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1 LOW=-SULFUR REFORMING PROCESSES
2
3 . BACKGROUND OF THE INVENTION
4 This application is a continuation-in-pars
§ application of U.S. Applicatien No. 07/666,696, filed
6 . March 8, 1991, the contentg of whichk is hereby
7 incorporated by referenée. and is related to U.S.
8 Application No. __802,821 [Attorney’s Dc:ﬁet No.
9  005950-316], and U.S. Application No. _ 803,215
10 f{Attorney’s Docket No. 005850~333}, both filed
11 concurrently herewith and the contents of which are
- 12 hereby incorporated by raference.
13
14 The present invention relates to improved
15 techniques for catalytic reforming, particularly,
16  catalytic reforming under low-sulfur, and low-sulfur
17 and low-water conditions. More specifically, the
18 invantion relates to the discovery and control of
19 problems particularly acute with low-sulfur, and low-

-20 sulfur and low-water reforming processes.
21 " Catalytic reforming is well known in the
22 petroleun industry and involves the treatment of
23 naphtha fractions to improve cctane rating by the
24 production of aromatics. The more important

28 hydrocarbon reactions whieh ocour during the
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reforming ope.ation include the dehydregenation of
cyclohexanes to aromatics, dehydroisomerization of
alkylcyclupentanes.to aromatics, and
dehydrocyclization of acyclie hydrocarbons to .
aromatics. A number of other reactions also ccour,
including the dealkylation of alkylbenzenes,
isomerization of paraffins, and hydrocracking
reactions which producs light gaseocus hydrocarbens,
e.9., methane, ethane, propane and butane. It is
important to minimize hydrocracking reactions. during
reforming as they decrease the yield of'gasoline
boiling products and hydrogen.

Baecause there is a demand for high octane
gasoline, extensive research has been devoted to the
developnent of inproved reforming catalysts and
catalytic re!orniﬁq processes. Catalysts for
successful reforming processes must possess good
selectivity. That 15; they should be effective for
producing high yields of ligquid products in the
gasoline boiling range containing large
concentrations of high octane number aromatic _
hydrocarbons. Likewise, there should be a low yield
of light gasecus hydrocarbons. The catalysts should
possess good activity to minimize excessively high
tamperatures for producing a eertain guality of

e
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'L preducts. It is also necessary for the catalysts to

2 either possess good stability in order that the

[ %4

activity and selectivity characteristics can be
4 retained auring prolenged pericds of operatisn; or be
5 sufficiently regenerable to allow fraquent
6 . regeneration without loss of performance.
7
8 Catalytic reforming is also an important process
9

gor the chemical industry. There is an increasingly
10 larger -demand for aromatic hydrocarbons for use in i
11 the manufacture of various chemical products such as
12 synthatic fibers, insecticides, adhesives,
13 detargants, plastics, synthetic rubbers,
14 pharmaceutical products, high octane gasolina,
18 perfumes, drying oils, ;on-exchange resins, an&
16 various other proeducts well known to those skilled in
17 the arxt.

18

19 An important technological advance in catalytic

20 reforming has recently emerged which invelves the usé

21 of large-pore zeolite catalysts. These catalysts are
22 further charactarized by the presence of an alkali or

21  alkaline earth metal and are charged with one or more

24 Grouﬁ VIII metals. This type of catalyst has been

25 found to advantageously provide higher selectivity

26 and longer catalytic life thin'those previocusly used.
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1 Having discovered selective catalysts with
2 acceptable cycle lives, succassful commercialization
3 seemed inevitable. Unfortunataely, it vas
4 subseguently digscovared that the h;ghly selective,
5 large pore 2aclite catalysts centaining a Group VIII
6§ metal were unusually suséeptible to sulfur poisoning.
7 Sea U.S. Patent No. 4,456,527. Ultimately, it was
8 found that to effectively address this problen,
9 sulfur in the hydrocarbon feed should be at. ultra~low
10 lavels, preferably lass than 100 parts per billion
11 (ppb), more pretérably 1ess.than 50 ppb to achieve an
12 accaptable stability and activity level for the
13 catalysts.
14
s Aftar recognizing the sulfur sensitivity
16 associated with these new catalysts and determining
17 tha necessary and acceptable levels of process
18 sulfur, successful commercialization reappeared on
19 the horizon; only to vanish with the ouergencé of
20 ancther associated problem. It was found that
21 certain large pore zeolite catalysts are alsc
22  adversaly sensiﬁive to the presenca of water under |
23  typical reaction conditions. Particularly, water was
24 féund to greatly accelerate the rate of catalyst
25 ‘deactivation. '
26
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Water sensitivity was found to be a serious
drawback which was.difticult to effectively address,

Water is produced at the h@qinninq of each process
cycle vhen the catalyst is reduced with hydrogen.
And, water can be produced during process upsets when
w&ter leaks into the reformer feed, or when the fged
becomes contaminated with an oxygen-centaining
compound. Eventually, technologies were aiso
developed to protect the catalysts from water.

Again commercialization seemed practical with
the development of various low-sulfur, low-water
systems for catalytic reforming using highly
selective large~-pore zeolite catalysts with long
catalytic lives. While low~sulfur/low-water systams
were initially effective, it was discovered that a
shut down of the reactor systam can be nccéssary
after only a matter of weeks. The reactor system of
one tast plant had regularly become plugged after
only such brief operating periods. The plugs were
found to ba those associated with coking. However,
although coking within catalyst particles is a commen
problem in hydrocarbon processing, the extent and
rate of coke plug fermation exterior to the catalyst
particles associated with this particular system far

excaeeded any expectation.
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SUMMARY OF THE INVENTION
Accordingly, 6ne object of the invention is te
provide a methed for raforming kRydrocarbens under
conditions of low sulfur which avoids the
aforementioned problems found to ba assaciated with
low~-sulfur processes, such as brief aoperating

periods.

It is anaother object of tha invention to provide
a reactor system for reforming hydrocarbons under

conditions of low sulfur which permits longer

operating periocds.

After a detailed analysis and investigation of
the coke plugs of low-sulfur reactor systems, it vas
surprisingly found that they cgntained particles and
darcplats of metal; the droplets ranging in size of up,
to a few microns. This ebservation led to the
startiing realization that thers are new, profoundly
serious, problems which were not of conCern with
conventional reforming techniques where process
sulfur and vater levels were aignificantly higher.
Meze particularly, it was discovered that problenms
existed which threatened the effective and economic
operability of the systems, and the physical
integrity of the equipment as well., It was also

e
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1 discovarad that these problems emerged dues to the.

2 low-sulfur conditions, and to some extent, the low

w

levels of water.

For the last forty years, catalytic reforming
reactor systems have been constructed of ordinary
mild steel (e.g., 2% Cr 1 Mo). Over time, experience

has shown that the systems can operate successfully

¢ «© ~S O v »

for about twenty years without significant loss of
10 physical strength. Howaver, tha discovery of the
11 metal particles and droplets in the coke plugs
12 eventually lead to an investigation of the physical
13 charactaristics of the reactor Systan. Quite

14 surprisingly, conditions ware discovered which ara
1S symptomatic of a potentially saveras physical
1€ degradation of the entire reactor system; including
17 the furnace tubes, piping, reactor walls and cothar
18 environments such as catalysts that contain iron and
19 metal screens in the reactors. Ultimately, it was
20 discovered that this problem is associated with the .
21 excessive carburization of the steel which causes an
22 embrittlement of the stesl due to injection of
23 process carbon into the metal. Cenceivably, a |
24 catastrophic ph}sical failure of the reactor systen
25 could result.
26
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With conventional raforming technigues
carburization simply was not a problem or concern;
nor was it axpected to be in contemporary low-
sulfﬁr/low-watuz systems. And, it was assumed that
conventional process equipneht could he used.
Apparently, however, the sulfur present in
conventional systems effaectively inhibits

carburization. Somehow in conventional processes the

b 08 N B A W NN

process sulfur interferes with the carburization
10 reaction. Bug with extremely iow~su1£ur systems,
11  this inherent protection no lenger exists.

12

13 Figure 1A is a photomicrograph of a portion of
14 the inside (process side) of a mild steel furnace
15 tube from a commercial reformer. The tube had beaen
16 exposed to conventional reforming conditions for

17 about 19 years. This photograph shows that the

18 surface of the tube.has innained essentially

19 unalterad with the tektnre of tha tube ranain1n§

20 normal after long exﬁodure to hydrocarbons at high
21 | temperatures (the black portion of the photograph is
22 background) .

23

28 Figure 1B is a photemicrograph of a pertion of a
25 mild steel coupon samplae which was placed inside a

26 reactor of a low-sulfur/lowewater demonstration plant
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1 for only 13 weeks. The photograph shows the erocded
2 surface of the sample (contrasted against a black

3 background) from which metal dusting has occurred.
The dark grey~like veins indicate the envirenmental
carburization of the steel, which was carburized and

embrittled more tharn 1 mm inh depth,

0f course, the problams associated with

O ® N v B e

carburization only bagin with carburization of the
10 physical system. The carburization of the steal

11 walls leads to "metal dusting"; a release of

12 catalytically active particles and melt drépleés of
13 petal dua teo erosion of the matal.

14

15 The active metal particulates provide additienal
16 sites for coke formation in the system. While '
17 catalyst deactivation from coking is generally a

18 problam whieh must be addressed in retoéning, this

19 new siéni!icant source of coke formation leads to a
20 new problem of coke plugs which excessively

21  aggravates the pzohlen.' In fact, it was found that
22 the mobile active metal particulates and coke

21 particles metastasize coking generally throughout the
24 system. The active metal particulates actually

25 induce cok§ formation on themselvas and anywheras that

26 the particles accumulate in the system resulting in
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1 coke plugs anu hot regions of exothermic
2 demethanation resactions. As a result, an
3 unmanageable and premature coke-plugging of the
4 reactor system occurs which can lead to a systeﬁ
%5 shut~down within weeks of start-up. Use of the
6 process and reactor system of the present invention,
7 however, overcomes thase problems.
8
9 Tnereteré, a first aspect of tha invention
10 relates to a method for reforming hydrocarbons
11 comprising contacting the hydrocarbons with a
12 reforming catalyst, preferably a large~-pore zeclita
13 catalyst including an alkali or alkaline earth metal

14 and cha:qed with one or more Group VIII metals, in 2
15 reactor system having a resistance to carburization
16 and metal dusting which iz an improvement over

17 conventional mild stsel reactor systems under

18 conditions of low sulfur and often low sulfur and low
19 water, and upon reforming the resistance being such
20 that embrittlement from carburization will ba less
21 than about 2.5 mm/year, praferably less than 1.5

22 nn/ycat. nore preferably less than 1 mm/ysar, and

23 must.preterably less than 0.1 mm/year. Preventing
24 enmbrittlement to such an extent will significantly
25  redice metal dusting and coking in the reactor
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1 system, and permits operatien for longer periﬁds of
2 time.

3 .

4 And, another aspect of the inventien relates to
5 @a reactor system including means for providing a

§ resistance to carburization and metal dusting which
7 is an improvement over conventional mild steel

8 systems in a method for reforming hydrocarbons using
9 a reforming catalyst such as a large-pore zeoclite

10 catalyst including an alkaline earth maetal and

11 charged with one or more Group VIII metals under

iz conditiens of low sulfur, the resistance being such

13 that embrittlement will be less than ahéut 2.5

13 me/year, preferably less than 1.5 mm/year, nmore

15 preferably less than 1 ;n/ybar, and most preferably
16 less than 0.1 mm/year.

17 !

