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BACKGRQUND OF THE INVENTION
The invention relates to an improved technique for the |
dehydrogenation of hydrocarbons, ‘particularly light hydrocarbons. In
preferred embodimerits, the invention provides'improved techniques for
producing isobutylenes through the dehydrogenation of butanes, and
5 propylene through the dehydrogenation of propane; particularly such
techniques which minimize metal carburization and associated coke '

formation durmg dehydrogenauon

Dehydrogenation processes are of particular interest to the pétroleum
industry because light hydrocarbons such as butane are low-value
- 10 by-products from refining operations. Butane can be converted to butylenes
threugh dehydrogenation, which can then be used to produce MTBE.

Conventionally, butylenes, including isobutylene, ‘have been obtained
asa by-product from refinery processes such as catalync or thermal crackmg
units. However, the demand for isobutylene has so far exceeded the

15 prqducuon from such refining operahoqs. Therefore, various alternative

processes have been developed to provide'isobutylene.

One type of process is the non-catalytic thermal dehydrogenation of
organic compounds, e.g., the conversion of butane to butene. However, the
effective use of such methods is limited due to the extensive and undesirable

- 20 side reactions which occur.




10 by-products fromrefining operations. Butane can be converted to

butyl enes through dehydrogenation, which can then be used to produce MIBE.
Convent i ohal Ly, -butytenmes;”n ncl: iudi ng isobutyl ene, have been obtained as a
by- pr oduct from ref egeyqugpg&asses such as catalytic or thermal cracking

uni ts. . Howeveis i sobutyl ene has so far exceeded the 15 '
productlon fro operatlons Therefore, various alternative
processes have to provide.isobutylene. One type of process

i's the non-cat al yt|c t her mal dehydrogenati gn of organic conpounds, e.g.,
t he conversi on of butane to butene. However, the effective use of such

\Aﬁﬁlt Eﬁdiclcar limt fceir ?iﬁaﬁ@ust Eftallié PRoTeyeRs aBve uealeéevem%&ueer@rds mm ons
_ side reaction activity and improve conversion and selectwlty to desued '
products. Traditional catalync dehydrogenation processes include the Air
- Products Catofin"M process, the Universal Oil Products’ (U OP) Oleflex™

5 process and the Phillips Star™ process.

The Air Products Catofin™ process allows for the dehydrogenation of
butane to form butylene in the presence of a catalyst containing a chromic
oxide supported on alumina in an adiabatic reactor. See, e.g., Buropean
Patent Application 192,059 and UK Patent Application GB 2,162,082, the

10 conteﬁts of which are hereby incorporated by reference. |

The UOP Oleflex™ process allows for the dehydrogenation of |
propane to form propylene and of (iso)butane to form (iso)butylene in the
presence of a catalyst containing platinum supported on alumina in a moving"
bed reactor. The moving bed reactor allows continuous catalyst regeneration

15 under the more severe conditions of lower alkane dehydrogenation. The
catalyst flows fully from the reactors to the regeneration zone and is then
recycled to the reactor. See, e.g., U.S. Patents 3,584,060; 3,878,131;
4,438,288; 4,595,673; 4,716,143; 4,786,265; and 4,827,072, the contents of
which are hereby incorporated by referenceu.

20 The Phillips Star™ process allows for the dehydrogenation of butane
to form butylene in the presence of a promoted platinum catalyst supported
on a zinc-alumina spinel. The catalyst is supported in tubular catalyst beds
located within furnaces to provide the endothermic heat of reaction. This
arrangement allows for operation under isothermal conditions. Catalysts are

25 regenerated by oxidation in air. See, e.g., U.S. Patents 4,167,532; .
4,902,849; and _4,926,005, the contents of which are hereby iricorporated by

reference.



Various catalytic processes have been devel oped in order to nmininize side
reacti on acttvity—and—+nprove conversion and selectivity to desired

products.’ Tr acﬁﬁtsisﬁ)e&aéasﬁgeij?{leﬁ L¢ ~dehydrogenation processes include the Air

Products [err] s ni versal G| Products (UOP) [err] 5 process
and the PhillidMI}H (
t he dehydr ogenati¥sd to formbutylene ih the presence of a

E s. The Air Products [err] process allows for
catal yst containing a chrom c oxide supported.on alum na in an adi abatic
reactor. See, e.g., European Patent Applicgtion 192,059 and UK Pat ent
- Application (B 2,162,082, the 10 contents of which are hereby incorporated

by reference. The UoRy GFRERRTon b 1FocaRonk 16 afl UIGHEAAE Hdcion Of
propane to form propyléﬁere&%m |gg§b tane to form (iso)butylene in the
presence of a caindlcpaversiontlevels arg lhited by chemigploequilibrom,git isidesirable t8 noving -
bed reactor. The noving bed reactor allows contin catal yst regeneration
15 under the nor@e?é%é?@ggmp?@'mwPWMSWa@ébW@égﬁﬁﬂgﬁquhe o
| pressures shift the equilibria favorably toward dehydrogenated products.

5 However, conventional dehydrogenation catalysts suffer fapid deactivation by
coking under these severe conditions. In particular, it has been found that
slow accumulation of carbon deposits reduces the dehydrogenation activity of
conventional déhydrogenation catalysts. Thus, con\ienﬁonal carbon burn-off
cycles are typically used to regenerate the catalyst system after sufficient

ld accumulation of carbon on the cataljst. In addition, sulfur compounds and
- hydrogen are uMy introduced to the reactor feed in order to prevent |
carbon build-up in the reactor and catalyst bed.

Industry reports -suggestl that design inadequacies still exist with
" commercial scale dehydrogenation processes. For example, as recently
15 reported in Platt’s International Petrochemical Report (October 1993), those
familiar with the UOP Oleflex™ process say that there is a design flaw
which causes a coking problem with the heat exchangers after about a year

of operation.
SUMMARY OF THE INVENTION
20 While carbon burn-off cycles and sulfur and hydrogen addition are .

effective means for removing and reducing carbon deposits, they have
+ inherent problems. First, reactors must be shut down to burn off carbon
_deposits. Further, the addition of hydrogen and especially sulfur requires
additional procesé equipment, operation and cost, not to mention the hazards
25 involved with their use. Furthermore, temporary sulfur and/or hydrogen
outages are frequent due to equipment failure. The inventors believe, that
not only is coking a problem, but carburization and metal-dusting are also

problems.
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reference. sulfur, e.g., 50-100 ppm sulfur, carburization is not a s1gmﬁcant problem. '
Apparently, the added sulfur present in these systems effectively inhibits
carburization. Somehow, the sulfur interferes with the carburization

5 reaction. But with low sulfur systems or with sulfur outages, this inherent
protection no longer exists. '

The problems associated with_carburizaﬁon normally begin with
 embrittlement of the physical system, The embrittlement of the steel walls
leads to "metal-dusting®, i.e., a release of catalytmlly active particles and
10 metal droplets of metal due to an erosion of the metal. The excessive
"metal-dusting” adds acuve metal particulates to the system, which
particulates provide sites for catalytic coke formation in the system. Larger
coke deposits, so-called "cokeballs" develop and can plug reactors.

This significant source of .coke formation excessively aggravates the
15 problem of coking. In fact, active metal particulates in coke particles
metéstasiz_e coke generally throughout. the system. That is, the active metal
particulates actually induce coke formation on themselves and anywhere that
the i)articleé accumulate in the system resulting in coke-plugging of the
reactor system which can lead to a premature shut-down of the system.
20 Conventional techniques for addressing coke formation are not effective as

they.do not address the carburization and metal dusting phenomena.

Consequently, there is a need in the art for an improved process for
the production of olefins via-catalytic dehydrogenation such as starting
materials needed .to make MTBE, and in particular, for tﬁe dehydrogenation

25 of dehydrogenatable hydrocarbons with reduced carburization, especially
 when dehydrogenation is conducted in the absence of added sulfur and/or
hydrogen. Such a method would include means for inhibiting the



[err] -3- Since dehydrogenation of hydrocarbons is an endothermic reaction
and conversion levels are limted by chemcal equilibrium it is desirable
to ‘operdte at high tenperatures: and | ow pressures. High tenperatures and

| ow pressur esTrdEhkdt HadWeeEReplabddbr i & favorably toward dehydrogenated
products. 5 Ho -onal dehydrogenation catal ysts suffer rapid
deactivation b ’l& ‘these severe conditions. In particular, it has
been found tha tion of carbon deposits reduces the
dehydrogenation activity of conventional dgbydrogenation catalysts. Thus,
conventional carbon burn-off cycles are typically used to regenerate the
catal yst system 5&%“ Gl &dd Wlﬁﬁh tal yst.
I n addition, sull'?l]l:}%&(::ao;pou s an %ﬁogen g&rdesesasua Pﬁ??gdrh&%tgﬁte?g thg
reactor feed in the grematorepplagging of aedntor dyatetnianpifoulm&efcaedystawmm

-cat al yst bed. Indust
it h y reéju tsrci/ue toportfds%%gest ctaH)at de5| gn I nadequaci es still exist

Aceordingly, one object of the invention 'is to provide improved

5 methods for dehydrogenating a dehydrogenatable hydrocarbon. Such a
method includes providing metallic protective layers which impart long-term
carburization, embrittlement, coidng and metal-dusting protection to metal
surfaces even at the higher skin temperatures of furnace tubes used in
dehydrogenanon systems (typically up to 1200°F to 1450°F, as compared to

10 other conversion systems such as reforming which exhibit lower skin
temperatures of typically between 1000°F and 1150°F). This protection
includes prevention of the catalytic coke formation associated with
carburization and metal-dusﬁng; the preventien of which is believed to be
important for on-stream life, and for addressing those industry acknowledged

15 problems associated with commercial scale processes.

