing the tubes 
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with new ones. 

In addition, sufficient mechanical/thermal strength can be obtained by introducing 

a buffer layer between the tube· metal and the barrier to provide a coat film having an 

appropriate thickness. Also, residual coke can be removed by impregnating a catalyst for 

s gasifying coke on the diffusion barrier without adverse effects on the recovery section. 

According to the invention, it has been confirmed that in order to assure . the 

function of the coat film for inhibiting the carburization · of the metal components in the 

inner walls of the reaction tubes, the thickness of the coat film must be about 4 µm. In 

performing the method of the invention, the increasing rate of the pressure at the inlet of 

JO: the reactor is reduced to below 1/2; thus, the operating term of the reactor can be 

considerably extended. 

The present invention will be described in greater detail by means of the 

following non-limiting examples. 

IS Example 1 

In this example, an experimental test for applying a buffer layer between the inner 

walls of a metallic tube used in a hydrocarbon pyrolysis reactor and a diffusion barrier, 

namely a silica film coat formed thereon, to compensate for the thermal expansion 

· difference and increase the mechanical/thermal strength between the metallic tube and the 

20 barrier was performed .. A mixture of chromium oxide and silica was used· as a buffer layer. 

As material for the vapor depositions of the chromium oxide ·and the silica, chromium 

acetyl acetonate and tetraethoxy silane were each used. 'For the purpose, l.2 g of 
. - --· ~. 

chromium acetyl acetonate was dissolved in 36 ml oftetrahydrofuran. 

As shown in Figure 1, a tubular tube (0.68 cm in inner diameter and 69 cm in 

25 length) made of a high nickel alloy was installed within the heating furnace. The tube was 

adjusted at an inlet temperature of 620°C and at an outlet temperature of 750°C. Then, 

steam preheated at 450°C was passed through the tube at a flow rate of 100 g/h for 8 hours, 

together with 0.5% of tetraethoxysilane and 0.01 % of chromium acetyl acetonate, based on 

the total weight of the steam, to coat the inner waJl of the tube. Observation under a 

JO scanning electron microscope of the resultant coat film showed that a resultant buffer layer 

of a metal oxide having a thickness of about 3-4 µm was formed. 

After the buffer layer was formed, tetraethoxysilane was ·continued to be injected 

into the tube in an amount of 0.6 % by weight for l 0 hours, to evaluate the resultant coat 
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film. After the coating operation was completed, the resultant coat film was examined 

under a scanning electron microscope with respect to its morphology and thickness. The 

diffusion layer was confimiedto be a solid film having a thicfutess of7-11 /Dfl. 

To test the thermal strength of the coat film, a test piece was maintained for 60 

5 hoiirs at I 000°C and then slowly cooled. Observation under a scanning electron 

microscope confirmed no loss occurred in the film. 

Examplel 

In this example, another test was carried out to evaluate the ability of preventing 

1 o and reducing the formation and deposit of coke on the inner walls of a reaction tube in a 

hydrocarbon pyrolysis reactor. A sample reaction tube which is made of HK4M (Cr: 25% 

and Ni: 25%) was installed in the reactor as shown in Figure 1, and the inner wall of the 

tube was then coated according to the same procedures described as in Example 1. Ethane 

was subject to pyrolysis in the reactor under the reaction conditions given in a table below. 

15 After the pyrolysis reaction, a scanning electron· microscope examination showed that the 

formation of coke on the inner walls was dramatically reduced as compared with the 

uncoated tube. 

20 

25 

Table 

Feedstock 

Inlet Temperature {°C) 

Outlet Temperature {°C) 
- - .. _. ~. 

Reactor Pressure 

Weight Ratio of Steam/Ethane 

Conversion of Ethane (%) 

Operation Period (hours) 

Example3 

Ethane 

600 

845 

Atmosphere 

0.3 

80 

2 

In this example, a solution of an inorganic alkaline metal compound, calcium 

30 acetyl acetonate was further injected onto the silica diffusion barrier for 7 hours in an 

amount of0.067% by weight with respect to the amount of the steam concurrently injected, 

to fonn a decoking layer on the diffusion barrier. The formation of coke was continuously 

eliminated during operation. The solution was prepared by dissolving l g of calcium acetyl 

9 
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acetonate in a mixture of 50 g of methanol. and 0.5 . g of 60 % nitric acid. An X-ray 

analysis of energy scattering type detected 9.0% by wei.ght of calcium. To compare the 

efficiency of removing the coke by the decoking fonne4 <?D the barrier with that by a 

combination. of. the buffe,r layer and the diffusion barrier, the same test as described in 

s Example 2 was performed, and it was then observe~ under an scanning electron 

microscope. As a result. no coke formation was observed. 

Example4 

The results. obtained from the tests done above. "'.ere applied to a commercial 

10 pyrolysis reactor (KBR Millisecond pyrolysis reactor). Immediately after the combustion 

process of coke was completed, the inl~t and the outlet of the reactor were adjusted at 

620°C and 730°C. respectively. Then, 74 kg/h per tube of the steam preheated to 620°C 

was injected into the reaction tubes in the ~actor, together with 0.002% by weight of 

chromium acetyl acetonate and 0.2% by weight of tetraethoxysilane, for 8 hours, to have 

1;5 the inner walls of the reaction tubes coated. 