18 Thus, among other factors, the present invention
19 is based on the discovery that in low-sulfur, and
20 low=gulfur and low-water reforming processes there
21 cxiat sign;ticant carburization, metal dusting and
.32 ecoking problems, which problems do not exist to any
23  significant extent in conventional reforming

24 processss where higher levels of sulfur are presant.
-25 This discovery has led to intensive work and

26 development of solutions to the problems, which

T —
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1 seclutions are novel to low-sulfur reforming and ara
2 directed to the identification and selection of
3  resistant materials for low~sulfur reforming systems,
4 ways to effectively utilize and apply the resistant
5 naterials, additives (other than sulfur) for reducing
6 carburization, matal dusting and coking, various
7 process modifications and configurations, and
8 combinations therecf, which effectively address the
$  problems.
10
1 More particularly, the discovery has led to the

12 search for, identification of, and selection of

13 resistant materials for low-sulfur reforming systems,
14 praferably the reactor walls, furnace tubes and

15 screens thereof, which were previeusly unnecessarf in
16 conventional reforming aystems such as certain alley
17 and stainless steels, aluminized and chremized

18 materials, and certain ceramic materials. Also, it
19 was discovered that other specific materials, applied
20 as a plating, cladding, paint, etc., can be

21  effectively resistant. These materials include

22 cepper, tin, arsenic, antimony, brass, lead bismuth
23 ¢hromium, internetnllic compounds thereof, and alloys
24 thereof, as well as silica and silicon based

2S coatings. 1In one preferred amdodiment of the
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invention there is provided a novel and resistant

tin~containing paint.

Furthermore, the discovery led te the
development of certain additives, herainafter-
referred to as anticarburizing and anticoking agents,
which out of necessity are essentially sulfur free,

preferably completely sulfur free, which are novel to

O @ N 6 W W N

reforming. Such additives include organo-tin

10 compounds, organc-antimeny compounds, organo-bismuéh
11 . compounds, organo~arsanic compounds and organco~lead
12 compounds .,

13 |

14 Also, the problems assoclated with low-sulfur
15 reforming has lead to the davelopment of certain

16 process modifications and configurations nrawiaunely
17 unnecessary in conventional raforming.

18 certain temperature ceontrel techniques,

15 auperheated hydrogen between reactors,

20 catalyst regenarations, the usa of staged heaters and
21 tubas, the use of staged temperature zones, the usa
éz of superheated raw niterials, and the use of larxger
23 tube diamaters and/or higher tube velocities,

24

25

e
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1 BR.EF DESCRIPTION OF THE DRAWING

2 As noted above, Figure 1A is a photomicrograph
3 of a portion of the inside (process side) of a mild
4 steel furnace tube from a commercial reformer which

5 had been in use about 19 years; and as also néted

é above,

7

8 Figurae 1B is a phatomicregraph of a portion of a
9 mild gsteel coupon sample which was placed ingide a
10 reéctor of a low=sulfur/lew-water demonstration plant
11 for only 13 weeks.
12 |

13 Figure 2 is an illustration of a suitable

14 reforming reactor system for use in the present
13 4invention. -

16

17 :
18 The metallurgical terms used herein are to be

19 given their common metallurgical meanings as set

20 forth in THE METALS HANDBOOK of the American Society’
21 of Matals. For example, "carhoﬁ steels™ are those

22 steels having no specified minimum quantity for. any
23

alloying element (other than the commoenly accepted
24 amounts Of manganese, silicon and copper) and
25 containing only an incidental amount of any elewment

26 other than carbon, silicen, manganesa, copper, sulfur
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and phosphorus. "Mild steels™ are those carbon
steels with a naxiqum of about 0.25% carbon. Alloy
steels are those steels containing spacified
guantities of alloying elements (other than carben
and the commenly accepted amounts of manganese,
copper, silicen, sulfur and phosphorus) within the
limits recognized for censtructional alloy steeis,
added to effact changes in mechanical er physical
properties. Alloy staeels will contain less than 10%

chromium. - Stainless steels are any of several staels

. containing at least 10, preferably 12 to 30%,

chremium as the principal alleying element.

Generally, therefore, one focus of the invention
is to pzovide an improved methed for retoraing
hydrocarbons using a reforming catalyst, particularly
a large pore zeolite catalyst including an alkali or
alkaline earth metal and charged with ene or more
Group VIII metals whiech is sulfur sensitive, under
canditions of low sulfur. Such a process, of course,
must demonstrate better resistance to caghuiizatinn

than conventional low-sulfur reforming technigues.

‘One solution for the problem addressed by the

- present invention is to provide a novel reactor

system whieh can include one or more ?arious means

______’l——“"‘
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tor improving resistance to carburization and metal
dusting auring reforninq using a2 reforming catalyst
such as the aforamentioned sulfur sensitive large~

pore zeolite catalyst under conditions of low sulfur.

By "reactor system” as used herein there is
intended at least one reforming reactor and its

carresponding furnace means and piping. Figure 2

Y “REC R ST S ST R VR

illustrates a typical reforming reactor system

10 suitable for practice of the hresent inventien. It
11 can include a plurality of reforming reactors (10),
12 {20) and (30). Each reactor contains a catalyst bed.

13 The system also includes a plurality of furnaces

14  (11), (21) and (31); heat exchanger (12); and

15 separator (13). | |

16

17 Through research assocliated with tha present'
18 invention, it was discovered that the aforementioned
19 problems with lowesulfur reforming can be effectively
20 addressed by a selection ef an appropriate reactor
21 system material for contact with the hydrocarbens

22 during processing. Typically, reforming reactor

23 systeﬁs have been constructed of mild steels,.or

24  alloy steels such as typical chromium steels, with
25 insjignificant carburization and dusting. For

26 example, under conditions of standard reforming, 2%

. e
e
|
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1 Cr furnace tubes can last twenty years, However, it
2 was found that these steels are unsuitable under low-
3  sulfur reforming conditions. They rapidly become
4

embrittled by carburization within about one year.

For example, it was found that 2% Cr 1 Mo sﬁéel

carburized and embrittled more than i mm/year.

Furtharmore, it was found that material;

o o ~ o W\

- considered under standard metallurgical practice to
10 ba resistant to coking and carburization are neot

il necegsarily rasistant under lew-sulfur referming

12 conditions, For example, nickel=rich alloysg such as
13  Incoley 800 and 825; Inconel 600; Marcel and Haynes
14 230, are unacceptable as they exhibit excessivs

15 coking and dusting.

16 '

17 Howaver, 300 series stainless steels, preferably
18 304, 316, 321 and 347, are acceptadble as matarials

19 for at least portions of the reactor system aeccording .
20 to the present invention which contact the

21 hydrocarbons. They have heen found to have a

22 resistance to carburization greater than nild steels
23 and nickel-rich alloys.

24 | |

28 Initially it was balieved that aluminized

26 materials such as those sold by Alon Corporation
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1 ("Alonized Steels") would not provide adequate
2 protection against carburization in the raforming
3  reactor system and process of the invention. ' It has
4 since been discovered, however, that the application
§ of thin aluminum or alumina films te metal surfaces
6 of the reforning reactor system, or simply the use of
7 Alcnized Steels during construction, can.pfavide
8§ sgurfaces which are sufficiently rasistant to
9 carburization and metal dusting under the lew-sulfur
10 reforming conditions. Howaver, such materials are
1§' relatively eipensive, and while resistant to
12 carburization and metal dusting, tend to crack, and
13  show substantial reductions in tensile strengths.
14 Cracks expose the underlying base metal rendering it
15 susceptible to carburiz;tion and metal dusting under
16 low sulfur reforming conditions.
17
18 " While aluminized materials have been used to
19 prevent carburization in ethylens stasam cracking
20 procasses, such processes are operated at |
21 significantly higher temperatures than reforming;
22 temperatures where carburization would be expected.
23 Carburization and matal dusting simply have not been
24 problems in prior reforming processes.
25
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1 Therefore, another solution to the.problané ef
2 ecarburization and metal dusting involves the
3 application of thin aluminum or alumina films on, or
¢ the use of aluminized materials as, at least a
5 portion of the metal surfaces in the reactor system.
] In tict, the metal surfaces particularly susceptibla
7 to carburization and metal dusting can be provided in
- 8  that manner. Such metal surfaces include but are not
9 limited to, the reactor walls, furnace tubes, and
10 furnace linérs.
11
12 When applying an aluminum or alumina film, it is
13 . preferable that the film have a thermal expansivity
1¢ that is similar to that ¢f the metal surface te which
15 it is appiied (such as a mild steel) in order to
16 withétand tharmal shoéks and repeated temperature
17 cycling which occur during reforming. This prevents
18 cracking or spalling of the film'which could expose
19 the underlying metal surface to the carburization
20 inducing hydrocarbon envirénnent.
21 _ .
22 ‘Additionally, the film should have a thermal

23 conductivity similar to that of, 6: exceeding, those'
24 of metals conventionally used in the construction of
25 reforming reactor systems., Furthermore, the zluminum

26 or alumina film should not degrade in the rdtorninq,
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1 environment, or in the oxidizing environment '
2 associated with catalyst regeneration, nor should it
3 result in the degradation o:lthe hydrocarbons in the
4 reactor systenm. '
5
6 Suitable methods for applying aluminum or
7  alumina films to metal surfaces such as mild steels
8 include well known deposition techniques. Preferred

9 processes include powder and vapor difﬁusion
10 processes such as the “Alenizing® process, which has
11  been commercialized by Alen Processing, Inc.,
12 Terrytown, PFa.
13

14 Essentially, "Alonizing"” is a high tsmperatute
15 diffusion process which alloys aluminum into the
16 surface of a treated metal, such as e¢.g., 3 \
17 commercial grade mild steel. 1In this process, the
18 maetal (e.g., a mild steel) is positioned in a retort
18 and surrcunded.with a nixturi of blendea aluminuh
20 powders. The retort is then hermetically sealed and’
21 placed in an atmosphere-controlled furnace. At
22 elevated temperatures, the aluminum deeply diffuses
23 into the treated metal resulting in an alloy. After
24 furnace cooling, the suﬁstrate is taken out of the
25 retort and excess powder is removed. Straightening,

26 trimming, beveling and other seccndary operations can

————— e
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1 then be performed as required. This process can

2 zender the treated ("alonized”) metal resistant to

3 carburization and metal dusting under low-sulfur

4 reforming conditiens according to the inventioen.

s _

6 Thin chromium or chromium exide films can alse

7 be applied to metal surfaces of the reactor system to
8 render the surfaces resistant to carburization and

9 metal dusting under low-sulfur reforming conditions.

10 Like the use of alunina and aluminum £ilms, and

11 aluminized materials, chromium or chromium exide

iz coated metal surfaces have not been used to address
13 carburization problems under low=sulfur reforming
14 conditions. .

15

16 The chrozium or:chroniun oxide can also be

17 appliead to cnrburizatioh and matal dusting

183 susceptible metal surfaces such as the reactor walls,
19 furnace liners, and furnace tubes. However, any
20 surface in the system which would shew signs of

21 . carburization and metal dusting under low-sulfur
22 reforming conditions would hene:it from the

.23 application of a thin chromium or chremium oxide
24 film.

28
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When appiying the chromium or chromium oxide
£ilm, it is praferable that the chromium or chrowmium
oxide film have a tﬁermal expansivity similar to that
of the metal to which it is applied. Additionally,
the chromium or chromium oxide film should be able to
withstand thermal shocks and repeated temperature
cyeling which are common during reforming. This
avoids cracking or spalling of the chromium or
chromium oxide film which coulad potentially expose

the underlying metal surfaces to carburization

inducing environments. Furthermore, the chromium or

chromiun oxide f£ilm should have a tharmal
conductivity similar to or exceeding those materials
canventioa;lly used in reforming reactor syétems {in
particular mild steels) in order to maintain
efficient heat transfer. Tha chromium or chromium
oxide £ilm also should not degrade in the reforming
environment or in the oxidizing environment
asscciated with catalyst regeneration, nor should it

induce degradation of the hydrocarbons in the veactor
systen.

Suitable maethcds for applying chromium or
chromium oxide films to surfaces such as e.g., mild
steals, include well known deposition technigues.