The inventors .have discovered that simply providing a protective
plating, cladding or other coating such as a paint to a reactor system would-
not be sufficient to .effectively address ﬁxe problem. Such a protective layer
must be of sufficient thickness to provide a complete, uninterrupted coating

20 of the underlying base metal, and it must remain complete over time. Even
minor iiriperfections, pinholes or other flaws in the protective layer can

provide destructive carburization sites sufficient to shut-down operation.

An effective protective layer must resist deleterious chemical
alteration, as well as peeling .and/or.splitting. Additionally, it has been
25 found that the protective layer must be applied to a thickness sufficient to
completely cover the surface to be protected, and must maintain its integrity

through operation. As such, the protective coating must be sufficiently



" commerci al scal e -dehydrogenati on processes. For- exanple, as recently 15
reported jin Platt*stmnternationat: Petrocheni cal Report (Cctober 1993),
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Furthernore, tenpqrary sul fur and/or hydrogen outages are .frequent due to
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. catalyst moving through the reactor, as well.

. 5 ' Aﬁong other factors, the above and other objects of the invention can
be obtained through the use of an intermediate bonding layer which anchors -
the protective layer to the steel substrate to be protected. ‘

The invention, therefore, is directed to a method for dehydrogenating
hydrocarbons in a ructi_)r system comprising a steel portion, preferably a
10 stainless steel portion, having provided thereon a protective layer to isolate
the steel portion from hydrocarbons, preferably a stannide layer; applied to a
' thickness effective for completely isolating the steel portion from the
hydMon environment, while avoiding any substantial liquid metal
embrittlement. The protective layer is anchored to the steel substrate
15 through an intermediate carbide-rich (relative to the underlying steel),
bonding layer; in the case of stainless steel, an intermediate carbide-rich,
nickel-depleted (relative to the underlying steel), bonding layer.

In the case of a stannide outer protective layer and a stainless steel .

substrate, the stannide layer is nickel-enriched and comprises carbide

20 inclusions, while the intermediate 6arbide—rich, nickel-depleted bonding layer
comprises stannide inclusions. Preferably the carbide inclusions are
continuous extensions or projectidns of the carbide-rich, 'nickel—depleted
bonding layer as they extend, subsfantially without ihterruption, from the
intermediate carbide-rich, nickel-depleted bonding layer into the stannide

25 layer, and the stannide inclusions are likewise continuous extending from the
stannide layer into the intermediate carbide-rich, nickel-depleted bonding |

layer. The aforementioned presence of carbide inclusions in the stannide



Thi s Sheet Has Been Repl aced -4- Wth conventi onal dehydrogenation

t echni ques usi ng feeds:containing sulfur, e.g., 50-100 ppm sul fur,

carburi zati o T s not—a-signi-fieant probl em Apparently, the added sul fur

present in thegg shdshSME. &L ,ec%i vely inhibits carburization. Sonmehow, the
urization 5 reaction. But with | ow sul fur

sul fur interfer h Eee i on. i
systens or wt hDMM yjm s, this inherent protection no | onger exists.
The probl ens as carburization normally begin.with

enbri ttlerrent of the phyS| cal- system The _§rrbri ttlement of the steel walls .

| eads to "netal - dustl ng", i.e., a release df catalytically actlve partlcl es

and 10 et al dr Gl &t $nf a8 indliSorsin e HHHedhud barkile- A, Mol
depleted bonding layer, prov1de improved anchoring of the protective layer
'thereby increasing abrasion resistance. The interface between the
intermediate carbide-rich, bondmg layer and the mckel—ennched stannide

5 layer is irregular, but is otherwise substantially w1thout mterrupnon

Although there is a need to ensure a complete coating of the
underlying base metal to be protected, applying excessive amounts or
thicknesses of the material used to form the protective layer must also be

~ avoided. If the layer is too thick, for example, where the alloying materials

10 of a paint have locally pooled prior to curing, liquid metal embrittlement can
occur. The problem of liquid' metal embrittlement is essentially one of '
eating through the metal with alloying materials (such as tin or germanium)
which are extremely corrosive to steel under reducing conditions to the point
_where; again, the metallurgy fails. \ '

15 The process of the invéntion is particularly advantageous due to the
use of a treated reactor system which is resistant to carburization even in the
absence of added sulfur. By use of the treated equipment, dehydrogenated
hydiocarbons may be produced for significantly longer periods of time -
without requiring a shut down of the process due to coking, carburization

20 and metal-dusting which occurs at dehydrogenation conditions using
dehydroéenatable hydrocarbons. Thus, increased amounts of dehydrogenated
hydrocarbons, such as butylene, may be produced.

Furthermore, higher temperatures may be used during
dehydrogenation allowing for increased olefin production. In fact,
25 temperatures required to dehydrogenate propane (i.e., reaction temperatures
of 1200°F and higher) may be used without excessive coking, carburization

‘and metal-dusting. Accordingly, the invention can provide a process for
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5 reactor system of above 1200°F, and even above 1300°F Preferred
hydrocarbons are C; and C, hydrocarbons.

The present invention is particularly useful for dehydrogenation
processes _thai occur in abrasive environments, such as those found in the
. Olef"le:x'."M process. The Oleflex™ process has a catalyst bed which
10 cdnt'muously moves from reactor to regenerator. Oxidation and
oxychlorination occur during regeneration. The protective layers used
according to the invention would be able to withstand the abrasion associated
with the movement of catalyst through reactors such as moving bed and
~ fluidized bed reactors. Preferably, the coatings resist abrasive damage for a
15 peﬁod sufficient to protect against carburization for at least 200 hours,
preferably at least 500 hours and more preferably at least 800 hours of

operation.

Furthermore, it has been discovered that preferred tin-based coatings

of this inventibp, upon oxidation, produce persistent, hard and abrasion
20 resistant mixed metal oxide coatings. Surprisingly, these coatings remain

fixed to the metal surfaces during oxidation/reduction cycles. These hard

oxide coatings are also effective in protecting the rhetal surface from

carburization, metal dusting and coking. Therefore, the preferred protective

layers are useful in reducing environments, in oxidizing environments, and
25 in environments that cycle between oxidation and reduction, as often

encountered in deh_ydrogenation processes.
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hydr,ogen. Such a nmethod woul d include nmeans for inhibiting the Thi s
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systens (typically up

coatings of this invention are sulfur-tolerant, for example, the tin-based

protective layers can tolerate up to 200 ppm sulfur in the feed. The

protective layers eliminate the need to presulfide the metallurgy, reduce

5 sulfide corrosion, and improve product values and waste disposal due to
reduced levels of sulfur. Chromium-, Sb- and Ge-based protective layers
can tolerate even higher sulfur levels, up to 5 or more wt %. Most

preferably, the layers can tolerate the respective amounts of sulfur for a

period of at least 200 hours, more preferably at least 400 hours, and most
10 preferably at least 600 hours without degrading to an extent that |
carburization will occur resulting in shut-down of the system due to

excessive coking. On the other hand, the protective layers are also

15

20

25

extremely effective for protecting metal surfaces at low sulfur and ultra-low
sulfur levels. Thus, the protective layers allow a vanety of sulfur levels to
be used in the reactor system and prov1des significantly increased versatility
in catalyst selections (S tolerant vs. S intolerant). It is not necessary to add
sulfur to the system. The ability to operate at low sulfur levels also can

improve catalyst performance, e.g., increase selectivity and conversion.

" With the foregoing, as well as other objects, advantages, features and
aspects of the disclosure that will become hereinafter apparent, the nature of
the disclosure may be more clearl); understood by reference to the detailed
description and the appended claims. '

BRIEF DESCRIPTION OF THE DRAWIN
" The figure shows a stainless steel substrate having provided thereon a
protective stannide layer which is anchored to the steel substrate through an
intermédiate carbide-rich, nickel-depleted bonding layer.



10 ot her conversion systens such-as reform ng which exhibit |ower skin
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5 thereof will become more apparent to those versed in the art in light of the

disclosure, and the accompanying claims.

As indicated é.bove, fhe invention is directed to an improved method
for dehydrogenation. The method includes providing metallic protective
layers to at least a portion of the reactor system which impart long-term

10 carburization, embrittlement and metal-dusting protection, even at the high
skin temperatures of furnace tubes used in dehydrogenation systems.

Hydrocarbons which may be dehydrogenated according to the invention
include hydrocarbons having 2-30 or more carbon atoms containing at least
one pair of adjacent carbon atoms, each having a hydrogen attached thereto.

15 Preferably, the hydrocarbons include ethane, propane, n-butane, isobutane,
mixed butanes, pentanes, isopentanes, détergent range paraffins, hexane and

“ethylbenzene. Preferred are butanes and propanes. These hydrocarbons .

may also include normal paraffins up to Cs, normal paraffins, branched
paraffins, normal olefins, branched olefins, diolefins, polyolefins, and the

20 like hydrocarbons. Thus, it is intended to include within the scope of the
invention the dehydrogenation of any organic compound capable of being
dehydrogenated to produce olefinic pmduct§ containing the same number of
carbon atoms but fewer hydrogen atoms. = Examples may include
isobutane, isopentane, isohexane, 2-methyl-1-dodecane, and the like

25 hydrocarbons and cyclobutane, cyclopentane cyclododecane and the like
hydrocarbons. '



25 found that _the protective |ayer must be appl led to a thickness
sufficient to conpletelycover- the surface to be protect ed, and nust
mai ntai n Itsrﬂlm%mt%e&ﬁ B h operation. As such, the protective coating

nmust be suffi l6- abrasion resistant duri ng catal yst

| oadi ng and SM@ !M i nce movi ng bed catal yst systems are commpn to
sone new dehy ocesses, the-protective |ayer is-preferably
resistant to the abra5|ve effects of the catal yst novi ng through the
‘reactor, as well. Among ot her fac Qrs, t he above and ot her objects .
of the invention can be obtained through the use of an internediate bonding

| ayer whi ch anchor's. tdig, bl Rl &5blsfed RYebcalSors Msoshiibe e Wiiithés g e

pr ot ect ed. _ , )
make tackifying agents for adhesives, viscosity-index additives for motor oils

and impact-resistant and anti-oxidant additives for plastics. Dehydrogenated
hydrocarbons may also be used in the manufacture of various chemical
5 products such as deterger;ts, plastics, synthetic rubbers, pharmaceutical
products, high octane gasoline, perfumes, drying oiis, ion-exchange resins,
- and various other products well known to those skilled in the art.