Upon completion of the coating operation, a feedstock, naphtha was charged into 

the reactor after the temperature was elevated to a temperature for carrying out the 

pyrolysis of the naphtha by 60°C per hour. The level of the coke formed was observed by 

monitoring the pressure change at the inlet of the reactor. The pressure changes before and 

40 after coating the inner walls of the reactor tubes are plotted in Figure 2. As can be seen 

from Figure 2, the increasing rate of the pressure after coating is about half of that before 

the coating . 
. - --· ~ 

Industrial Applicability 

25 As described above, according to the invention, it is possible to prevent the 

production of coke during the pyrolysis reaction of hydrocarbons in a pyrolysis reactor and 

remove the coke through the gasification thereof. This allows the cycle run length of the 

reactor to be extended. Accordingly, it is also possible to save the costs of combustion of 

the coke and to increase the production capacity of the target products. Further, according 

30 to the invention, carburization and deterioration of 111etals on the reactor tubes by the 

barrier function of the diffusion barrier can also be inhibited. This extends the life of the 

reactor tubes. The invention has another advantage in that a coat film having an improved 

mechanical/thermal strength can be obtained without. causing any adverse effects during 
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. the postal step of the process involved. and that the coat film can be intermittently coated 

on the inner wall of a reaction tube in an on-line method whenever desired during the 

process, even if the initial coat film was not permanently made; · 

It will be apparent1y understood, of course, that various changes and 

s modifications can be made in the embodiments of the invention illustrated and described 

herein without departing from the spirit and the scope of the invention as defined by the 

appended claims. 
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1. A method ofon-line coating a continuous inorganic coat film on the inner walls of 

a the reaction tubes in a hydrocarbon pyrolysis reactor for preventing the formation and 

deposit of cokes on the inner' wall, comprising: 

5 vapor depositing a metal aikoxide as a diffusion barrier on the inner walls, 

concurrently with introducing a carrier into the reaction tubes at a flow rate of 1-5000 

kg/hr/coil at a temperature of 600-900°C under a pressure of0-3 kg/cm2
• 

2. The method of claim l, wherein a buffer layer is provided directly on the inner 

IQ walls of the reaction tubes, before forming the. diffusion barrier, the buffer layer being 

formed by vapor depositing a mixed solution of a metal alkoxide and a chromium 

compound on the inner walls, concurrently with introducing a carrier into the· reaction 

tubes at a flow rate of 1-5000 kg/hr/coil at a temperature of 600-900°C under a pressure of 

0-3 kg/cm2
• 

lS 

3. The method of claim I or 2 further comprising forming a decoking layer onto the 

inorganic coat film by vapor depositing a mixture of an alkoxide and an alkaline metal or 

alkaline ~earth metal oxide, concurrently with introducing a carrier into the reaction tubes at 

a flow rate of 1-5000 kg/hr/coil at a temperature of 600-900°C under a pressure of 0-3 

20 kg/cm2
• 

4. The method of claim 1 or 2, wherein the carrier is one selected from the group 

consistirig-ormtrogen, helium, argon, carbon dioxide, air, oxygen, and steam. 

25 5. The method of claim I, wherein the inorganic coat film is deposited by 

introducing the metal alkoxide in an amount of 0.001-10% by weight based on the total 

amowit of the '8Irler into the reactor. 

30 

6. The method of claim I, wherein the inorganic coat film is 4-12 µm in thickness. 

7. The method of claim 2, wherein the metal alkoxide and the chromium compound 

are each introduced into the reaction tubes in an amount of 0.001-10% by weight, based on 

the total weight of the carrier. 
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8. The method of claim 7. wherein the amount is 0.05-1.0% by weight. 

9. The method of claim 2; wherein the buffer layer is 1-5 Pm in thickness. 

s 10. The method of any one of claims l, 2 and 5, wherein the metal alkoxide is one 

selected from the group consisting of tetraethoxysilane, tetramethoxysilane, titanium tert­

butoxide. titanium isopropoxide. aluminum acetyl acetonate, and aluminum isopropoxide, 

and a combination thereof. 

Io 11. The method of claim 2, wherein the chromium compound is one selected from the 

group consisting of chromium acetyl -acetonate, chromium carbonyl, chromic (III) 2-

ethylhexanonate, and chromic (Ill) hex.afluoroacetyl acetonate, and a combination thereof. 

12. The method of claim 3, wherein the alkaline metal or alkaline earth metal is one 

1 s selected from the group consisting of potassium acetyl acetonate, potassium · tetramethyl 

heptanedionate, potassium acetate, calcium acetyl acetonate, calcium tetramethyl 

hepuinedionate, calcium acetate, magnesium acetonate, magnesium tetramethyl 

heptanedionate, magnesium acetate, barium acetyl acetonate, barium tetramethyl 

heptanedionate, barium acetate, lithium acetyl acetonate, lithium tetramethyl 

· 20 heptanedionate, and lithium acetate, and a combination thereof. 

25 

30 

13. The method of claim 3 or 10, wherein the alkaline metal or alkaline earth metal 

compoundi~-introduced into the reactor in an amount of 0.001-100/o by weight based on 

the total amount of the earner. 

14. The method of claim 3 or 10, wherein the barrier is 0.1-2 JDYl in thickness. 

13 