Preferred processes include powder-pack and vapor
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1 diffusion processes such as the “"chromizing®™ process,
2 '-which is cemmer:iﬁlized by Alley Surfaces, Inc., of
3 Wilmington, Dalawara.
4
S The "chromizing” proéess is é;sentially a vapor
6§ diffusion process for applicatioh of chromium to a
7 metal) surface (similar to the above described
8 "Alorizing procass"). The process involves
9 contactinq the metal to be coated with a powder of
10  chromium, followed by a thermal diffusion step,
11 This, in aeffact, creates an alloy ¢of the chromium
12 with the ﬁreated metal and renders the surface
13 extremely resistant to carburization and matal
14 dusting under low-sulfur reforming conditions.
iy ) .
16 In scme areas of the reactor systems, localized
17 temperatures can bécome excessively high'during
18 reforming (e.g., 900-1250°F). This is partieularly
19 the case in furnace tubes, and in catalyst beds whers
20 exothermic demethanaticen reactiens ocour within
21 normally eccurring coke balls causing localized hot
22 regions. While stil)l preferred to mild steals and
23  nickel-rich alloys, the 300 series stainless staeels |
24 Qo éxhihit some coking and dusting at around 1000°F.
25 Thus, while useful, the 300 series stainless steels

Attorney’s Docket No. 005930-314
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are not the moét preferred material for use in the

prasant invention. .

chromiun-rich stainless steels such as 446 and
430 are even more resistant to carburization than 300
series stainless steels. . Rovever, these steels are
not Ss dasirable for heat resisting properties (they
tend to become brittle). )

Resistant materials which are preferred over the
300 series stainless steels for use in the prasent
invention inslude cepper, tin, arsenic, antimony,
bismuth, chromium and brass, and intermetallic
compounds and alloys therecf (e.g., Cu-Sn alloys, Cu-
8b alloys, stamnides, Antinonides. bismuthides,
etc.). Steels and even nickel-~rich alloys containing
thesa metals can also shew reduced carburizatien. In'
a prefarred embodiment, these materials are provided
as a plating, claddinq,_piint (e.g., oxide paints) or
othoé coating to a base construction material. This’
is particularly advantageous sinee conventional
construction materials such as mild steels can still
ba uéed with only the surface contacting the
hydrocarbons being traated. Of these, tin is

. especially preferred as it reacts with the surface to

provide a ceoating having axcellent carburization
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resistance at higher temperatures, and which rasists
paeliné and flaking of the coating. Also, it is
believed that a tin eentaininq layer can be as thin
as 1/10 micren and still prevent carburization.
Where practical, it is preterfed that the _
resistant materials be appliéd in a paint-like |
formulation (hereinafter “"paint") to a new or
existing reactor system. Such a paint can be

sprayed, brushed, pigged, etc. on rveactor systenm

surfaces such as mild steels or stainless steels. It

is mest preferred that such a paint be a
dacomposable, resactive, ‘tin-containing paint which
reduces to a reactive tin and forms metallic
stannides (e.g., iron stannides and nickel/iren

stannides) upon heating in a reducing atmesphare.

It is most preferred that the aforementioned
paint contain at least four components (or thnir
functional equivalents); (i) a hydrogen decomposable-
tin compound, (ii) a solvent system, (iii) a finely
divided tin metal and (iv) tin oxide as a reducible
sponge/dispersing/binding agent. The paint should
contain finely divided sclids'to minimize settling,

and should not contain nonereactive materials which

This Sheet Has Been Re'placed

W




CEETHWSTHOWE " T RO b e e 0
WO 92/15653 PCT/US92/01856
- 26 -
1 will pravent reaction of reactive tin with surfaces
2 of the reactor systenm.
3
4 As the hydrogen decomposable tin compound, tin
5 octancate is particularly useful. Commercial
€ formulations of this compound itself are available
7 and will partially dry to an almost chewing~gum-like
8 layer on a steel surface; a layer whieh will not
9 crack and/or split. This pfope:ty is necessary for
10 any coating composition used in this context because
11 it is coneel&able that the coated material will be
12 stored for months pricr to treatment with hydrogen.
13  Also, if parts are coated prior to assembly they must .
14 be resistant to chipping during construction. As
15 noted above, tin octancate is available commercially.
16 It is reasonably priced, and will decompese smoothly
17 to a reactive tin layer which foras iron stannide in
18  hydrogen at temperatures as low as 600°F,
19 |
‘20 Tin octanoate should not be used alone in a
21 paint, however. 1t is not sufriciently viscous. |
22 -Even when the solvent is evaporated therefrom, the
23 remaining liquid will drip and run on the coated
24 surface. In practice, for exanplé, if such were used
25 to coat a horizontal furnace tube, it would pool at
26 the bottom of the tube.
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1 Component (iv), the tin oxide

2 sponge/dispersing/binding agent, is a porous tin-

5 containing compound which can sponge~up an organc-

4 metallic tin compound, YQt still be reduced to active
L] tin ih the raducing atmosphere} In additien,'tin

6 oxide can be‘procassed through a colleid mill o

7 produce very fine particlaes which resist rapid

£ settling. The addition of tin oxide will provide a

9 paint which becomes dry to the touch, and resists
10 running.
11
12 Unlike typical paint thickeners, component (iv)
13 iz selectsd #uch that it becomes a reactive parxt of
14 the corting when reduced. It is not inert like
15 formed silica; a typical paint thickener which would
16 leave an unreactive surface coating after treatment.
17 ‘
18 Finely divided tin metal, component ({ii), is
19 added €o insure that metallic tin is available to
20 react with the surface to be coated at as low a

21 temperature as pcossible, even in a non;reducing
22 atmosphere. The particle sizes of the tin is
23 praferably one to five microns which allows excellent
24 coverage of the surfaca to Se coated with tin metal.
25 Non-raducing conditions can occur during drying of

26 the paint and welding of pipe joints. The presence

e
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1 of metallic tin ensures that even when part of the

2 coating is not complataly reduced, tin metal will be

3 present to react and form the degired stanniﬁe layer.
. .

8 The solvent should be non-toxie, and effective

8 tor rendering the paint sprayable and spreadible when
7 desired. It should also evaperate quickly and have

8 compatible solvent properties fer the hydrogen

9 deconmposable tin'compouﬁd. Isopropyl alcoechol is no;t

10 preferred, while hexane and pentane can be useful, if
11 necessary. Acetone, however, tends to precipitate

12 organic tin compounds.

13

14 In one embodiment, therae can be used a tin paint
15 of 20 percent Tin Ten-Cem (stannous octancate in

16§ octaneoic acid), stannic oxide, tin metal powder and
17 isopropyl alcohel.

18 |

19 The tin paint can be applied in many ways. For
20 exanmple, furnacae tubes of the reactor systaw can be ’
21 painted individually or as modules. A reforming

22 reactor system according to the presant invention can
23  contain various numbers of furnace tube modules

24 (e.g., about 24 furnace tube modules) of suitable

25 width, length and height (e.g., about 10 faat long,
‘26 about & feet wide, and about 40 feet in hsight).
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1 Typically, each module will include two headers of

2 suitable diameter, preferably about 2 feet in

.3 diameter, which are connected by about four to ten u-
4 tubas of Quitable length (e.g., about 42 feet long).
5 Therefore, the total surface area to be painted in

¢ the modules can vary widely; .for example, in one

? emhédinent it can be about 16,500 féﬂ

. _

9 Painting modules rather than the tubes
10 individually can be advantageous in at least four

11 respects; (i) painting medules rather than individual
12 tubes should avoid haat destruction af the tin paint
13 as the components of the modules are usually heat
14 treated at extremely elevated temperatures during
15 production; (ii) painting modules will likely be

16 quicker and lass expensive than painting tubes
17  individually; (iii) painting modules should be more
18 atficiént during productian scheduling; and (iv} -

19 painting cf the modules should enable painting of '
20 welds,

21

22 Howaver, painting the medulas may not enable the
23 tuba; to be as completely coated with paint as if the
24 tubes were paintad ihdividunlly. It coating is

25 insufficient, the tubes can be coated individually.
26
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It is prefaerable that the paint be sprayed into
thae tubes and headers. Sufficient paint should be
applied to fully coat the tubes and headers. After a
module is sprayed, it should be left to dry for about
24 hours followed by application of a slow stream of
haated nitrogen (e.g., about 150°F for about 24
hours) . Thersafter, it is preferabla that a secand

coat of paint be applied and also dried by the

O 08 <4 o v & W ON

procedure described above. After the paint has been
10  applied, the modulas should preferably be kaept under
11 a slight nitrogen pressure and should not be a;posed
12 to temperatures exceeding about 200°F prior to

13 installation, nor should they be exposed to water

14 except during hydrotesting.

15 |

16 Iron bearing reactive paints are also useful in
17 the presaﬁt inventien. Such an iron bearing reactive
18 paint will praferably contain varicus tin compounds
19 <o which iron has been added in agcunts up to one

20 third Fe/Sn by weight.

21 |

22 The addition of iron can, for example, be in the
2} form 6f Fa,0,. The addition of iren to a tin

3¢ containing paint should afford noteworthy advantages;
25 in particular: (i) it should facilitate the

26 reaction of the paint to form iron stannides thereby

—_—
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1 acting as a flux; (ii) it should dilute the nickel
2 concentration in the stannide layer thareby providing

3 batter protection against coking; and (iii) it
g should result in a paint which affords tha anti-

coking protection of iron stannides even if the

undarlying surface does not react well.

Yet another maans for preventing carburizatien,

v 0 38 o W

coking, and metal dusting in the low-sulfur reactor
10 system comprises the application of a metal coating.
11 or cladding to chromium rich steels contained in the
12 reactor system. Thesa metal ccatings or claddings
13 may be comprised of tin, antimony, bismuth or
14 arsenic. fin is especially preferred. These
15 coatings or claddings may be applied by methods
16 . including electroplating, vapor depositing, and

| 17 soaking of the chromium rich steel in a molten metal
18 bath,
1%
20 It has been found that in reforming reactor
21 systems vheras carbur;zgtion, coking, and metal
22 dusting are particularly prodlematic that the coating
23  of tha chromium-rich, nickel~containing steels with a
24 layar of tin in effect creates a double protective
25 layar. There results an inner chromium rich layer-
26 which is resistant to carburization, coking, and

————
————
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1 metal dusting and an outer tin layaer which is alsa
2 resistant to carburizatien, coking and metal dusting,
3 This occurs because when tha tin coated chromium rich

steel is exposed to typical reforming temperatures,
such as about 1200°F, it reacts with the steel to
form iren nickel stannides. Thereby, the nickel is
preferentially 1eac$ed from the surface of the steel

leaving behind a layer of chremium rich steel. In

0w 8 ~N G U A

sonae instances, it may be desirabla to remove the

10 iron nickel stannide layer from the stainless steel
11 to expose the chromium rich steel layer.

12

i3 For example, it was found that when a tin

14 cladding was applied to a 304 grade stainlesa steel
15 and heatad at about 1200°F there resulted a chromium’
16 rich steel layer containing about 17% chromium and
17 substantially no nickel, comparable to 430 grade

18 stainless steel.

19

20 When applying the tin metal coating eor cladding
21 to the chromium rich steeal, it may be desirable to
22 vary the thickness of the metal coating eor cladding
23 to achieve the daesired resistance against

24  carburization, coking, and metal dusting. This can
25 Dbe déne by, @.g., adjusting tha amount of time the
26 chéoniua rich steel is soaked in a molten tin bath.

-
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1 This will also affect tha thickness of the resuifinq
2 chromium rich steel layer. It may also be desirable
3

€O vary the operating temperaturs, or te vary the
composition of the chromium rich steel which is
coated which in order to contrel the chromium.
concentratioen in the chromium rich steel layer

producad.

8 00 N a6 i &M

It has additionally been found that tin-coated
10 steals can be further protected from carburization,
11 metal dusting, and coking by a post-treatment process
12 which involves application of a thin cxide coating,
13 preferably a chromium oxide, such as Cr,0;,. This

14 coating will be thin, as thin as a few um.

15 Application of such a chromium oxide will protect
16° aluminum as well as tin coated steels, such as

17 Alonized steels, undar 1ow-£u1£ur reforrning

18 corditions. |

19 .

20 The chromium oxide layer can be applied by

21 various methods including: application of a chromate
2 or diéhron#te paint followed by a reduction process;
23 vapor treatment with an organo-chremium coempound; or
24 application of a chromium metal plating followad by

25 oxidation of the resulting chromium plated steel.
28
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1 Examination of tin-electroplated steels which

2 have been subjected to low-sulfur reforming

conditions for a substantial period of tim‘ has shown

“

4 that vhen a chromium oxide layer is produced on the
surfaca of the stannide layer or under the stannide
layer, the chromium oxide Iayer does not cause

deterioration of the stannide layer, but appears to

‘render the steel further resistant to earburization,

©° 0 N O W

coking and metal dusting. Accordingly, application
10 of a chromium oxide layet to either tin or aluminum
11 coated steels will result in steels which are further
12 resistant to carburization and coking under the low-
13 sulfur reforming conditions. This post-treatment

14 process has particular applicatiens for treating tin
15 or aluminum coated steels which, ifter prolonéed

16 exposure to low-sulfur reforming conditions, are in
17 need of repair.