The dehydrogenatable hydrocarbons are contacted with a catalytic

composite in a dehydrogenation zone maintained at dehydrogenation

10 conditions. This cohtacting may be accomplished in a fixed catalyst bed
system, a moving catalyst bed system, a fluidized bed system, or in a
_batch-type operation. The dehydrogenation reaction zone itself may-
comprise one or more separate reactor zones with heating means
therebetween to ensure that the temperature can be maintained at the

15 entrance to each reaction zone to obtaih the desired conversion. The
hydrocarbon may be contacted with the catalyst composite in either upward,
downward or radial flow fashion. The hydrocarbon may be in the liquid
phase, a mixed vapor-liquid phase or the vapor phase when it contacts the
cataiyst. Preferably, the hydrocarbon is in the vapor phase. .

20 Dehydrogenation conditions include a temperature of from about
~ 300°F to about 1500°F, a pressure of from about 0.001 to about 25
atmospheres and a liquid hodrly space velocity (LHSV) of about 0.01 to
- about 50 hr!. Preferred temperatures are from about 750°F to |
about 1500°F, more preferably, about 900°F to about 1450°F, and mdst
25 preferably 1050°F to 1250°F. In the case of the lowest molecular weight
hydrocarbons, -e.g., propane, the higher temperatures are emploYed. For
example, temperatures gmter' than about 1000°F and preferably between
1100°F to 1400°F may be preferred when dehydrogenating propane' or



The invention, therefore, is directed to a nethod for dehydrogenati n'g
hydr.ocarbons in a reactor system conprising a steel portion, preferably a

10 stai nl ess steel portion, haviing provi ded thereon a protective |ayer to
i solate the stﬂ.glsh&t)ﬂislmenﬁepbwdh drocarbons, preferably a stannide | ayer,

applied to a th |ve for conpletely I solating the steel portion
fromthe hydroc nt whi | e avoi di ng any substanti al I|qU|d

nmetal enbrittle prot ective layer is anchored to the steel
substrate 15?through an internediate carbti®e-rich (relative to the
underlying steel), bonding layer; in the case of stainless steel, an

i nternedi at e cabblane- Preferredipréssires emiget from( aboun 0] vatniospheres tonalsout \5i ng
steel ), bonding |layer. In the case of a stannide, o terp&sot ective | ayer and

a stainless ste8imosphees. atASMOSPRETIC DIRFFUER 13 YRR Suitab L PICP¥ARd and
rC1|O(r:rE<ra: SSZpFZ{ ghgge &3"%8}* ayer cofrrre{:}‘?|a'|sl?§lslE Q?amlttgeagﬁlgc usi dns g‘%ﬂfgm y the
car bi de i ncl usi preferably, from aboutulstoeaiont Silarts or proj ections of the .
carbide-rich, nickel- depleted
5 ~ Of course, those skilled in the art wxll choose the desired _
temperature, pressure and LHSV depending on the hydrocarbon feed and
catalyst systems utilized. Generally, for normal paraffins, the lower the
molecular weight, the higher the temperature required for comparable -
cohversion. The pressure in the dehydrogenation zone is maintained as low
. 10 as practicable, consistent with equipment limitations, to maximize the
chemical equilibrium advantages.

The dehydrogenatable hydromrbons may be admixed with a diluent
gas before, while or after being passed to the dehydrogenation zone. The
diluent material may be hydrogen, steam, methane, carbon dioxide, nitrogen,

15 argon or the like, or a mixture.thereof. When a diluent gas is uti]ized,
amounts sufficient to ensure a diluent gas to,hjdrocarbon mole ratio of
about 0.1 to about 20, with best results being obtained when the mole ratio
range is about 1 to 10. The diluent hydrogen stream passed to the
hydrogenation zone will typically be recycled hydregen separated from the

20 effluent from the dehydrogenation zone in the hydrogen separation zone.

In conventional'dehydmgenation processes, Sulfur-containing gases
such as H,S and hydrogen have been added to prevent coking throughout the
reactor system. In the methods according to the invention, low sulfur levels
are preferred. Sulfur and hydrogen may be added to the feed. However,

25 neither sulfur nor hydrogen are required to inhibit carburization. In féct, it
is preferred that less than 100 ppm sulfur, and more preferably, less than 50
ppm sulfur be present in the feed, and even more preferably, less than 20



- bondi ng | ayer as they extend, substantially w thout i nt'erruption, fromthe
i nt er medi ate-carbide-rich, nickel -depleted bonding |layer into the stannide

25 layer, :and.the stannide, inclusions are |ikew se continuous extending
fromthe stdh# a gl t he i nt.ermedi ate carbi de-rich, nickel-depleted
bondi ng 1 ayer|. a ET tioned presence of carbide inclusions in the .
stannide - ] and stannide inclusions in the-internmediate

carbide-rich, nickel- depleted bonding | ayer, provide inproved anchoring of
the protective | ayer thereby increasing rasi on resistance. The interface
between the internediate carbide-rich, Bthding |ayer and the

ni ckel -enriched stanpnide 5 layer is irregular, hut .is qtherw se

subst ant i al | y PRI $HHr. | Hays, the progess may ggcon icted under reduced amounts or

even in the absence of added su_lfur and hydrogen.

When using the large-pore zeolite catalysts, which are further
discusSed below, feeds containing low amounts of sulfur are preferred.
5 Preferably, the feed will contain less than 10 ppm sulfur, more preferably, - |
less than 5 ppm sulfur, and even more preferably, less than 1 ppm sulfur. If
necessary, a sulfur sorber unit may be employed to remove sulfur. |

The dehydrogenation catalyst composite should exhibit high activity,
high selectivity and good stability. Particularly preferred catalytic
10 composites of the present disclosure include those composites comprising
roup VIII noble metals and a solid inorganic carrier. Such catalytic
composites are well known to those skilled in the art as represented by U.S.
Patent Nos. 3,531,543; 3,631,215; 3,864,284; 3,584,060; 4,191,846;_
4,595,637; 4,716,143; 4,786,625; 4,827,072; and 4,902,849, the contents of '
15 which are incorporated herein by reference. Particularly preferred catalyst
composites include the platinum on alumina catalysts and chrome on alumina

mta_lyst.

When using feeds contammg no or negligible sulfur, there may be
used the so-called sulfur sensitive large-pore zeolite type catalyst composites
20 charged with one or more dehydrogenating constituents patented by Chevron
Research are useful. See, e.g., U.S. Patent No. 4,727,216.

The term "large-pore zeolite” is indicative generally of a zeolite
having an effective pore diameter of 6 to 15 Angstroms. Preferable large
pore crystalline zeolites which are useful in the present invention include the
25 type L zeolite, zeolite X, zeolite Y and faujasite. These have apparent pbre



Al though there is a need to ensure a conplete coating of t he under | yi ng
base net al~to~-be protected,—appl yi ng excessive anounts or thicknesses of

the materiah; used 1o farmthe protective |ayer nust also be avoided. If the
layer is too anple, where the alloying materials 10 of a paint
have | ocal | yUﬁﬂ "@"&ﬁbt o curing, liquid netal enbrittlenent can occur.
The problem | | enbrittlenment is essentially one of eating
through the netal with alloying nmaterials (such as tin or germani um which
are extrenely corrosive to steel under regﬂgi ng conditions to the point

where, -again, the netallurgy fails. 15 The process of the invention
Is particularly .advant.ageous tP Nt use I d,.Jeact.or. system
which is resist 34t ?’bhbeg?r@ﬁ szﬁpoﬁﬂgs&?&n %@gg%géﬁ@i’_g{e%%égédlss%l fur. By
use of the treaw Iededipeent , dehydr ogenat ed hydrocarbons may be produced

for significantly |onger periods of time without requiring a shut down of -
the process due to coking,” carburization 20 and netal -dusting which occurs

at dehydrogenat i on Ce‘ﬂgi&ﬁeoﬂswgﬁi.e?% x-ray diffraction pattern, its properties, and

* method for its preparation are described in detail in, e.g., U.S. Patent

5 No. 3,216,789, the contents of which are hereby incorporated by reference.
Zeolite Y is described in more detail in U.S. Patent No. 3,130,007 the
contents of which is hereby incorporatéd by refei'encg, Zeolite X, its X-ray .
diffraction pattern, its properties, and method for its preparation are
described in detail in U.S. Patent No. 2,882,244 the contents of which are

10 hereby incorporated by reference. '

An alkali and/or alkaline earth metal is preferably present in the
" large-pore zeolite. Preferred alkali metals include potassium, cesium, and
rubidium, with potassium being especially preferred. The alkaline earth
metal may be either barium, strontium or calcium, preferably barium. The
15 alkali metal and/or alkaline earth metal can be incorporated into the zeolite
" by synthesis, impregnation or ion exchange. Barium is preferred to the
other alkaline earths because it results in a somewhat less acidic catélyst.
Stroﬁg acidity is undesirable in the catalyst because it promotes cracking,

resulting in lower selectivity.