18 _ ,

19 It has further been found that aluminized, e.g.,
20 "Alonized" gteels which are resistant to '
21 carburization under the present reforming conditions
22 of low sulfur can be rendered further resistant by.
23 post-treatment of the aluminum coated steel with a
24 coating of tin. This results in a steel which is

25 more carburization resistant since there are

26 cunmulative effects of carburization resistance

—_——
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1 obtained from both the aluminum coating and the tin

~

coating. This post-treatmant affords an addiﬁional

w

benefit in that it will nend iny defects or céﬁcks in
the aluminum, e.g., Alonized, ceating. Aalsc, such 2
post-treatment should result in a lower cost since a
thinner aluminum coating c¢an be applied to the steel
surfaca which is to be post-treated with the tin
coating. Additionally, this post~treatment will

W 0 N o e

protect the underlying steel layar exposed hy bending
10 - of aluminized steels, which can introduce cracks in
11 tht.alumlnum layer, and expose the steel to

12 cazburization induced under reforming conditions.

13 Also, this post-treatment process ¢an prevent coke

14 formation on the treated steel surfaces and also

18 prevent coke formation that occurs on the bottem of
16 cracks which appear on steels which have been

17 aluminized, but not additionally coated with tin.

18

19 Sanples.ot Alonized Steels painted on one side
20  with tin, were found to show a deposit of black coke -
21 only on the untreated side under low-sulfur reforming
22 conditions. 7The coke that forms on an aluminized

23 surface is a benign coke resulting from cracking on
24 acidic-alumina sites. It is incapable of inducing

25 additional coke deposition. Accordingly, a post~

26  treatment application of & tin coating to aluminized
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steels can provide further minimization of the
problems of carburization, ceking, and metal dusting,
in reactor systems operating undgr.refurming

conditions according to the invention.

While not wishing to be bound by theery, it is
boliev;d that tha suitablility of varicus materials
for the present invention can be selected and
classified according to their respotses to
carburizing atmospheres. For example, iron, cobalt,
and nickel form relativaly unstable carbides which
will subsequently carburize, coke and dust, Elaements
such as chromium, nicbium, vanadium, tungsten,
molybdenum, tantalum and zircenium, will-form stable
carbides which are more resistant to carburization
coking and dusting. Elements such as tin, anéimany
and biswuth do not form carbides or coke. And, these
compounds can form stable compounds with many metals
such as iron, nickel and copper under reforming
conditions. Stannides, antimonides and biswuthides,
and compounds of lead, mercury, arsenic, germanium,
indium, teilurium, selenium, thallium, sulfur and
oxygen are also resistant. A final category of
materials include elements such as silver, copper,
gold, platinum and refractory oxidas such as siliea
and alumina. These materials are resistant and do

-
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not form carbides, or react with other metals in a

carburizing environment under reforming conditicns.

As discussed above, the selection of appropriate
metals which are resistant to carburization and metal
dusting, and their use as coating materials for metal
surfaces in the reactor system is one means for

preventing the carburization and metal dusting

$ N & IR W N s

problem. However, carburization and metal dusting

W
o

can be.prevalent in a wide variety of metals; and

-
[ aud

carburization resistant metals can be more costly or
" 12  exctic than conventional materials (e.g., mild

13 steels) used in the construction of reforming reactor

14 systemg. Accordingly, it may be desirable in the
15 reactor system of the invention to use ceramic

1§ naterials which do net form cazbides at typical

17 reforming conditions, and thus are not susceptible to'

18 carburization, fer at least a portion of the metal

19 surfaces in the reactor system., For example, at

20 least a portion of the furnace tubes, or furnace

21 1iners or both may be constructed of ceramie

22 natefiiis.

23

24 In choosing the ceramic materials for use in the

25 present invention, it is preferable that the ceranic

26 material hava tharzal cenductivities about that or

L A
L

e
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excaeding those of materials conbentionally used in
the construction of reforming raeactor systems.
Additionally, the ceramic materials should have
sufficient structural strengths at the temperatures
which cccur within the reforming réactct systen.
Further, the ceramic materials should be able teo
withstand thermal shocks and repeated temperature
cycling which oecur during operation of tnn'reactoé
system. When the ceramic materials are used for
constructing the furnace liners, the ceramic
wmaterials should have thermal expansivities about
that of the metal cuter surfaces with whieh the liner
is in intimate contact. This aveids undue stress at
the juncture during temperature cycling that occurs
during start-up and shut-down. Additionally, the
ceramic surface should not be susceptible te '
degradation in the hydrocarbon environment or in the
oxidizing environment which occurs during catalyst
regeneration. The selected ceramic material also
should not promote the degradaticn of the
hydrocarkons in the reactor system.

Suitable ceramic materials include, but are not
restricted to, materials such as silicen carbidés,

silicon oxides, silicen nitrides and aluminum

nitrides. Of these, silicon carbides and silicon
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1 nivrides are particularly pretcrred.as they appear

2 capable of providing complete protection fer the

3 reactor system under low-sulfur reforning conditicns.
] .

S At least a portion of the metal surfaces in the
6 <reactor system can also be coated with a silicon or

7 silica film. In partieular, th§ metal surfacas which
8 can be coated include, but are not limited to the

9 reactor walls, furnace tubes, and furnace liners.
10 However, any metal surface in the reactor systen,
;} which shows signs of carburization and matal dustin§
12 under low-sulfur reforming cenditions would benefit
13 from the application ef a thin silicon or silica
14 f£ilm. .
13
16 Conventional methods can be used for applying
17 silicon or silica films to coat wmatal surfaces.
18 silica or #silicon can be applied by electraplatihq
12 and chemical vapor deposition of an.aikoxysilane in a
20 steam carrier gas. It is preferable that the silicon
21 or silica £ilm have a thermal expansivity about that
22 of the natal surface which it coats. Additionally,
23  the siliecon or silica £ilm should be able %o

24 withstand thermal shocks and repeated temperature

2% cycling that occur during reforming. This aveids

26

eracking or spalling of the silicon or silica film,
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1 and potential exposure of the underlying metal

2 surface to the carburization inducing hydrocarbon

3 environment. Also, the silica or silicon f£ilm should
4 have a thermal conductivity approximate to or

§ exceeding that of metals conventionally usad in

6 reforming reactor systems so as to maintain efficient
7 heat transfer. The silicon or silica film also

8 should not deqrada'in the reforming environment oy in
9 the oxidizing environment associated with catalyst
10 regeneration; ner should it cause dagradation of the
11 'hydrocarbons themselves.

12 |

13 Because different areas of the reactor system of
14 the invention (a.g., diffarent areas iﬁ a furnace)

15 c¢an be exposed to a wide range of tamperatures, the
16 naterial selection can ba staged, such that those

17 materials providing better carburization resistances
18 are used in those aréas.of the system experiencing

19 the highest temperatures.

20

21 With regard to materials selection, it was

22 discoverxed that oxidized Group VIII metal surfaces
23 such ;s iron, nickel and cobalt are more active in

24 terms of coking and carburization than their

25  unoxidized c¢ounterparts. For example, it was found

26 that an air roasted sampls of 347 stiinless steel was
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1 significantly morae active than an unoxidized . sample
2 of the sama steel. _This is believed to be du# to &
3 re-reduction of oxidized steels which prodﬁccs very
4 ; fine-grained iron and/or nickel metals. Such netals
S are especially active for carburization and coking.
6 Thus, it is desirable to avoid these materials as
7 much as possible during oxidative regeneratioen
8' processes, such as those typiéally used in caéalytic
9 reforming. However, it has been found ﬁhat an air
10 roasted 300 series stainless steel coated with tin
11 can provide similar resistances to coking and
12 carburization as unroasted s#mples of tha same tin
13 coated 300 saries stainless steel,
14
15 Furthermore, it will be appreciited that
16 oxidation will ka a probler in systems where sulfur
17 sensitivity of the catalyst is not of concern, and
18  sulfur is used to ﬁaésivntc the metal surfaces. If
19 sulfur levels in such systems ever become
20 insufficient, any metal sulfides which have formed en
21 metal surfaces would, after oxidation and reduction,
22 De reduced to fine-grained metal. This metal would
23 be highly veactive for coking and carburization,
24 Potentially, this can cause a catastrophic failure of
25 +the metallurgy, or a majer coking event.
28
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As noted above, excessively high temperaturas
can ocqur in the catalyst beds when exathermic
demathanation reactiens within cokeballs cause
localized hot regions. These hot spots alsa pese a
problem in conventional reforming reactor systems (as
well as othar areas of chemical and petrochemical

processing).

For example, the center pipe screens of
raformers have been observed to locaily waste away
and devalcp holes; ultimately resulting in catalyst
migration. In conventional reforming processes the
temparatures within cokeballs during formation and
burning aéc apparently yigh enough to overcora the
ability of process sulfur to poisen coking,
carburization, and dusting. Eﬁe'metal screens,
therafore, carburize and are more sensitive to
wasting by intergranular oxidation (a type of
corrosion) during regeneration.' The sc¢reen openings

enlargs and holes davelop.

Thus, the teachings of the present inventioen aré
applicable to conveatiqnal re!arninq, as well as
other areas of chemical and petrechemical processing.
For examplea, the aforunmentioned platings, claddings
and coatings can be used in the preparation of center .
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1 pipe screens to avoid excessive hole developmant and
2 catalyst migration. In addition, the teachings can
3 be applied to any furnace tubes which are subjected

o

to carburization, coking and netal'dustinq; such as

furnace tubes in coker furnaces.

In addition, since the technigques described

herein can be used to control cazburization, coking,

0 [ ] -~ R "

and metal dusting at excesaively high tenparatuies,
10 they'cqn be used in cracking :urnaces operating at
11  from about 1400°* to about 1700°F. For example,  the
12 deterioration of steel occurring in cracking furnaces
13 opaerating at those tenmperatures can be controlled by
14 application of variocus metal coatings. These metal
1s ' coatings can be applied by melting, electrcplating.
1€ and painting. Painting is particularly prefaerred.
17 .

18 For axample, a coating of antimony applied to
19 iren bearing steels protects these steels from

20 chrﬁurization, coking and metal dusting under the

21 described cracking conditions. 1In fact, an antimony
22 paint applied to iron bearing steels will provide

23 protection against carburization, ccking. and matal
24 dusting at 1600°F.

2% |
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1 A coating of bismuth applied to nickel rich
steel alloys (e.g., INCONEL €00) can protect those

[~}

steels against carburization, coking, and metal
dusting under cracking conditions. This has been

demenstrated at temperatures of up to 1600°F,

Bismuth ccatings may also be applied to iron

bearing- steels and provide protection against

w o N 6 U M

carburization, wmetal dusting, and coking under

10 cracking conditions. Alsc, a metal coating

11 coemprising a combination of bismuth, antimony, ‘and/er
12 tin can be used.

13

14 Looking again to low-sulfur reforming, other

15 technigues c¢an also be used to addrass the preblem
16 discovered according to Ehc present invention. They
17 can be used in conjunction with an appropriate

18 material selection for the r-actor-éysten,'er thef
19 can be used alcne. Prafarrad from anong.the

20 additional techniques is tﬁe addition of meon-sulfur,
21 anti-carburizing and anti-coking agent(s) during the
22 reforming process. These agents can be added

23 continuously during processing and funetion to

24 jinteract with those surfaces of the reactor system

. 2% whieh eontact.tho hydrocarbons, or they may be

26 lppliad as a4 pretraatment to the reactor systen;

-

PSS e
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1 While not wishing to bound by thaory it is
2 beliaved that these agants interact with the surfaces
3 of the reaétor system by decénpesikion and surface
4 attack to form iron and/or nickel intermetallic
S compounds, such as stannides, antimonides,
6 Bismuthiﬁes, plunbides, arsenides, etc. Such
7 intorneﬁallic compounds are resistant to
8 carburization, cocking and dﬁsting and can yroteét the
9 underlying metallurgy.
‘a0
11 The intermetallic campounds are alsc believed to

12 ba more stable than the metal sulfides which were

13 formed in systems where H,S was used to paasivate the
14 metal. These compounds are not reduced by hydrogen
15 as are metal sulfides. As a result, they are less
16 likely to leave the system than metal sulfides.

17 Therefore, the continuous addition of a carburization
18 inhibitor with the feed can be minimized,

19

20 Preferred non-sulfur anti-carburizing and anti-
21 coking agents include organo-matallic eompounds such
22 as organc-tin cempounds, organo-antimony compounds,
23 orqano-bisnuth compounds, organc—-arsenic compounds,
24 .and oergano~lead compounds, Suitable orqano-load_

25 compounds include tetraathyl and tetranethyl iead.
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Organc~tin coupounds such as tetrabutyl tin and

trimethyl tin hydride are espscially preferxred.

Additiona; specific erganb-ﬁetallic compounds
include bisamuth neodecancate, chromium octoate,
copper naphthenats, manganese carboxylate, palladium
necdecancate, silver nacdecancate,
tetrabutylgermanium, tributylantimeny,
triphenylantimony, triphenylarsine, and zirconium
octoate.

How and where thase agents are addgd to the
reactor system is not critical, and wili primarily
depend.on particular process design characteristics.
For example, they can be added continucusly or

discontinnously with the feed.

Howaver, adding the agents to the feed is not
preferred as they would tend to accumulate in the
initial portions of the reactor system. This may not

provide adaquata protection in the other areas of the
systen.

It is preferred that the agents be provided as a
coating prior to construction, prior to'sta:t-up. or

in-situ (i.e., in an existing system). TIf added in-

—————m
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1 situ, it should be dona right after catalyst
2 rageneration. Very thin coatings can be appliad.
3 For example, it is believed that when using organo-
4 tin compounds, iron stannide coatings as thin as 0.1
5 micron can be effective.
6
7

A preferred method of coating the agents on an

existing or new reactor surface, or a new or exist;ng
9 furnace tube is to decompose an orgincnetallic

10 compound in a hydrogen atmosphere at temperatures of
11 about 200*F. For orgando-tin compounds, for example,
12 this produces reactive metallic tin on the tube

13  surface. At thase temperatures the tin will further
14 react with.the surface metal to passivate it.

18 _ '

16 optimum coating temperatures will depend on the
17 particular organometallic compound, or the mixtures
18 of compounds if_aliays are desired. Typically, an

19 excess'of the organometallic coating agent can be

20 pulsad into the tubes at a high hydrogen flow rate sé
21 as to carry tha coating agent throughout the system
22 in a mist. The flow rate can then be reduced to

23 permit the coating metal mist to coat and react with
24 the furnace tube or reactor surface. Alternatively,

25 the eempound can be introduced as a vapor which

——
———
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decomposes and reacts with the hot walls of the tube

or reactor in a reducing atmosphere.

aAs discﬁssed above, reforming reactor systems
susceptible to carburization, metal dusting and
coking can be treated by application of a
decomposable coating containing a decomposable
organometallic tin compound te these areas of the
reactor system most suscaptible to carburization.
Such an approach works particularly well in a -

temperature centrolled furnace.

However, such eontrol is not always present.
Thare are "hot spots" which develop in the reactor
system, particularly in the furnace tubes, where the
organomstallic compound ean decompose and tozﬁ
deposits. Therefore, another aspect ag.thn invention
ia a process which avoids such deposition in |
reforning reacter s?stems vhere temperatures are hot
closely contralled and exhibit areas of high
tenperaturs hot spotsa.

Such a process involves preheating the entire
reactor system to a temperatura of from 750 to 1150,
preferably 900 to 1100, and most prefarably about
1050°F, with a hot stream of hydrogen gas. Aafter

e

heet Has Been Replaced

T

T

|
]
@
\



{ RECEIVED 82/18 B1:23 1996 AT 5338634 PAGE 53 (PRINTER FAD. 318 452 1488 P, 53

FEB-17-96 SAT 12:30 PN BDSEM

" WO 92/15653 _ PCT/US92/01856
- 49 -

1 preheating, a colder gas stream at a temperature of

2 400 to 800, praferably 500 to 700, and most
'3 preferably about sso'r,'coneaininq a vapeorized

4 organometallic tin compound and hydrogen gas is

5§ introduced into the preheated reactor‘system. This

6§ gas mixture is introduced upstream and can provide a
7 decoumposition "wave® which travels threughout the

8 entire reactor system. '

9
10 Essentially this process works because the hot
11 hydrogen gas 'produces a uniformly heﬁted surface
15 which will dacanpos§ the colder organometallic gas as
13 it travels as a wave throughout the reactor systenm.

14 Tha colder gas containing the organometallic tin

15 compound will decozposa on the hot surface and coat
16 the surface. The organometallic tin vapor will

17 continua to move as a wava to treat the hotter

18 surfaces downstream in tha reactor system. Thar‘by,
19 the entire rsactor system can have z unifera coating
20 of the organometallic tin compound. It may also be
21 desiradble to conduct several of these hot-cold

22 temparature cycles to ensure that the entire reactor |
23  system has been unifermly coated with the

24 organametallic tin compound.
25

\accd
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1 In operation of the reforming reactor system |

according to the present invention, naphtha will be

3 reformed to form aromatics. The naphtha feed is a

4 light hydrocarbon, preferably beiling in the range of
5 about 70°F to 450°F, more pretérahly about 100 teo

§ 350°F. The naphtha taad will eontain aliphatic or

7 paratfinic hydxocarboﬁs. These aliphatics are

8 converted, at laast in part, to aromatics in the

% reforaing reaction zone.
10
11 In the "low-sulfur" system of the invention, the

12 feed will preferably contain less than 100 ppb

13 sulfur, and more preferably, less than SO0 ppd sulfur.
14 If necessary, a sulfur sorber unit can be employed to
.15 removae small excesses of sulfur.

16

17 Preferred reforming process conditions include a
18 taewmperature batween 700 and 1080°P, mora preferably
19 Dbetwean 850 and 10325*F; and a pressure between 0 and
20 400 psig, more preferably between 15 'and iso psig; a’
23 | recycle hydrogen rate sufficient to yiel& a hydrogen
22 to hydrocarben mole ratio for the feed to the

23 reforming reaction zone between 0.1 and 20, more

24 preferably hatween 0.5 and 10; and a liquid hourly

25 space velocity for the hydrocarbon feed over the

IO
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1 reforming catalyst of between 0.1 and 10, more
2 preferably between 0.5 and S.
; ;
4 To achieve the suitable reformer tamperatures,
5 it is often necessary to heat the furnace tubes to
6 high temperatures. These temperatures can often
7 range from 606 to 1800°F, usuvally from 850 an&
8 1250°F, and mere often from 900 and 1200°F.
4
10 As noted above, the problems of carburization,
11 coking and metal dusting in low-sulfur systems have
12 been found %0 assoclatad with excessively high,
13 localized prbcess temperatures of the reactor system,
14 and are particularly acute 1n the furnace tubes of
15 the sysﬁgu where particularly high temperatures are
16 characteristio. In conventional referming technigues
17 where high levels of sulfur are preseant, furnace tube
18 skin vtemperatures of up to 1175°F at end of run are
19 typical. VYet, excsssive carburization, cocking and .
20 metal dusting was not observed. In low-sulfur
21 systehs, however, it has been discovered that
22 excessive and rapid carburization, coking and metal
23 dusting occurred with CrMo steels at teamparatures
24 above $350°F, and stainless steels at temperatures
25 above 1028°F.
26 |
-
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Accordingly, another aspect of the invention is

to lower the temperatures of the metal surfaces

L= I L I

inside the furnace tubes, transfer-lines and/or

&

reactors of the reforaing system. balow the
aforamentioned lavels., For example, temparatures can
be monitored using thermocouples attached at various
locations iﬁ tha reactor system. In the case of

furnace tubaes, thermoccouples can be attached to the

w O O® N

outer walls thereof, preferably at the hottest point
10 of the furnace (usually near the furnace outleat).
11 When né:essaty, adjustments in process operation can

12 be made to maintain the temperatures at desired

13 levels.
14
15 There are cther :échniques for reducing exposure

16 of system surfaces to undesirably high temperatures
17 as well. For example, heat transfer areas can be ‘
18 used with resistant (and usually more costly) tubing
19 in the final stage where temperatures are usually the
20 highest.

21

22 In addition, superheated hydrogen can he added
23 Dbetwaen reactors of the reforming system. Also, a
24 largar catalyst charge can be used. And, the

25 catalyst can be regenerated more frequently. In the
26 case of catalyst regaeneration, it is best

I
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1 accomplished using a moving bed process where the
2 catalyst is withdrawn from the final bed,
3  regenerated, and charged to the first bed.

&

L] Carpurization and metal dusting can alsoc be

6 wminimized in the low-sultuf reforming reactor system
7 of the invention by using certain other noval

8  equipment configurations and process conditions. For
9 egample. the reactor aystem can be constructed with

10 staged ‘heaters and/or tubas. In other words, the
11 _ heaters or tubes which are subjected to the most
12 extreme temperature conditions in the reactor system
13 can be constructed of materials more resistant to
14 carburization than materials conQenticna;ly used in
13 the construction of raforming reactor systens;
16 materials such as those deseribed above. Heaters or
17 tubes which are not subjected to extreme tamperatures
18 can continue to be constructed of conventional
19 materials.
290

- 21 By using such a staged design in the reactoer
22 systeém, it is possible to reduce the overall cokt of
23 the systam (since carburization resistant waterials
24 are generally more expensive than conventional
25 materials) while still providing a reactor system
26 which is sufficiently resisztant to carburization and
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metal dusting under low-sulfur reforming condﬁtions.
Additionally, this should facilitate the retrofitting
of existing reforming reacter systems to render them
carburizatien arnd metal dusting resistant under lowe
sulfur operating conditions; since a smaller portion
of the reactor system would nead replacement or
modification with a staged design.

o o S O W W N

‘The reactor system can also be operated using at

10 least two temperature zones; at least one of highaer
11 and one of lower femperatur-. This approach is bhased
12 on the obsarvation that metal dusting has a

13 temperature maximum and minimum, above and below

14 which dusting is nininiged. Theratfore, by “higher"
15  temperatures, it is meant that the temperatures are
16 higher than those conventionally used in reforming
17 <reactor systems and higher than the temperature

18 maximum for dusting.' By "lowar" temperatures it is
19 meant that the temperaturs is at or about the -

20 temperatures which refarniﬂg processes are

21 conventionally econducted, and falls below that in
22 which dusting becomes a problem.

23

24 Operation of portions of the reacter system in
25 different temperature zcnes should reduce metal

26 dusting as less of the raactsor system is at a

-
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1 temperature conducive for metal dusting. Also, other
2 advantages of such a design include improved haat
3 transfar afficiencies and thé ability to reduce
4 eguipment size because of the operaticn of portions
5 of tha system at higher temperatures. Howaver,
6 operating portions of the reactor system at levels
7 Dbelow and above that conducive for metal dusting
8 would dnly ninimize, not completely aveid, the
9 temperature range at which metal dusting occurs.
10 This is unavoidable because of temperature
11  fluctuations which will occur during day to day
12 oparation of the reforming reactozlsysten;
13 particularly fluctuations during shut-down and start-
14 up of the system, temperature fluctuations during
15 cyeling, and temperaturs fluctuations which will
16 occur as the process fluids are heated in the reactor
17 systanm. - '
18
lé Another appro&ch to minimizing metal dusting
20 relates to providing heat to the system using
21 superheated rav materials (such as e.g., hydrogen),
22 theredy minimizing the need to heat the hydrocarhons
23 thréuqh furnace walls.
24
28 Yet another process design approach involves
26 providinq a pre-existing reforming reactoer system

e
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with larger tube diameters and/or higher tube
velocities. Using larger tube diameters and/or
higher tube velocities will minimize the exposure of
the heating surfaces in the rea:for system to the

hydrocarbons.