20 * In another embodiment, at least part of the alkali metal can be
-exchanged with barium using known techniques for ion exchange of zeolites.
This involves contacting the zeolite with a solution containing excess Ba**
ions. In this embodiment, the barium should preferably constitute
from 0.1% to 35% by weight of the zeolite.

25  The large-pore zeolitic catalysts used in the dehydrogenation process

may be charged with one or more Group VIII metals, e.g., nickel,



dehydr ogenat abl e hydrocarbons. Thus, increased anounts of dehydrogenated
hydr ocar bons, such as butylene, may be produced. Furthernore, higher
terrperatures nay be used during dehydrogenation allow ng for increased

ol efin pr oducm,meethggge@tpﬁe [da@ enperatures required to dehydrogenate
propane (i.e., ra ures of [err] and higher) may be used .

wi t hout excessi H!Hﬂ mm burl zation and netal -dusting. Accordingly, the
i nvention can ss for -8- catalytically dehydrogenating a
hydr ocar bon. such as et hane, propane, n- ;ane | sobut ane, m xed but anes,
pent anes, isopentanes, detergent range pa:j ffins, and ethyl benzene to a

dehydrogenat ed oltﬁfdi%géﬁ@?%cw ro'rzpﬁtdnﬁﬂl r%ﬁé ﬁ&&%&%&hp be
e e - ’

mai nt ai ned at sy
VIII metal is platinum. If used, the preferred weight percentage of platinum

in the catalyst is between 0.1% and 5%, and more preferably' between 0.2
and 1.5%. |

5 Group VIII metals are introduced into large-pore zeolites by _
synthesis, impregnation or exchange in an agueous solution of appropriate
salt. When it is des1red to introduce two Group VIII metals into the zeolite,
the operation may be carried out simultaneously or sequentiélly.

While the above described catalyst composites are preferred, other
10 dehydrogenation catalysts known to those skilled in. the art may be used.
Such dehydrogenation éatalysts include those catalysts suitable for use in
dehydrogenation processes such as the Air Products Catafin™ process and
the Phillips Star™ process. |

Opﬁonally, the catalyst composite may also contain other, additional -
15 components or mixtures thereof which act along or in concert as catalyst
modifiers to improve catalyst acﬁvity, selectivity or stability. The catalyst
modifiers are preferably, but not necessarily, dispersed throughout the
catalyst composite in a uniform distribution. Some well—knowﬁ catalyst
modifiers indude antimony, arsenic, bismuth, cadmium,- chromium, cobalt,
20 copper, gallium, germanium, gbld-, indium, iron, manganese, nickel,
rhenium, scandium, silver, tantalum, thallium, titanium, tungsten, uranium,
~ zinc and zirconium. These additional components may be added in any
suitable manner to the carrier material during or after its preparation or they
may be added in any suitable manner to the catalytic composite either
25 before, while or after other_catalyﬁc components are incorporated.



.5 reactor syst em of _above [err], and even above [err]. Preferred.
hydr ocarbons are [err] hydrocarbons. The present -invention is particularly

useful for deki B e 'Eﬂ:esses that occur in abrasive environnments,
such as thosev\;l_ efl ex process. The [err] process has a
cat al yst bed [ _ ously noves fromreactor to regenerator.

Oxi dati on and oxychl orinati an occur during regeneration. The protective

| ayers used according to the invention would-be able to wthstand the
abrasion associated with the novenent of t al yst through reactors such as
nmovi ng bed and. fluidi zed bed reactors. Preferably, the coatings resist

abr asi ve danmage for 15 periqd suf.fici . I ' seCa skzat i on
for at |east 200 houf-’g,mﬁyéfsg%fo?%dgfﬁ%%ﬁeg(?g %ﬁaﬁisly%%%%%%&fprhgpg&ably :
at |east 800 hogbsrd0fit RAGioWn RaddMid tdeAtAES, toiihhibit $sonesizations and dreed t hat

preferred tin-baSed coatings of this invention, upon oxidation, produce
persi stent, harctacking attivitiehnormally concurrently experienced in the use of

unmodified noble metal composites in the dehydrogenaiion_ of hydrocarbon
5 feeds in the vapbr phase at elevated temperatures. See, e.g., U.S. Patent
- ~ No. 3,531,543 and U.S. Patent No. 4,717,216. The tin modifier component
may be present as an elemental metal, as a chemical cdmpound such as an '
oxide, sulfide, halide, oxychloride, etc., or as a physical or cheﬁ;ical

combination of the porous carrier material and/or other components of the

10 catalytic composite. The tin modifier component is preferably utilized in an |
amount sufficient to result in a final catalytic composite containing about
0.01 to about 10 weight percent tin, calculated on an elemental basis, with
best results obtained at leveis of about 0.1 to about 5 weight percent.

Optioné]ly, the catalyst used m the present invention may contain a

15 sulfur component. Generally, the sulfur component rn_ay comprise

B about 0.01 to 2 weight percent, calculated on the elemental basis, of the final
catalytic composite. The sulfur component may be incorporated into the
catalytic composite in any suitable manner, preferably, sulfur or a compbund
confaining sulfur such as hydrogen sulfide or a lower molecular weight

20 mercaptan, for example, is contacted with the catalyst composite in the
presence of hydrogen at a hydrogen to sulfur molar ratio of about 100 and a
temperature of from about 10° to about 140°C, preferably under water-free
conditions; to incorporate the sulfur component. Preferably, however, the
catdlyst composite does not include a sulfur component. In this regard,

25 sulfur free catalyst' systems are particularly preferréd. However, even when -
using the so-called sulfur sensitive catalyst composites, the composite may be
sulfided prior to use. o "



20 resistant nmixed netal oxide coatings. Surprisingly, these coatings
remain fixed to the netal surfaces during oxidation/reduction cycles. These
hard oxi de coO®tid Hay BremRepbicaif f ective in protecting the netal surface from
carburi zat i on,'i El!“" and coking.” Therefore, the preferred

protective:lay I n reduci ng environnments, in oxidizing

envi ronments, an I'n environnments that cycle between oxidation and
reduction, as often encountered.in dehydrogenati on processes. [err] -9-
Additional ly, it has now been surprisingly-iffound that preferred coatings of
this invention are sulfur-tolerant, for exanple, the tin-based protective

layers can tolerate upm tie pétfbchériicalintustry,a tdeRydrogeéhatidh Process” involves
the removal of hydrogen from a reactant to pfoduce an unsaturated bond
without the formation of subsfantial amounts of aromatic moieties (i.e., not
more than 10%, preferably not more than 5%, and even more preferably not
5 more than 1%). By “reactor syétem" as used herein there is intended at least
one dehydrogenation reactor and its corresponding piping, furnaces, furnace
tubes, heat exchangers, and the like effective to remove hydrogen froma
reactant to produce an unsaturated bond without the formation of substantial
amounts of aromatic moieties. Frequently, substantial portions of
10 dehydrogenatioh reactor systems including the reactors themselves are
constructed of stainless steels. Stainless steels as defined by The American
Society for Metals in the Metals Handbook, Desk Edition (1985), are those
steels containing at least 10% chromium with or without other elements.
However, in the United States, it is customary to include with stainless steels
15 those alloys that contain as little as 4% chromium. Thus, as used herein
 stainless steels are those steels which include at least 4% chromium,
preferably at least 10% chromium. -

Preferred stainless steels contain nickel, generally 8-10% nickel.
These steels include the so-called "300 Series” stainless steels, such as 304,
20 316, 316H and 347. Steels with substantially higher nickel contents, such as
- Incoloy steels, are not as useful in this invention. The high nickel content
results in excessively nickel-rich stannides in the protective layer which
come in contact with hydroca:bohs during operation. Very nickel-rich _
stannides are themselves coke producers and thus can result in plugging of
25 the reactor system.

Nickel-free steels including chromium molybdenum steels, such as 9
chrome/1 moly or 400 series steels such as 410, 420, 430 and 446 steels,
can also be protected according to the invention. As with stainless steels, a



protective layers elimnate the need to presulfide the netallurgy, reduce 5
sul fi de cgorrostom, —and-inprove-product val ues and waste di sposal due to

reduced | evel spQfspghiifWoen dpfa@i UM, Sb- and. Ge-based. protective |ayers can .
tol erate even hj evels, up to 5 or nore wt % Most preferably,
the | ayers can }mﬂilmglﬁ’&uhespective amounts of sulfur for a period of at
| east 200 hours} Bbly at |east 400 hours, and nost 10 preferably
at' | east 600 hours without degrading to an extent that carburization will
occur resulting in shut-down-of the systenygue to excessive coking. On the
ot her hand, the protective layers are also extrenely effective for

protecting met alcapiirlA66F révistAr? \Wrotettive lagetdis Prbvided By'a Thitknsss efféstive toThus,

the protective layers allow a variety of “sul fur levels to 15 be used in the

reactor system ompletelyi eover thegwirface of theystesl anddsalate\the stgeli fromy i n cat al yst
o the ystem  THERSBrRS: wiie Suaifielibge tidkmedie HnidtCRET 1 hebhelE”, T ove
catal yst perf or mijuid metal @mbritlhérits eTHChrotective layeR o rickel-fres isteels is
5 anchored to the 'st.e_el through an intermediate carbide-rich bonding layer that
containg carbide inclusions. This intermediate bonding layer is typically
chromium-enriched relative to the steel.

Because thé protective layers are exposed to the relatively harsh
conditions of dehydrogenation processes (e.g., high temperatures), the
10 profecﬁve layers must be of sufficient thickness to provide a substantially
complete coating of the underlying base metal. Even minor imperfections,
pinholes or other flaws in the protective layer can provide destructive
- carburization sites sufficient to shut-down operation.

In fact, it has been observed that at the interface between a stannide-
15 protected portion of steel and unprotected portion, relatively deep pitting and
carburization attack occurs; surprisingly more so than anywhere else across
the rest of the unprotected steel surface. This suggests that an incompletely
protected system is even more vulnerable to metallurgical failure than a
wholly unprotected system.