As noted above, catalytic reforming is well

known in the petroleum industry and invelves the

LT I TR R N I T " I ¥

treatument of naphtha fractions to improve octane

10 rating by the production of aromatics. The more

11 important hydrocarbon reactions which occur during

12 the reforming operation include the dehydroggnation
13 of cyclchaxanes to aromatics, dehydroisomerization of -
14 alkycyeclopentanes to aromatics, and- '

15 denyd:ocyciizatiun of acyelic hydrocarbons to

le Qronatics._ In addition, a number of other reactions
17 also occur, including the dealkylation of

18 alkylbenzenes, isomerization of paraffins, and

19 hydrocracking reactiens which produce light gaseous
20 hydrocarbons, e.g¢., methane, ethane, propane and

21 butane, which hydrocracking reactions sheuld be

22 minimizea during zatarﬁing.as thay decrease the yiela
23 of gasoline beiling products and hydrogen. Thus,

24 “reforming®™ as used herein rafers to the treatmaent of
25 & hyérocarbon feed through the use of one or more

28

aromatics preducing reactions in order to provide an
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1 aromatics enriched product (i.e., a product whesae
2 aromatics contant is greater than in the feed).
3.
4 While the present invention is directed
§ primarily to catalytic reforming, it will be useful
6¢ generally in the production cof arematic hydrocarbons
7 from various hydrocarbon feedstocks under conditions
8 of low sulfur. That is; while catalytie reforming
$ typically refers to the conversion of ﬁaphthas. other
10 feedstocks can be treatad as wel)l to provide an
11 aromatics enriched product. Theréfere. while the
12 conversion of naphthas is a preferred embodiment, the
13 present invention can be useful for the cenversion or
14 :aromaeizaﬁion of a variaety of feedstocks such as
15 paraffin hydrocg;bohs, elefin hydrocarbong, acetylene
16 hydrocarbons, cyclic paraffin hydrocarbens, cyclie
17 olefin hydrocarbons, and mixtures therecf, and
18 particularly saturated hydzrocarbons.
19
20 Examples of paraffin hydrocarbons are those
21 having 6 to 10 carbons such as n=hexane,
22 nmethylpentane, n-haptane, wmethylhexane,
23 - dimethylpentane and n-octana. Examples of acetylene
24 hydrocarbons are those having 6 to 10 carbon atoms
25 such as hexyne, heptyne and octyna. Examples of

26

acyclic paraffin hydrocarbons are those having € to

e —
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1 10 zarbon atoms such as methylcyclopentane,

2 cyclchexanes, methylcyclohexane and

3 dimethyleyclochexane. Typical examples of cyelic

4 olefin hydrocarbons are those having 6 to 10 carbon

5 atoms such as methylcyclopentene, cyclohexéne,

6 methylcyclochexene, and dimethylcyclohexene.

-

8 The present invention will also be useful for

9 reforming under low-sulfur conditiens using a variety
10 of different reforming catalysts. Such catalyst
11 include, but arae not limited to Noble Group VIIZ

12 metals on refractory inorganic oxides such as

13 platinum on alumina, Pt/SN on alumina and Pt/Re on

14 alumina; Neble Group VIII metals on a zeolite such as
i§ Pt, Pt/SN and Pt/Re on zZeolites such as L-zeolites,
16  ZsM-5, silicalite and beta; and Nobel Group VIII

17 metals on alkali- and alkaline-sarth oxchenggd L-

18 znoliteq.

19
20 A preferred embodiment of the inventien involves
21 the use of a large~pore zeolite catalyst includi;g an
22 alkali or alkaline earth metal and charged with one
23  or m&ze Gréup VIII metals. Most prafarred is the

24 embodiment where such a catalyst is used in reforming
25 a naphtha feed.

28
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1 The term “large-pore 2eclite" is indicative
2 generally of a zeclite having an effectiva pore
3 diameter of 6 to 15 Angstroms. Preferable large pore

4 crystalline zeolites which are useful in the present
%5 invention include the type L zeolite, zeolite X,

6 2eo0lite Y and faujasite. Thésa have apparant pore

7 sizes on the ordar to 7 to 9'Angstrems. Most

8 preferably the zeolite is a type L zeolite.

9

10 | The composition of type L zeolite expressed iﬁ

11 terms of mole ratios of oxides, may be represented by
12 the following formula:

13 {0.9-1.3)M,/ O3AL0,(5.2~6.9) S10,: YH,0

14 In the above formula M represents a cation, n

15 reprasents the valence ;f ¥, and y may be any value
16 from 0 to about 9. 2eolite L, its X-ray diffraction
17 pattern, its properties, and nnthod.tor its

18 preparation are described in detail in, for exaﬁple,
19 U.S. Patant No. 3,216,789, the caontents of which is
20 hereby incorporated by reference. The actual formula
21 may vary without changing the crystalline sﬁructura.
22 Por axample, the mole ratio of silicon to aluminum

23 {Si/Al) may vary from 1.0 to 3.5. .
24

25 ' The chemical formula for zeolite Y expressed in

26 terms of mole ratios of cxides may be written as:
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10
11
12
13
14
15
16
17
18
19
20
2]

23

24
28
26

(0.7=1.1) Na,0:A1,05:X510,: yH,0
In the abova formyla, X is a value greater than 3 and
up to about 6.. Y may be a value up to about §.
2eolite Y has a characteristic X-ray powder
diffraction pattern which may ba employed with the
above formula for identification. Zeolite Y is
described in more detail in U.8.Patent No. 3,130,007
the contents of which is hereby incorporated by

reference.

Zeolite x_is a synthetic crystalline zeolitie
molecular sieve which may be represented by the
formula:

(0. 7=1.1) M, 071,051 (2.0~3.0) S10,3yH,0
In the'ahnvo formula, M represents a ietal,
particularly alkali and alkaline earth metals, n is
the valence of ¥, and y may have any value up té
aboyt 8 depending on the identity of M and the degree
of hydration of the crystallinclzeolita. Zeolite X,
its X-ray diffraction pattern, its p;oporties. and
method for its prepa:ation are dascribed in detail in
U.S. Patdnt No. 2,882,244 the contents of which is
hezeﬁf incorporatgd by raference,

An alkali or alkaline earth metal is preferably
present in tha large-pore zeolita. That aikaline

\\
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1 earth metal may be either barium, strontium or

2 <calcium, pre:arably_baiiun. The alkaline earth metal
3 can be incorperated into the zeolita by synthesis,

4 impregnation or jon exchange. Barium is preferred to
5 the other alkaline earths because it results in a

é somewhat less acidic catalyst. Strong acidity is

7 undesirable in the catalyst because it promotes

8 cracking, resulting in lower selectivity.

9
10 In another embodiment, &t least part of the
11 alkali metal can be exchanged with barium using known
12  technigques for ien exchanﬁe of ieolitas. This
13 involvas contacting the 2zeolite with a solution
14 containing excess Ba**ions. 1In tﬁis embodiment the
15 barium should praeferably constitute from 0.1% to 35%
16§ by weight of the zeolite.
17
18 The large-pore zeolitiec catalysts used in the

19 invention are charged with one or more Group VIII

20 metals, u.q;, niekel, ruthenium, rhodium, palladium,
21 iridium or platinum. The preferred Group VIII metals
22 are iridium and particularly platinum. These are

23 morae selective with regard to dehydrocyclization and
24 are also more stable under the dehydracyclization

25 reaction conditions than other Group VIII metals. 1If

-
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1 usad, the preferred weiqhﬁ percentage of platinum in

2 tha catalyst is between 0.1% and S%.

3 .

4 Group VIII matals are introduced into large-pore
5 zeolites by synthesis, lrmpregnaticn or exchangp in an
6 agueous solution of appropriate salt. When it is '
7 desired to introduce twe Group VIII metals into the

8 zeolite, the operation may be carried out

5 simultanecusly or sequentially.
10
11 To obtain a nmore campietc understandinq.ot the

12 present invention, the following examples

| 13 illustrating caertain aspects of the {nvention are set
14  forth. It should be understood, however, that the
15  invention is not limited in any way to the specific
16 datails set forth therein. ’

17 _ ' '
18 EXAMPLE 3
19 Teats were run to demonstrate the effect of

20 sulfur and wvater on carburization in reforming
- 4§ reactors.
22

23 ~ In thesa tests, eight inech long, % inch outside

24 dianeter coppet tubes ware usaed as a reactor to study

25 the carburization and embrittlement of 347 stainless

26 atsel wires. Three of these stainless stéel wiraes
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1 having a diameter of 0.035 inches were inserted into

2 the tube, while a four inch section of the tube was

w

maintained at a uniform temperature of 1250°F by a
furnace. The pressure of the system was maintained
at 50 psig. Hexane was introduced into the reactor
at a rate of 25 microliters/min. (1.5 ml/hr) with . a
hydrogen rate of about 25 ce/min. {ratio of H, to HC
being 5:1). Methane in the product effluent was

L 0 ~ [ Y. B

measured to determine the existence of exothermic

10 methane reactian;.

11 '

12 A control run was made using essentially pure
13 hexane econtaining less than 0.2 ppm sulfur. The tube
14 was found to be completely filled with carbon after
15  only three héurs. This not dnlx stupﬁed'the flow of
16 the hydrogen and hexane feeds, the growth of carben
17 actually split the tuba and produced i-bulge in the
18 raactor. Methana in the product effluent was

19 approaching 60-80 wti before plugying.

20 '

21 Another run was conducted using essentially the
22 same conditions excapt that 10 ppm sulfur was added.
23 The run continued for 50 hours before it was shut

24 down to examine the wires. No inérease in methane
25 was noted during the run. It remained steady at

26 about 16 wtt due to thermal cracking. No coke plugs
I

/
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1 wvera found and no carburization of the gteel wires
2 was observad.
3
4 Another identical run was made except that only
S 1 ppm sulfur was added (10 times lower than the
6 previous run). This run exhibited little methane
7 formation or plugging after 48 hours. An examination
8 of the steal wires showed a small amount of surfacas
9 carbon, but no ribkons of carbon,
0
1 Another run was cenducted except that 1000 ppm

12 water {(0.1%) was added to the hexane as methanol. No
13 sulfur was added. The run lasted for 16 hours and no
14 plugs occurred in the reactoerx. Howevcr;;upon

15 splitting the tube it was discoveraed that about 50

16 percent of the tube was filled with carben. But the

17 carben buildup was not nearly as severs as with the

18 contrel run.

13
20 EXAMPLE 2
21 Tests were conducted to determine suitadle

22 matarials for use in low-sulfur reforming reactor
23 systems; materials which would exhibit better

24 resisgtance to carburization than the mild steals
25 convantionally used in low-saulfur reforming

26  techniques,
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1 In these tasts thera was used an apparatus

2 including a Lindberg alumina tube furnace with

3  temperatures conerolled to within one deqree wvith a

4 thermocouple placed on the exterior of the tube in

5 the heated zone. The furnace tube had an intgrnal

6 diameter of 5/8linches} Several runs were conducted
7 at an applied temperature of 1200°F using a
'8 . thermocouple suspended within the hot zone (=2

9 inches) of tha tube. The internal thermocouple

10 constantly measurad temperatures from 0 to 10°F lower
li than the external thermoéouple.

12

13 Samples of mild steels (C steel and 2% Cr) and
14 - samples of 300 series stainless steels were tasted at
15 1100°F, 1150°F and 1200°F for twenty~four hours, and
16 1100°F for ninety hours, under conditions which

17 simulate the exposure of the nate;ials under

18 conditions of low-sulfur reforming. The samples of
19  varicus materials were plaéed in an open quartz beat
20 within the hot zone of the furnace tube. The boats
21 were one inqh long and % inch wide and f£it well

22 within the two-inch hot zone of the tube. Tha boats
23 were attached to silica glass rods for each placemaent
24 and rvemoval. No internal thermocouple was used when

25 the boats were placed inside the tube.
2 _ _
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1 Prior to start'up the tuhg was flushed with

2 nitrogen for a few minutes. A carburizing gas of a

3  commercially bottled mixture of 7% propane in

‘4 hydrogen was bubbled through a liter flask of toluene
5 at room temperature in order entrain abcut 1% toluene
€ in the feed gas mixX. Gas flows of 25 to 30 cc/min.,
7 and atmospheric pressure, were maintained in the

apparatus. The samples wera brought to aperating

9 taemperatures at a rate of 144°F/min.