20 . The application of excessive amounts or thicknesses of the material
used to form the protective layer must also be avoided. If the layer is too

thick, liquid metal embrittlement can occur.

The protective layer must also maintain its integrity through
operation. As such, the protective codting must be sufficiently abrasion
25 resistant during catalyst loading, start-up, as well as during operation (e.g.,
it should be resistant to the abrasive effects of the catalyst moving through



Wth the foregoi ng, as well. as other obj é_cts, advant ages, features and 20
aspects of the disclosure that will beconme hereinafter apparent, the nature

of the discl osure-ray—benore-thearly understood by reference to the

detai | ed descri p%iggy‘iitmsgaﬁgam@mded clai ms. BRI EF DESCRI PTION OF THE

DRAW NG The fi gur il ess steel substrate having provided -
%iﬂ mun&&aﬂwl ayer which is anchored to the steel
e carbide-rich, nickel-depleted bonding

thereon a 25 prot
substrate through

| ayer . [err] -10- DETAILED DESCRI PTI ON @ THE PREFERRED EMBODI MENTS The
followi ng description is nmerely illustrative of preferred

the reactor). This is achieved through appropriate arichoring of the
protective layer to the steel substrate. According to the invention, the -
protective layer can be anchored to the steé.l substrate through an '
intermediate carbide-rich bonding layer.

5 Effective protective layers can be derived from a variety of metals
such as tin, copper, arsenic, 'anﬁmony, bismuth,' chromium, brass,
germanium, gallium, indium, selenium, tellurium, lwd and inte;rmetallic
compounds and alloys thereof, more preferably tin, germanium, antimony,
é.rsenic, selenium_, chromium and tellurium. Of these, tin, germanium and

10 antimony are more preferred, with tin being the most preferred. Gallium,
lead, bismuth, brass, indium #nd copper are less preferred, with brass being -
the least preferred. Lead, bismuth and indium do not react with iron;-_ They

- can be used on nickel-rich materials such as INCONEL 600 (75% Ni/16% -
chromium/7% Fe). |

‘15 One of these is first applied to a'portion (or portions) of a |
dehydrogenation reactor system as a plating, cladding or coating to a
thickness effective to provide a complete coating, while avoidihg thicknes’ses:
at which liquid metal embrittlement will occur. Then the plating, cladding
or coating is treated in a manner effective to form a protective layer which is

20 anchored to the steel substrate thereby providing the necessary abrasion
resistance. Preferably, the plating, cladding, or coating is resistant to |
abrasion, peeling or flaking for a period of 1 year, preferably 2 years, and

~ more preferably 3 years such that the reactor system will maintain its

carburization resistant properties without reapplication.

25 Multiple coatings can be applied. For example, a tin coating can be
applied, and cured, followed by copper plating. Although, it has been found
that copper is effective for preventing carburization and metal dusting, it



enbodi nents of. the invention and should not be considered as limting the
scope of the—+ﬂveﬂfr0n—rﬁ“any way, as the ill-ustrations and other
eqU|vaIents ) t rgﬁ lﬂ%ﬂﬁ heqone nore apparent to those versed in the art
in [ight of tﬁ? nd the acconpanying clains. As indicated
above, the-inv ted to an inproved nethod for dehydrogenati on.
The met hod incI nbtallic protective layers to at |east a
portion of the reactor systen1mhich i mpart | ong-term 10 carburi zati on,
enbrittlement and netal -dusting protectiopg. even at the high skin

t enperatures of furnace tubes used in dehyg?ogenatlon systens. Hydrocarbons

having 2 30 or MBS sepuA: ARfEE Bl dedl) DeeERd RllanEf Meobigr T 01

carbon atoms, egyservedyi Howevéty if heatechbirfacbds firdt eoated withStim)r themtlebl y, t he
hydr ocar bons incl ude et hane, propane, n-butane, |sob éﬁ] ed but anes,
pent anes, i sopeeApRet plate|will . well {p-the £pating, 7ad p Jdéﬁ’l‘a‘ait hyl benzene.

Preferred are bﬁ%@%ﬁn%%gﬁ%%@ﬁﬁace-[hﬁ?@ss&ﬂf ﬂﬁ%ﬁﬁﬁ?g stannide layer
| 5 functions as a glue which adheres the copper plate to the underlying steel.

Forming a protective layer aocordirig to the invention will depend on
temperature treatment after applicatioxi of the'aforementiqned metals, and the
nature of the base metal.

Taking the application of tin as an example, Ni3Sn, Ni3Sn2, and

10 Ni3Sn4 can all be expected in nickel-rich systems, and Fe3Sn, Fe3Sn2, and

" FeSn in iron-rich systems. Under temperature exposures of from about 925
to 1200°F, one can expect an X3Sn2 solid solution on stainless steels. On
nickel-free steels there is observed Fe3Sn2 overlain by FeSn. Below 925°F
one can expect FeSn2 but not Fe3Sn2. On stainless steels there is obsefved

1S FeSn overlain by FeSn2 overlain by Ni3Snd. At high temperatures, e.g.,

"~ 1600°F, there can be found (Ni,Fe)3Sn and (Ni,Fe)3Sn2 on stainless steels,
but no steel-tin alloy, while on nickel-free steels there is found a diffusion
layer of iron-tin alloy overlain by the phases Fe3Sn and Fe3Sn2.

A preferred embodiment of the invention is a method for
.20 dehydrogenaﬁng hydrocarbons in a reactor system including a stainless steel
portion, which comprise providing the stainless steel portion with a stannide
protective layer of sufficient thickness to isolate the stainless steel portion
from hydrocarbons, which protective layer is anchored to the steel substrate
through an intermediate carbide-rich, nickel-depleted Stainless steel bonding
25 layer. More particularly, the stannide layer is nickel-enriched and comprises
carbide inclusions, while th_e' intermediaté carbide-rich, nickel-depleted
" bonding layer comprises stannide inclusions. More preferably the. carbide



may -al so ‘i ncl ude normal paraffins up to [err] normal paraffins, branched
paraffins, normal olefins, branched olefins, diolefins, polyolefins, and
the 20 |ike hydr ocar bons. Thus; is intended to inhclude within the scope
of the |nventTlm13hbénHas£mhyﬂé natlon of any organic conpound capabl e of

bei ng dehydrog ce ol efinic products containing the sane
nunber of carb wer hydrogen at ons. Exanpl es may incl ude
ane,

i sobut ane, |sopen ane, 2-methyl-I|-dodecane, and the |ike 25
hydr ocar bons and cyclobutane cyclopentane21gyclododecane and the |ike
hydr ocar bons. [err] -11- Such dehydrogenat-ed hydrocarbons al so incl ude

those utilized tgneiysions are continuous as they extend, substantially without interruption,

| from the intermediate carblde-nch, nickel-depleted bonding layer into the
stannide layer, and the stannide inclusions are likewise continuous extending
from the stannide layer into the intermediate carbide-rich, nickel-depleted

5 bonding layer. The interface between the intermediate carbide-rich, nickel-

depleted bonding layer and the nickel-enriched stannide layer is irregular,
but is otherwise substantially without interruption. The extent to which the
aforementioned layers and inclusions develop are a function of the reducing
conditions and temperature at which the initial plating, cladding or other

10 cbaﬁng is treated, and the amount of time at which exposure is maintained.

The plating, cladding or coating of a chromium-rich,
nickel-containing steel with a layer of tin in effect creates a double protecnve
layer. An inner chromium rich layer which is resistant to carburization, '
coking, and metal-dusting and an outer stannide protective layer which is
15 also resistant to carburization, coking and metal-dusting results. This occurs
because when exposed to typical dehydrogenation temperatures, such as up |
. to about 1500°F, the tin reacts with the steel to form iron-nickel stannides.
_ Nickel is preferentially leached from the surface of the steel leaving behind a
layér of chromium rich steel. In some instances, it may be desirable to
20 remove the iron nickel stannide layer from the stainless steel to expose the

chromium rich steel layer.

For example, it was found that when.a tin cladding was applied to
a 304 grade stainless steel and heated at about 1200°F there resulted a
- chromium rich steel layer containing about 17% chromium and substantially
25 no nickel, comparable to 430 grade stainless steel. "

The plating, cladding or coating may be applied by methods including
electroplating, vapor depositing, and soaking of the chromium rich steel in a



make tackifying agents for adhesives, viscosity-index additives for notor
oils and, i npact-resistant and-anti-oxidant additives for plasti.cs.
Dehydr ogenat ed hydrocarbons may al so be used.in the manufacture of various"

cheni cal 5 prodbiephee eepReplacedr gent's, plastics, synthetic rubbers,
pharmaceuti cal ﬁﬁ y octane gasoline, perfunes, drying oils,

| on- exchange resij ifflus ot her products well known to those skilled
in the art. The dehydrogenat abl e ,hydrocarbons are contacted with a

catal ytic conposite in a dehydrogenati on Zxpae nai ntai ned at dehydrogenati on
10 conditions. This contacting may be acconplished in a fixed catal yst bed
- system a novi n&&@h%&ﬂtbmdwuéi@ﬁm@gfwﬁﬂlrﬁ@ﬂtbetﬁe%mhﬁﬁm fich btelg
bat ch-type operation. The dehydrogenation reaction zone itself nmay conprise
one or nore sepitrmap be dasirable towary the thickness of thenmetalb plating c¢laddingort o -

ensure that the t erature n.be intained at the 15 entr each
reaction zone twﬁ@ﬁmegﬁ%ﬂ?’éﬁgﬁ%ﬂ%% ?ﬁ?msﬁ'ﬁ%r%m aF@%ﬁgw@@j be
contacted W th hiaga1CkngS ThisOdnOsd d6hel By, . £.)) Qbijustii@ tie amount of time the

5 chromium rich steel is soaked in a molten tin bath. This will also affect the

thickness of the resulting chromium rich steel layer. It may also be desirable

to vary the cure témperature, or to vary the composition of the chromium
rich steel which is coated in order to control the chromitim concentration in
the chromium rich steel layer produced.