10

11 After exposing the materials to the carburizing
12 gas for the desired period at the desired

13 temparature, the apparatus was gquenched with an air
14 streanm applied to the exterior of the tube. When the
1§ appagzatus was suzficienily cool, the hydrocarbon gas
18 éas swept out with nitrogen and the boat was removed
17 for inspectien and analysis.

i8

1% Prior to start up the test materials were cut to
20 a size and shape suitable for ready-visual .

21  identification. After any pretreatment, such as

22 cleaning or roasting, iuo samples wvere weighed. Most
23 samples were less than 300 mg. Typically, each run
24 was conducted with three to five samples in a boat.
25 A sample of 347 stainless steel was present with each
26 run as an internal astandard.

—

1
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After completion of each run the condition of
the boat and each material was carefully noted.
Typically the boat was photegraphed.. Then, each
material was weighed to determine changes while
takihq care to keep any coke deposits with the
appropriate substrate matarial. The samples were
then mounted in an epoxy resin, greound and polished
in praparation for petrographic and secanning electron
microscapy analysis to detezrmine the coking, metal

dusting and carburization responses of gach material.

By naecessity, the residence time of the
cathurizing gas used in these tests werae considerably
higher thah in typical commercial operation, Thus,
it is believad that the experimental conditions may
have been more zevers than commercial conditions.
Soma of the materials which !ailed'in these tests nay
actually be commercially reliablé. Neverthelass, the
test provides a reliable indication of the relative
resistances of the materials to ccking, carburization

and metal dusting.
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The results are set forth in the Table below.

el

2 Table*

3 .

4 wt. ¥ C

5 gain Dusting  composition
s 1200°F; 24 hours

7 C Steal 86 Severe

8 _ 2% Cr 61 Savere .

9 304 ) little Ne 18 Cr 10 Ni
10 347 little No 18 Cr 10 Ni
il

12 1150°F; 24 hours _

13 € Steel 63 Severe

14 2% cx 80 Sevare

18 304 1 Ko

16 . 347 1 No

17 .

18 1100°F; 24 hours

19 C Steel Trace Trace, logalized

20 T2k ¢x 0 No

21 . 304 0 No

22 347 0 No

23

24 1100*F; 90 hours : :

25 C Steel 52 Savera

26 2% cr 62 Severe

27 304 L] " Neo

28 347 1 - No

29

30 * 15% CH; + 50% CH, + H, (by weight)

31 .

32 '

33 ~ Of course, the above results are gualitative and
33 depand on surface morphology, i.e., microscepic

s roughness of the maetals. The carbon weight gain is
}6 indicative of surface coking which is autocatalytic.
37 _

38 EXAMPLE 3

39 The same technigues used above were used again
40 to screen a wide assortment of materials at a

41 temperature of 1200°F for 16 hours. The rasults are.

Attorney’s Docket No. 005950-314
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1 set forth below. Each group represents a side-by-
2 side comparison in a single boat under identical
3 conditions. |
4 TABLE (1)
5 We. ¥ ¢ |
6 Gain Dusting Composition
7 ’ :
8 ro .
9 Inconel 600 87 Severa 15 Cr 75 Ri
10 347 oxid. (2) 21 Mederate :
11 347 Frash 4 No 18 Cr 10 Ni
12 .
13 Group II
14 Inconal 600 40 Severe 15 cr 75 Ni
15 310 8 Mild 25 Cr 20 Ni
16 Incoloy aoo L Moderata 21 Cr 32 Wi
17 347 1 Trace '
18
15 Group It :
20 Inceloy 825 <1 Moderate
21 Haynes 230 2 Mild 22 Cr-64 Ni.
22 Alonizead 347 -3 Trace
§J 347 <1 Trace
4
23 Group IV
26 Ni (Pure) 656 Severe 100 Ni
27 Cu (Pure) 14} No 100 Cu
28 Sn (Fused) o No '
23 100 Sn
30 Tin can *] No
33 Sn + ¢ Steel '
32
33
34 -
g: (1) 1S% GH, + 50% G, + H; (By Wt.)
37 (2) Roasted in air 2 hours at
38 ' 1000°C to produce a thin
39 oxide erust.
40
41
42

PAGE 73 (PRIHTED PAGE M)
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1 EXAMPLE 4
2 Additional materials were tésted,.again using
3 the techniquas described in Example 2 (unless. stated
4 otherwise). |
S
] | Samples of 446 stainless steel and 347 stainless
7 Stéel were placed in a sample boat and tested
8 simultaneocusly in the carburization apparatus at -
9 1100°F for a total of two wesks. Tha 446 stainless
10 . steael had a thin coating of coke, but no other
11 alteration was_detecﬁed. The 347 stainless steel, on
12 the other hand, had massive localized coke daposits,
13 and pits more than 4 mils deep from which coke and
14 metal dust had erupted. g
15 |
16 Samples were tested of a carbon steel screen
17 electroplated with tin, silver, copper and chromium.
18 the samples had coatings of approximately 0.5 mil.
19 ' After 16-hour carburizatien screening tests at
20 1200°F, no coke had formed on the tin-plated and
21.' chromiun-plated screens. Coke formed on the silver=
22 plated and copper-plated screens, but only where the
23 Platings had peeled. Unplated carbon steel screens
24 Fun simultaneously with the plated screens, exhibited
23 severe coking cariurizaticn, and metal dusting.
26
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1 Samples ware tested of a 304 stainleas aﬁeel
2 screen; each sample being elactroplated with one of
3 tin, silver, copper and chromium. The samples had
4 coatings with thicknessas of apprbximntel& 0.5 mil.
5 After 16-hour carburization screening tests at
6 1200°F, no coke had formed on any of the plated
? screens, excapt locally on the copper-plated screen
-8 vwhera the plating had blistered and peeled. Thin
9 coke coatings wara observed on unplated samples of
10 304 stainless steel run simultaneously with the
b B _plated screens.
12
13 Samples were tested of a 304 stainless steel
14 screen; each sample being electzoplated with one of .
1s tin and chromium. These samples were tested along
16 - with a sample of 44§ stainless steel in &
17 carburization test at 1100°F. Tha sSamples were
18 exposed or five weeks. Each week the samples were
19 - cooled te room temperature for observation and
20 photographic documentation. They were then re-heated
21 to 1100°F. The tin plated screen was free of coke;
22 the chromiun-plated scfecn was also free of coke,
23 a except locally where the chrome plate had peeled; and
LI . the piece of 446 stainless steel was uniformly coated
- 28 with coke.
26 |
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1 Samples of uncoated Inconel 600 (7S% Ni) an¢
2 tin~coated (alectroplated) Inconel &00 {(75% Ni) were
3 tastad at 1200°F for 16 hours. The tin-plated sample
4 coked and dusted, but not to the extent of the
5 uncecated sample.
]
7 EXAMPLE §
The following experiments were conducted to
9 fétudy the axothermic methanization reaction occurring
10 during -the formation and burning of cokeballs during
11 reforming under conditions of low-sulfur. In
12 addition tin, as an additive to reduce methane
13 formation was studied.
14
15 In low-sulgur reforming reactor systems, coke
1§ depdsits centaining molten particles of iron have
17 - been found. This formation of molten iren during
.18 reforming at temperatures between 900 and 1200°F is
19 believed to ba due to very exothermic reactions which
20 occur during raforming. It is balieved that the only
21 | way to generata such temperatures is through the
22 : formation of methane which is very exothermic. The
23 hiqh-teupcratures are particularly surprising since
24 reforming is generally endothermic in nature and
25 actually tends to cool tha raactor system. The high
26 temperatures may be generated inside the well
T—
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insulated cokeballs by diffusion of hydrogen into the

interior catalytic iron dust sites where they

gatalyze m‘thane formation from coka and hydrogen.

In this experiment steel wool was used to study
mathane formation in a micro pilet plant. A % inch
stainless steel tube was packed with 0.14 grams of

steal wool and placed into a furnace at 1175°F.

'Hexane and hydrogen were passed over the iron and the

exit stream was analyzed for feed and products. The
steel wool was.pretreated in hydregen for twenty
hours before introduction of the hexane. Then hexane
was introduced into the reactor at a rate ef 25

nicrolitars/min. with.a hydrogen rate of about 25

cc/min.

Initially, methana formation was low, but
continued to increase as the run progressed; finally
reaching 4.5%. Then, 0.1 ¢¢ of tetrabutyl tin
dissolved in 2 ec of hexane was injected into the
purified fsed stream ahead of the iron. The methane
formation decreased to about 1% and continued to
remain at 1% for the next three hours. The data is

gunmarized in the Table helow.
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1 HOURS CH4
S
5. 19.2 Q.0
? 21l.2 2.62
8 21l.8 3.43
g 21.9 4.45
10 .
1l 22
12
13 22.6 1.16
14 23,0 1,16
.15 23.3 1.0
1é 24.3 0.87
17 23.3 1.0
18
18
20
2l
22
23
24
25
26
27
28
2%
30
32 steel wool.
32
33
34
35
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TABLE
ETHANE EROPANE HEXANE
0.8 . 0.3 98-5
2.08 1.74 93-4
4.58 3.92 85.3
4.23 3.83 84.6
4.50 4.32 82.0

Tatzabutyl Tin Added

3.81
3.96
4.56
3.60
4.‘7

4.12
4.24
3'77
3.76
3.57

86.2
as.9
87.5
87.6
88.0

From the results above it can be seen that the

addition of tin to the steel weol Stops the

acceleration of methane formation,

acceptable levels in the product,

Additional tasts
tin pre-coated ateel wool.

Examnple 5, three injections

EXAMPLE 6

vere conducted using tetrabutyl

L 3

and lowers it to

In particular, as in

of 0.1 cc of tatrabutyl

tin dissolved in 2 cc of hexane vare injected into a’

% inch stainless steel tube containing 0.15 grams of

wool in a hydregen stream of g900°F.

The solution was carried over the steel

The hydrocarbon feed was then introduced at

1175°F at a hydrocarbon rate of 25 microliters/min
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1 with a hydrogen rate of abeut 25 cc/min. The axit

2 gas was analyzed for maethane and remained below 1%

3 tor 24 hours. The reactor was then shut down, and

4 the reactor tube was split open and examined. very

S little carburization had ocecurred on the steel weol.
6 | '

7 In eentrast, a contrel was run without

8 tetrabutyl tin pre-treatment. It was run for one day
9 under the same conditions described above. After 24
10 hours, 'no hydrogen or feed could be detected at the
11 ltube exit.i The inlet pressurea had risen to 300 lks,
12 from the original 50 1lbs, ﬁhen the raactor tube was
13 split open and examined, it wWas found that ooke had
14 conpletaly plugged the tube.
15
16 Thus, it can be seen that organc-tin compounds
17 can prevent carburization of steel weel under

- 18 reforming conditions.

1%
20 EXAMPLE 7
21 Another run liké the control run of Example 1
22 was conducted to investigate the effect of
23 carburization conditions on vaﬁor tin coated
24 stainless steael wires in a gold plated reactor tube.
2% The only other difference from the control run was.
26

that a higher hydrogen rate of 100 ml/min was used.
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H The run continued for aight hours with ne
2 plquihq or excassive methane formation. When the
3 tube was split and analyzed, no plugs or carbén
4 ribbens ware observed, Only one black strgak of

carbon appeared on ona wire, This was probably due

€ to an improper coating.

T

8 This expaeriment shows that tin c¢an protect

9 stainless steel from carburization in a manner

10 similar to sulfur. Unlike sulfur, howaver, it does
11 not have to be éontinuously injected inte ¥he feed.
12 Sulfur must be continuously injected into the feed to
13 maintain the partial pressure of hydregen sulfide in
14 the system at a sufficient level to maintain a

13 sulfide surface on the steel. Any removal of sulfur
16 from the feedstock will lead to a start of

17 carburization att#f sulfur is stripped from the

18 reagtor system. This usually occurs within 10 hours
19 after cessation of sulfur.

20 '

21 ' ¥hile the invention has been described above in
22 terns of preferred embodiments, it is to be

23 _ understood that variations and modifications may be
24 used as will be appreciated by thosa skilled in the
25 art. For example, portions of steel in the reactor
26 systen can be coated with nisbium, girconium, silica
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1 ceramics, tungaten, or chromium (chromizing),
2 although these techniques esuld be excassively
3 difficult to do or uss, or prohibitively expensive.
4 or, the use of heat exchangers to heat hydrocarbans
5 to reaction temperature could be minimized. The heat
6 ceculd be provided by super-heated hydrogen. Or, the
7 exposure of heating surfaces to hydreearbons can be
8 reducad by using larger tuba dianeters and higher
9 tube vaelocities. Essentially, therefore, there ara
10 many variations and modifications to the above
11 preferred embodiments which will be readily avident
12 ‘ to those skilled in the art, and which are to be
13 considered within the scope of the invantion'és
14 "~ defined bf the following claims. .
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WHAT IS CLAIMED IS:

i. a metqad for reforming hydrocarbons
comprising contacting the hydrocarbons with a
ré:oruing catalyst in a reactor system of improved
resistance to carburization and metal dﬁstinq under
conditions of low sulfur, and upon reforming gaid

resistance being such that embrittlezent will be less
than akout 2.5 mm/year.

2. A methed for reforming hydrocarbons

according te clain 1, wherein said reforming catalyst

is a large-pore zeclite catalyst including an alkaii
or alkaline earth metal and charged with one or more

Group VIII metals.

3. A methed for veforming hydrocarbons
accorainq to claim 2, wherein said hydrocarbons ara
contacted with the catalyst under conditions of low

wateaer.

4. A methed for reforming uydrocarhons'
according to claim 1, wherein a naphtha feed is
cont;cted with a large-pore zaclite catalyst
including an alkali or alkaline earth metal and
charged with one er more Group VIII metals, and
wvherein at least a portion of the reactor system has
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? a rasistance to carburization greater than mild staeal
8 under conditions of low sulfur,
1 S. A method for reforming hydrocarbons
2 aceording to claim 1, comprising reforming in a
3 reactor system, at least a portion theraecf having a
4 resistanca to carburization greater than mila steel,
5 under conditions of low sulfur and low wvater.
1 - 6. A method for reforming hydrocarbens
P acecording to claim 1, comprising reforming in a
3 reactor system, at least a portion thereof having'a
¢ resistance to carburization greater than aluminized
-5 gteels, under conditions of low sulfur and low water.
1 7. A method for raeforming hydrocarbona.
2 according to alaiQ 1, comprising reforming in a
3 reactor system, at least a pertion ghereof having a
4 resistance to carburization greater than alley
5 steels, under conditions of low sulfur and low water.
1 | ) 8. A method for reforming hydrecarbens
2 according to claim 5, eanprisipq refoining ina
k| reacter system under conditions of lew sulfur, at
4 least a portion of the reacter system in contact with

i
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5 the hydrocarbons being comprised of a 300 series

6 stainless steel.

1 9. A method for reforming hydrocarbons

2 according to claim 5, comprising reforming in a

3 reactor systen under conditions of low sulfur, at

4 least 2 pbrtion of the reactor system in contact with
5 the hydrocarhéns being an alloy containing

& substantially no nickel.

10. A nmethod for reforwing hydrocarbons

.~ according to clainm 5, comprising reforming in a
reactor system under conditions of low sulfur, at

least a portion of a furnace tube of fha reactor

syster in contact with the hydrocarbons having a

0O W K W N -

resistance to carburizatien greater than mild steels.
11. A methed for reforming hydrocarbons
acecording to claim 5, comprising reforming in a
veactor system under conditions of low sulfur, at
least a portion of a reactor wall of the reactor

systam in contact with the hydroearbons having a

o U . W N

rasistance to carburization greater than nild steels.

1 12. A method for rezérning hydrocarbons
2 aceozding_to clain 5, comprising reforming in a
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3 reactor system under conditions of low sulfur, at

4 least a portion otqthe reactor system in contact with
5. the hydrocarbons baing a material selected from the
[ group of copper, tin, arsenic, antizony, brasé, lead,
7 bismuth, chromium, intermetallic compounds thereof

8 and allpys thareof.

1 13. A methed for reforming hydrocarbons

2 according to claim 12, comprising reforming in a

3 reactor system under conditions of low sulfur, at

4 _least a portion of the reactor system in contact with
S the hydrocarbons being a Cu=Sn alley or a Cu=-sh

6 alley.

1 14. A methed for reforming hydrocarbons

2 'acccrding ta claim 12, vherein said material iz

3 provided as a plating, cladding, paint or other

4 coating, to a base construction material.

1 15. A method for reforming hydrocarbons -

2 according to slaim 12, wherein said material is tin.
1. ' 16. A nethod for reforming hydrocarbons

2 aceording to claim 12, wherain said material is
3 affactive for ritainiag its resistance to

4 carburization after oxidation.
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17. &« method for reforming hydrocarﬁons
ageording to claim 1, wherein upon reforming said-
resistance is such that embrittlement will be less
than 1.5 mm/year.

18, A method for reforming hydrocarbons
according to claim 1, comprising reforming under

conditions of low sulfur and low water.

19. A method for reforaing hydrocarbons
according to claim 1, comprising eentacting the
hydrocarbons with the large-pore zeolite catalyst
under conditionu of low sulfur while adding at least
one ncn-sulrur, antie-carburizing and anti-ceking
agent to provide the reactor system of improved

resistance to carburization and metal dusting.

20. A nathod for reforming hydrocarbons
according to claim 19, comprising adding an anti-

P. 86

PCT/US92/01856

carpurizing and anti-coking agent selected from the °

group of organo-tin cempounds, organo—-antimony
compounds, organo-bismuth compounds, organc-arsenic

compounds and organo-lead caompounds,

21. A method for reforming hydrocarbons

aceording to claim 19, vherein an organo~-tin non-
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3 sulfur, anti-carburizing and anti-coking agent is

4 added.

22. A method for reforming hydrocarbons
according to claim 1, wherein at least a portion of
said reactor system is constructed from a chromium

rich steel treated a metal coating comprising tin,

T L VY

antinony, bismuth or arsenic.

- 33. A methed for reforming hydrocarbons
according to claim 1, wherein at least a portion of
the stegel surfaces in the reactor system have

initially heen coated with aluminum or tin follewed

wm o W N

by applicatibn of a thin chromium oxide coating.

24. A method for reforming hydrocarbons
according to claim 1, wherein at least a portion of '
the st§e1 surfaces in said reactor system have
initially been coated with a coating comprising
sluminum, followed by a post-trsatment process

eomprising application of a matal coating comprising
tin. '

N A M o W N

1 25. A methed for raforming hydrocarbons
2 . aceerding to claia 1, whaerein said process at least a2
3 portion of the reactor system is pre~heated with a

——

N\\
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4 hydrogen gas atream heated to a temperature of sbout
5 750 to 1150°F, and then said pre-heated portion of

6 the reactor system is exposed to a cooler gas strean
7 of about 400 to 800°F which comprises hydrogen and an
8 organometallic tin compound.

w

nm &

H W N

&> W N P

26. A method accé:ding to claim 1, wherein a
portion of the metal surfaces in the reactnt.systen
has baen coated with an aluminum, alumina, chromium
or chromium oxide film, or is constructed of ‘

alunminized or chromized mataerial.

27. A nethod aceording to claim 1, wherein

the reactar system is at least partially constructed

of a ceramic matarial.

28. A method according to ¢laim 1, wherein
at least a portien of the metal surfaces in the’
reactor systam is coated with a thin silica or silica

- film.

29. A method according to clai=m 3, )
comprising maintaining the temperature of the metal
surface of at least a portion of the reactor system

such that it doss not exceed a predetermined level,

—
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s said level determined such thaﬁ embrittlement of the
€ netal surface will be less than 2.5 mu/year.

1 30. A method according to clainm 1, wherein
2 said reactor system Staged heaters and/or tubes are
3 used, or the system has been heated using superheatad
4 rav materials, or larger tuba diameters are used, or
5 " higher tube velocities are used, or distinct

6 temperature 2o0nes are used, or a combination thereof,
? to an extent effective to proevide a resistance such
8 that embrittlement will ke less than 2.5 mm/year.

1 31. i iethod according teo claim 1, wherain

2 at laast a portion of the reactor system is

3 constructed from mild steels and/or at least a

4 portion is constructed of stainless steels, wherein
5 during reforazing under conditions of less than 100

6 ppb sulfur the temperatures of the portions of the

7 raactor. systam congtructed of nild steels do not

8  exceed 950°F and the temperatures of the pbrtions af’
9 the reactor system constructed from stainless steels
10 dc not exceed 1025°F.

1 32. The reactor systens used in the methods
2 ef claimg 1-31. |
—_—
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33. & decomposablae, reactiva, tin-containing
paint to be applied to at least a portion of a K
reforming reactor system which is exXposed to
hydrocarbons at elavated tamperaturas under
conditions of low sulfur, and provide carburization
rasistance such that embrittlement will be less than
2.5mm/year under exposure conditions, whieh paint
raduces to a reactive tin vhich forms a tin complex
with said portion ef the reforming reaetor systen to

which it is applied upon heating in a reducing
tenperature.

34.: A decomposablae, reactive, tin-centaining
Paint accerding to elaim 33, said paint conprising
{i) a hydrogen deconposable tin compound, (ii) a
solvent system, (iii)-a finely aivided tin metal, and

(iv) a tin oxide.

35. A decomposable, reactive, tin-containing
Paint according to claim 34, wvherein gaid hydrogan
decomposable tin compound is tin octancate.

36. A decomposable, reactive, tine-containing

Paint aceording to claim 34, vherein the finely

. Givided tin metal has a particle size of about 1 to 5

Ricrons.

—_—

—
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1 37. IA decomposable, reactive, tin-containing
2 paint according to claim 34, wherein the solvent
3 system contains at least one member salectad from
4

isopropyl alcohol, hexane and paentane.

1 38. A decomposable, reactive, tin-containing
2 paint according to claim 37, said solvent systenm
3 containing isopropyl alcohol.

1 -39. A decomposable, reactive, tin—éontainin;
| 2 paint according to claim 34, containing no none

3 reactive material which will prevent reactive tin

4 frem reacting with the portion of the reforming

5 raactor séstcn to vhich the paint is to be applied.

1 40. A deccmposable.'reactivn, tin~containing

2 paint according to claim 33, applied and reduced.

1 41. A sprayable decomposable, reactive, tin-

2 containing paint accozraing to claim 33.

1 42. A method fer increasing the

2 carburization resistance of at least 2 portion of a

3 reactor systen such that embrittlement will be less

4 than about 2.5mm/year upon exposure to hydrocarbons

s at elevated temperatures under conditions of low

) O VAL ThsShect e B Bl
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& sulfur, said meﬁhcd comprising applying a paint
7 according to claim 33 to at least a portion of the
g8 reactor system and subjecting the applied paint tc
9 reducing conditlons.

b W N P

w

O @ = ¢ B

10
1

43. A methed accorading to claim 42, sald
paint comprising (i) a hydrogen decomposable tin
compound, (ii) a solvent system, (iii) a finely
divided tin metal, and (iv) a tin oxide.

44. A paint to be applied to at least a
portion of a reforming reactor system which is
exposed to hydrocarbons at elavated temperatures
under conditions of low sulfur, and provide
carburization resistance such that embyittliement will
bae less than 2.5 mm/year under exposure conditions,
said paint comprising:

(i} one or more tin centaining compounds,
and

(ii) one or more iron compounds, wherein the-
ratio of Fe/Sn is up to 1:3 by weight.

45, A paint zccording to claim 44, wherein

tha iron compound is Fe,04.
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46. A paint according to claim 44, said
steel being a mild or stainless steel.

47. A method for increasing the _
carburization resistance of at least a porticn.o: a
reactor such that embrittlement will be less than
about 2.5 mm/year upon exposure to hydrocarbons at
elavated temperaturses under conditions of low sulfur,
said method comprising applying a paint accerding te

claim 44 to at least a peftion of the reactor system.

48. A reforming reactor system including
means for providing resistance to carburization and
metal dusting in a methed for reforming hydrocarbons
using a large-porae zeclite catalyst including an
alkali or alkaline earth metal and charged with cne
or more Groub VIII petals under conditions of low
éultur, said rasistance being such that embrittlement
will be less than about 2.5 mm/year, wherein at-least

a portion of said reactor system has been coated with
the paint of c¢laim 44.
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