10 It has additionally been found that stannide protected steels can be
further protected from carburization, metal-dusting, and coking by a
post-treatment process which involves application of a thin oxide coating,

 preferably a chromium oxide, such as Cr,0,. This coating will be thin, as
thin as a few pm. The chromium oxide layer can be applied by various

15 methods including: application of a chromate or dichromate paint followed
by a reduction process; vapor treatment with an organo-chromium
compound; or application of a chromium metal plating followed by oxidation
of the resulting chromium plated steel. |

Where practical, it is preferred that the resistant materials be applied
20 in a paint-like formulation (hefein'after "paint”) to a new or existing reactor
system'. Such a paint can be sprayed, brushed, pigged, etc. on reactor
system surfaces such as stainless steels. It is most preferred that such a
paint be a decomposable, re'écti’ve paint which reduces to a reactive metal
preferably forming metallic stannides (e._g; , iron stannides and nickel/iron
25 siar_mides) upon heaﬁng in a reducing atmosphere.

In addition to applied thickness, viscosity and other properties of the
paint are important. The viscosity should be such that the paint can be



downward or radial flow fashion. The hydrocarbon may be in t he liquid

phase, a nm xed vapor-Tiquid-phase or the vapor phase when it contacts the

catal yst. Prmfs@h@bmg,gegm hygdriocarbon is in the vapor -phase. 20
Dehydrogenat| I nclude a tenperature of from about [err] to
about [err], !w from about 0.001 to about 25 atnobspheres and a
quuid'hourly y (LHSV) of about 0.01 to about 50 [err].

Preferred terrperatures_ are fromabout [err] to about [err], nore '
preferably, about [err] to about [err], a@8-nost 25 preferably [err] to
[err]. In the case of the | owest nol ecul ar wei ght hydrocarbons, e.g.,

propane, the hieabiy apﬂmem thaeit does nenprip yse@ooleue taxgawt}e Thelppmtat ures
greater than about [ er r r ef er abl y bet ween [err Lﬁxr rtL gg e,
preferred when $he mwge ed to themctor su aces icknéss o
' the pamt aﬁer application should be between 0.5 and 15 mils, preferably
between 1 and 10 mils, and most preferably between 2 and 8 mils.

5  The metallic coatings and, in particular, the paints, are preferably
produced under reducing conditions with hydrogen. Curing is preferably
done in the absence of hydrocarbons. When tin paints are applied at the
above—descnbed thicknesses, initial reducuon conditions will result in tin
rmgratmg to cover small regions (e.g., welds) which were not pamted This

10 wﬂl_completely coat the base metal. This curing results, for example, in a
strong protective layer preferably between 0.5 and 10 mils thick, and more
- preferably between 1 and 4 mils thick comprising intermetallic eompounds.
~ In the case of tin, stannide layers such as iron and nickel stannides are
formed. Microscopic analysis can readily determine the thickness of this
15 layer. Fer ease of measurement of paint and coating thickness, coupons can
be prepared which correspond to the painted reactor surface. These can be -
treated under identical conditions to the reactor system treatment. The
coupons can be used to determine paint and coating thickness.

For tin-containing paints, it is preferable to initially cure the paint at
20 temperatures below typical operating terhperatureS for dehydrogehation.
Curing temperatures between 500° and 1100°F, preferably between 900°
and 1000°F (especially for oxide-containing paints), providé a carburization-
resistant coating ﬂxat minimizes the incorporation of chromium in the

stannide eoating (which is undesirable).

25 . As an example of a suitable paint cﬁre', the system includirig painted
portions can be pressurized with N, followed by the addition of H, to a
concentration greater than or equal to 50% H;. The reactor inlet



--12- but ane. Preferred pressures range from about 0.1 atnospheres to about
5 at nospheres— Afeﬂes—pheﬁ—fr”pfessure IS very suitable in nost processes.

Preferred LHSV ran e %c(aut 0.2 [err] to about 30 [err], even nore

pr ef erably, about 5 [err]. 5 O course, those skilled
in the art WI m e5| red tenperature, pressure and LHSV depending
on the hydroc catal yst systens utilized. Generally, for

~normal. paraffins, the I ower the nol ecul ar wei ght, the higher the
tenperature requi red for conparabl e conve4&ion. The pressure in the
dehydrogenati on zone is maintained as |ow 10 as practicable, consistent
Wi th equi pment {enipeititecssn, bet issd o B0GF atherate of 50<100EB/hir] iThereafier the

advant ages. ‘The dehydrogenat abl e, hydroc be adm di | uent

gas before, whi tempsratume:can @géﬁp@%ﬁ-@%ﬁ%%aa@g t?’o#@'oﬂ’éd The

diluent materi af o fRafif M%Rg%efar aB6RUP notk. h@aﬁngfcaﬁlm vl gepided ifi trogen,
' pure H, at 1000°F to 1200°F for 2-24 hours.

5 As noted previoixsly, for stannide protective layers, curing

~ temperature will affect the characteristics of the protective layer. Hence,
care should be taken in curing the protective layer. For example, in the case
of a stannide protective layer applied by plating tin on an INCOLOY 800
substrate (a nickel-rich steel), exposure to low curing temperatures, i.e.,

10 three weeks at 650°F was observed to produce discrete iron and nickel
stannide phases with an unacceptably reactive nickel phase on the exterior.
However, exposure at higher temperatures, i.e., one week at 650°F followed
by two weeks at 1000°F, was observed to provide acceptable stannide phases
where the 'sganixide was reconstituted to comparable nickel and iron

15 abundance in each stannide .phase. Exposure to even higher temperatures,
i.e., one week at 650°F followed by one week at 1000°F and one week at
1200°F, showed a reconstitution of the stannide layer and carbide-rich under
layer, to produce potentially reactive nickel-rich stannides, particularly on
the surface of the protective layer. In this regard, .it is believed that

20 inclusion of iron, for example, in a paint formulation can be an effective

counter-measure when curing and operating at high temperatures.

The metal or metal compounds contained in the plating, cladding or
other coating are preferably cured under conditions effective to produce
molten metals and/or compounds. Thus, germanium and antimony paints are
25 preferably cured between 1000°F and 1400°F. |

It is most preferred that p'ainfs used accordihg to the invention contain
at least four components (or their functional equivalents); (i) a hydrogen



15 argon or the like, or a mxture thereof. Wen a di | uent gas is util i zed,
anmounts suffietent—to—ensure a-di.l uent gas to hydrocarbon nole ratio of’

about 0.1 to aq.u 2 with best results being obtained when the nole ratio
range is about 1 gEctEss Be&eplacedient hydrogen: stream passed to the
hydr ogenati on z u” u | l'y be recycl ed hydrogen separated fromthe .
20 effluent fro nati on zone in the hydrogen separation zone.
I n conventional dehydrogenation processes,_ sulfur-containing gases such as
[err] and hydrogen have been added to préﬁﬁht coki ng throughout the reactor

system In the nethods according to the invention, |ow sulfur_ levels are

pref ﬁr red. I fSuI f decompesabjel tio pompeund Hi) adwdvent syytem, (6 @. finghydixded tn f
e e of er r eqeis AR (ST EM, ifle 168 WAtk ot AiderBE BHGAL et i (200
EEZE 28 ppm sul Hdifit SOURT e6fiih firely bividedesblids né! nevimizoeéttding, ahésholld, | ess

not contain non-reactive materials which will prévent reaction of reactive tin
5 with surfaces of the reactor system. |
As the hy_drogén decombdsable tin cbmpound, tin octanoate is
particﬁlarly useful. Commercial formulations of this compound itself are -
available and will partially dry to an almost chewing-gum-like layer ona
steel surface; a layer which will not crack and/or split. This property is
10 preferable for any coating composition used in this context because it is
conceivable that the coated material will be stored for months prior to
treatment with hydrogen. Also, if parts are coated prior to assembly they
must be resistant to chipping during.constmction. As noted above, tin
octanoate is avé.i]able commercially. It is reasonably priced, and will
15 decompose smoothly to a reactive tin layer which forms iron stannide in
hydrogen at temperatures as low as 600°F.

Tin octanoate should not be used alone in a paint, howevér. It is not
sufficiently viscous. Even when the solvent is evaporated therefrom, the
remaining liquid will drip and run on the coated surface. 'In practice, for

20 exarﬁple, if such were used to coat a horizontal tube, it would pdol at the
bottom of the tube. '

Component (iv), the tin oxide sponge/dispersing/binding agent, is a
'porous tin-éontaining compound wﬁich can sponge-up an organo-metallic tin
compound, yet still be reduced to active tin in the reducing atmosphere. In
25 addition, tin oxide can be processed through a colloid mill to produce very
fine particles which resist rapid settling. The addition of tin oxide will
. provide a paint which becomes dry to the touch, and resists running.



_____ _Thus,-the process rray be conducted under reduced:
- amount's oréven in the absence of . added sul fur. and hydrogen. When using the
| ar ge- pore Zxﬁ{abhe‘eeiasatiﬁ? ‘vvhl ch are further -di scussed bel ow, feeds

_[err] -13- ppmsulfur

containing lo quur are preferred. 5 Preferably, the feed wll
contain | ess Ifur nore preferably, less than 5 ppm sul fur,
and even nore era l'y, less than 1 ppmsulfur. If necessary, a sulfur
sorber unit nay be enployed to renove sul fur. The dehydrogenation catalyst
conposi te shoul d exhibit high activity, Mgh selectivity and good

stability. Particularly preferred catalytic 10 conposites of the present

di scl osure include tUnkke typigabpaint thickeness; somgomu(;v)/ismelmwlsucMhaiME and a

solid inorgani ¢ carrier. Such cat tic, co 05|te re.well to those
skilled in the%sF?mS%a mﬁé redided " ft i8 Fot iR

formed silica; a typical paint thlckener which would _leave an unreactive

surface coating after treatment.

5 Finely divided tin metal, component (iii), is added to insure that
metallic tin is available to react with the surface to be coated at as low a
temperature as possible, even in a non-reducing atmosphere. The particle
size of the tin is preferably one to five microns which allows excellent
coverage of the surface to be coated with tin metal. Non-reducing coriditions

10 can occur during drying of the paint and welding of pipe joints. The
.presence of metallic tin ensures that even when part of the ceating is not
completely reduced, tin metal will be present to react and form the desired
stannide layer. e

The solvent should be non-toxic, and effective for rendering the paint
15 sprayable and spreadable when desired. It should also evaporate quickly and
.have compatible solvent properties for the hydrogen decomposable tin
compound. Isopropyl alcohol is most preférred, while hexane and pentane
can be useful, if necessary. Acetone, however, tends to precipitate organic
tin corhpounds.

20 _In one embodiment, there can be used a tm paint of 20 percent Tin
Ten-Cem (contains 20% tin as stannous octanoate in octanoic acid or
neodecanoate in neodecanoic acid), stannic oxide, tin metal powder and

isopropyl alcohol.

Iron bearing reactive paints are also useful in the processes of the
25 invention. More particularly, adding finely-ground, particulate iron or
dissolved iron to the tin paint is advantageous. It is believed that the iron



.Patent Nos. 3,531,543; 3,631,215, 3,864,284; 3,584,060; 4,191, 846;

. 4,595,637, 4,716, 143; 4,786, 625; 4,827,072; and 4,902, 849, the contents of:
15 which are_incorporated herein by reference. Particularly preferred

catal yst conposites include the platinumon alunmina catalysts and chrome on

al umna catal y SSh glagededs containing no or negligible sulfur,
there may be us ed sul fur sensitive |arge-pore zeolite type
cat al yst corrpos d wi th one or nore dehydrogenating

constituents patent ed by Chevron Research are useful. See, e.g., US.
Patent No. -4,727,216. The term | ar ge- por €“Zeol i te" is i ndi cative generally

of a zeolite haan an of 5 An Strons.
Pref erabl e | ar g4ilyiss E‘fegl %ﬁg%mﬁ%ﬂsﬁﬁtﬂewdﬁt ar ﬂa'tthté’ present
| nvention incl “%Sﬁfng %E&P&&nng%'tté fanrié&) ahe alko rédtﬂ!e& t& améitt of
fauj asite. These e appar ent '
chromium drawn from the steel into the coating. By adding particulate iron
or dissolved iron, protection is enhanced due to the formation of Fe
5 stannides. When adding iron to tin paints, it is preferred that the weight
ratio of tin to iron in the paint be between 10/1 and 1/1, preferably between
5/1 and 2/1. Preferred iron compounds include finely divided iron and iron

, oxide powders, iron salts, such as FeCl;; and organometallic iron

compounds, such as ferrocene

10 Addmg iron to a tin containing paint affords noteworthy advantages;
in particular: (i) it facilitates the reaction of the paint to form iron stannides
thereby acting as a flux; (ii) it dilutes the nickel concentration in the stannide
layer thereby providing better protection against coking; and (iii) it results in’
a paint which affords the anti-coking protection of iron stannides even if the
15 underlying surface does not react well. |

| As mentioned above, other resistant metals such as copper, arsenic,
antimony, bismuth, t:hromiﬁm, brass, germanium, gallium, chromium,
indium, lead, selenium, tellurium and mixtures thereof, may be employed in
ior as the protecting coating. For example, antimony and germanium paints
20 can be prepared using antimony and germanium metal suifides, oxides,
- halides or mixtures thereof. Reduction at temperatures between 1000°F to
~ 1400°F results in excellent adhesion of these metallic coating to the reactor
system surfaces. In part, it is believed that sulfide (and halide) paints are
especially useful because they are self-fluxing. They, therefore, result in |
25 cleanly attached and strongly adherent coatings or intermetallic layers.

Chromium paints are also especially useful in this invention. The use
of paints containing chromium halides is preferred, especially chromium



This Sheet Has Been Repl aced -14- sizes on the order of 7 to 9 Angstrons.
Most preferably, _the zeollte is atype L zeolite. The type L zeolite, its
X-ray diffraction pat pattern, T tsproperties, and nethod for its preparation
are descri bed |ﬁhld$tealﬂas3danR 'agﬁf bU S. Patent 5 No. 3,216,789, the conients

of which are her y reference. Zeolite Y is described in
nore detail in U 3 130,.007 the contents of which is hereby
i ncorporated by re eren |te X, its X-ray diffraction pattern, its

properties, and net hod for its preparatlon2 re described in detail in US.
Patent No. 2,882, 244 the contents of which“dre 10 hereby incor porat ed by

the large. o 2 b Pl A AL BRI B 8 chioBlS G SoRUFIERE 1
and , self-fluxing and form strongly adherent coatings. One advantage of the
chromium coatings is that they do not result in liquid metal embrittlement.
Chromium paints are preferably reduced at higher temperatures than tin
5 paints in order to prodﬁce metalli¢ chromium-containing coatings. Useful

-

reduction temperatures are above 1200°F, preferably at about 1400°F or -
higher.

Another technique for obtaining a satisfactory protective layei for use
in the present invention is through the use of a novel catalyst load for
10 dehydrogenating a dehydrogenatable hydrocarbon to produce a hydrocarbon
product contaimjng the same number of carbon atoms but fewer hydrogen
atoms. Again using an anchored stannide protective layer as an example, a
catalyst composite can be "surface-treated” with a carburization reduéing |
amount of tm dust. This tin dust will provide a.source of tin which will
- 15 form a protective stannide layer within the reactor system, which can be less
than 1 micron thick. The stannide layer prevents or inhibits carburization
during the dehydrogenation process. It has been observed that the tin forms .
~ a continuous smooth stannide layer on desired surfaces within the reactor
system. |

20 Accordingly, by use of the phrase "catalyst load,"” it is meant a
catalyst composite otherwise suitable for dehydrogenating a dehydrogenatable
hydrocarbon "surface-treated” with tin dust in an amount effective to reduce
or inhibit carburization during the dehydrogenatlon process.

*Surface- treatmg includes those means of contact with the catalyst

25 composite which do not involve bonding of the tin dust to or in the

composite. |



fubi dium w th potassium being especially preferred. The al kaline earth
.metal nmay be either barium strontiumor calcium preferably barium The 15
al kali metal and/or alkaline earth nmetal can be incorporated into the

zeolite by syrirhixShéeesHasl eI on or i on exchange. Bariumis preferred to
t he ot her al kal use it results in a somewhat |ess acidic
catal yst. St ron!;nﬂuﬁmmlmﬁllﬁ

cracking, resulting I'n

desirable in_the catal yst because it pronotes
ower selectivity. 20 I n anot her enbodi nent,
at least part of the alkali nmetal can be ®Rthanged with barium using known

techni ques for ion exchange of zeolites. This involves contacting the
. zeolite with a sol utAban ezampleefnpusface-tisating; i patalystscomnesite, particles i nent |

che bar i shou e B PRl e T A BT 1
dehydr OgeEalt | OpapticleL6:s theklvke such tAstoRd tind dult 5ia cdhtadDivith i@ surfadel of aret al S,
© 9 ME catmtyst composite and/or in the interstices between adjacent catalyst

5 composite particles.

"Surface-treating” does not include uniformly dispersing elemental tin
throughout the catalyst composite or even surface-impregnating tin into a
catalyst composité as taught in the prior art. That is, "surface-treating” does
not include making the tin dust a physical part of the catalyst composite,

10 i.e., forming a bond between the tin and the remainder of the catalyst
composition such that the tin is prevented: from forming a stannide layer on
surfaces of the reactor system. In this regard, ﬂle tin dust used to treat the
surface of the qafalyst composite should not be confused with a "tin ’
modifier" for the catalyét composite. A tin modifier is a physical part of the

15 catalyst composite used to inhibit isomerization and cracking activities
whereas the tin dust is a surface treatment on the catalyst composite used to
inhibit coking, carburization and metal-dusting in the reactor system.

Preferably, the tin dust is used in an amount sufficient to inhibit
carburization which occurs during dehydrogenation of the dehydrogenatable
20 hydrocarbon. Such amounts may include about 0.1 to about 20 weight
percent, but will ultimately depend on the reactor surface to be protected.
Of course, the lower the amount used, the better for reasons of economy.
The tin dust preferably has a particle size of from about 0.1 to 25 micron.
Even more 'preferably, the tin dust has a particle size of from about 1 to
25 .about 5 microns. In any event, the amount and size of the tin dust should be
such that a stannide layer is formed on desired surfaces within the reactor
system, | | |



[‘er'r] -15- ruthenium rhodi um. pall adi um iridiumor platinum The

preferred Goup VIII netal is platinum If used, the preferred wei ght
per cent age offhi i Hag Been Regldved cat al yst is between 0.1 % and 5% and nore
preferably bet .5% 5 Goup VIIl netals are introduced
I nto | arge-por synt hesi s,” i npregnati on or exchange in an

aqueous solution of approprate salt. Wien it is desired to introduce two
Goup VIIl netals into the zeolite, the ogeratlon may. be carried out

si mul taneously or sequentially. Wile the Bbove descri bed cat al yst
conposites are preferred, other 10 dehydrogenatlon catal ysts known to those

skilled in the art nff cpgrsgsesnrfagg@qamwmg@mqmphsm usipg other maetalge
those gat al yStSyai i‘ér?tp pr%téc?ig/e 'ﬁferi On desired surfaces of the reactor system. - Such

other metals include, but are not limited to antimony, arsenic, bismuth,

 germanium, indium, lead; selenium and tellurium.

5 "To obtain a more complete understanding of the present disclosure,
the following examples illustrating certain aspects of the invention are set
forth. It should be understood, however, that the disclosure is not limited in
any way to the specific detmls set forth therein.

Example 1
10 A stannide protective layer was provided on a type 304 stainless steel
screen. In particular, the screen sample was tin-plated and exposed to a |
carburizing atmosphere of 1% toluene in 7% propane in hydrogen.
Exposure was continued for 14 weeks at 1150°F, with periodic temperature
cycling between high and low temperatures.

15 Upon comipletion of the run, the screen sample was mounted in epoxy
resin, ground, and polished for examination with petrographic and scanning
electron microscopes. No peeling or deleterious chemical alteration of the .
stannide layer was observed. The Figureis a photom1crograph1c illustration
of the structure of the sample. Three major regions can be identified from

20 the photomicrograph. Reference number 1 identifies the region of the
stainless steel substrate. Reference number 2 identifies an intermediate
region which is a nickel-depleted, carbide-rich stainless steel bonding layer;
Reference number 3 idenﬁﬁes a region which is a nickel-enriched, stannide |

- protective layer. The inclusions identified by reference numbers 4 and 5 s

25 appearing in the carbide and stannide phases, respectively, are stannide
inclusions (4) and carbide inclusions (5), which anchor the stannide
protective layer. As can be seen, substantially all of these inclusions were



dehydr ogenation processes such as the Air Products [err] process and the
Phi | I'i ps, [erﬂ«pfﬂeess——a%i—enal I'y, . the catal yst conposite may al so contain
ot her, addi t.llh et 5 co one t:s or mxtures thereof which act along or in
concert as ca 3 as ¥ to inprove catalyst activity, selectivity or
stability. Th ] f| ers are preferably, but not necessarily,

di spersed thr tal yst conposite in a uniformdistribution. Sone
wel | - known cat al yst m)dl fiers include antinony, arsenic, bisnmuth, cadm um
chrom um cobalt, 20 copper, gallium ger'ﬁémi um gol d, i ndi um iron,

manganese, nickel, rhenium scandium silver, tantalum thalli um titani um
tungst en, ur ani ehserveilito extend contimaushy frometheir sowiceinbase. %‘bm aies may be

D epar ati on or paiagen i BFelials' GRoiRch? hickB debidie Sl sl Boddife | 2
conposi t et eht h%yéi-S aheftﬁbs flickeibénrivhed sahhide 18yeh 6§ ueegmmrybupwmomonent s are
i ncor porate

interruption.

' A stannide type 347 stainless steel coupon of 3 cm length and 1 cm
width was pamted with a tin-containing paint prepared by mixing together 7
parts by weight Tin Ten Cem (Mooney Chemical Co.), 6 parts by weight
isopropyl alcohiol, 14 parts by weight tin powder (1-5 microns), 14 parts by

10 weight stannic oxide (-325 mesh) and 5% Fe,0;. The painted coupon was
then reduced in hydrogen for 48 hours at 1000°F and a cured, carburization
and abrasion resistant protective layer was provided. The thickness of the
protective layer was observed to be approximately 0.5 to 1 mil. Visual
inspection of the coupon confirmed 100% protective layer coverage. The

15 coupon was placed in a reactor where it was subjected to a moving catalyst
bed under oxychlorination (O,,Cl,+HCI and H,) conditions. The coupon
was maintained in this environment for two months at temperatures ranging
from 800°F, to temperatures perhaps as high as 2000°F.

The coupon was then removed and examined. It was uniformly gtay
20 brown in appearance. Tt was cut about % inch from the end, and the % inch
section was mounted in an époxy resin, ground, and polished for .
examination with petrographic and scanning electron microscopies (SEM).
Examination of the polished section by reflected iight or by electron
backscatter image SEM revealed a smooth, continuous coating oﬁ all sides of
25 the coupon. This experiment demonstrates that the application of a stannide
~ protective layer according to the invention provides a protective layer which |

is sufficiently abrasion resistant under commercial-scale conditions.



-16-" Tin mm#4ﬂéx>imyused—as~a modi fier of the catal yst conposite. In this
regard, jt |s kno to in to catalysts to inhibit isomerization and

t he cracklﬁ |1y concurrently experienced in the use of
unnodi fi ed osites in the dehydrogenati on of hydrocarbon 5
f eeds in‘th t elevated tenperatures. See; e.g., U S Patent
No. 3,531, 543 and U S Patent No. 4,717,216. The tin nodifier conponent nmay
be present as an elenental netal, as a chemi ggl conpound such as an oxi de,
sul fide, halide, oxychloride, etc., or as a pHysical or chem cal

~conbi nation.of the porous carrier -material_and/or other conponents of the
10 catalytic conposite. The tin nodifier m IS preferably utilized

in an amount suffici entgdfe cEfidreiald &%‘Fﬁ?}ate on a t&&npﬁ })Qéx{” ng

about 0.01 to about 10 wel ght -percent errenta
basis, with containing environments. The presence of halogens adversely affects raw

steels. The protective layers of the invention are surprisingly effective for
5 isolating the steels from those halogen effects. Some protective layers of the
invention are effective at even high halogen concentrations.

The following tests were run to demonstrate the effectiveness of
protective layers for isolating underlying metallurgy from halogen containing
environments. The tests were done in a Lindberg quartz tube furnace.

10 Samples of stainless steel, provided with stannide protective layers
and chromium protective layers, were tested at 1000°F and 1200°F for
‘twenty-one hours, in the presence of methylchloride. The coupons were
placed in an open quartz boat within the hot zone of a tube furnace. The
tube was flushed with nitrogen for a few minutes. Then the samples were

15 exposed Ot'o a hydrocarbon gas. For experiments using 10,000 ppm halogen,
the gas was a 1% CH,;Cl in'hydrogen. For those using 1,000 ppm halogen,
the gas was a mixture of 0.1% CH,Cl in 7% propane in hydrogen. Gas.
flows. were 25 to 30 cc/min. at atmospheric pressure. The.samplles were
rapidly brought to operating temperatures.

20 ~ The test results are shown in the following Table. A "pass” result
means the samples did not form substantial amounts of coke on the metal

surface.



best results obtained at levels of about 0.1 to about 5 weight percent.
Optikonal ]y, the catalyst used in the present invention-nay contain a 15
sul fur conponent._GCenerally;—tthe sul fur conponent may conprise about 0.01
-to 2 weight percent, calculatied on the elemental basis, of the final

catal yti c cory as o ¥ ae1‘:‘u'r conponent may be incorporated into the
catalytic co ““ ui tabl e manner, preferably, sulfur or a _
conmpound cont uch as hydrogen sulfide or a | ower nol ecul ar
wei ght 20 nercaptan, for exanple, is cont-33ted with the catal yst conposite
in the presence of hydrogen at a hydrogen to sulfur nolar ratio of about
100 and a tenperature of fromabout 10 to about [err],. preferably under
wat er-free o[,.,_-_s —d-Q i ncorpnorate the gulfur conponon bl y,

however, the caf al yst conposite does not,i,,pl ude sul fur orrpnent In
However - even Wi TS TIF oo calT s sl Tur Sersrrrvel gty
conposites, th %mosﬁ%kriyrm-ﬁ'lﬂmm b iS | et
5 u 1 | 10000 | 1000 Fail ' Pass Pass
10,000 1200 Fail Fail - Pass
1,000 1200 Fail "

The results show that a stannide protected steel can w1thstand high
halogen concentrations at 1000°F, but the protective layer is not as effective
10 at 1200°F. Chrome protective layers were effective under all conditions
tested.

~omparativi el
A reactor tube made of 0.25 inch OD 316 stainless steel seamless
pipe 8.75 inches long was prepared by cleaning the surfaces of the reactor to
15 be exposed to hydrocafbons with soap and water, and drying with an organic
solvent. The reactor was preheated and maintained at 1250°F. Toluene at
25 pl/min was fed into the reactor with hydrogen at 20 cc/min. The reactor
press_ure was maintained at approximately 100 psig. The reactor was
- completely plugged with coke formed by carburization when checked
20 after 65.6 hours of operation. '

Comparative Example 2
A reactor tube was prepared as described in Comparative Example 1.
The reactor was pretreated and maintained at 1400°F. Again, toluene at 25
;:;l/min was fed into the reactor with hydrogen at 20 cc/min. ‘The reactor
25 pressure was maintained at approximately 100 psig. The reactor was
completely plugged with coke due to carburization when checked after 5.7

hours of operation.



[err] -17- In the petrochem cal industry, a "dehydrogenati on process"
i nvofves the renoval of hydrogen froma reactant to produce an unsaturated
bond Wi t hout—tHe T6Fimation of substantial amounts of afomatic noieties

(i.e., not W?ﬁlgs&aﬂasw%ﬁﬂf erably not nore than 5% and even nore

preferably not "reactor systent as used herein there
IS intended at
pi pi ng, furna ce

ydrogenatlon reactor and its corresponding
ubes, heat exchangers, and the |ike effective to
.renove hydrogen froma reactant to produce34én unsaturated bond wi thout the
formation of substantial amounts of aromatic noieties. Frequently,
substantial portions of 10 dehydr ogenat Ezampleatt or systens including the
reactors themsel ves A% reactor tube made of 0.25 inch OD 316 stainless steel seamless
| pipe 8.75 inches long was prepared by cleaning the surfaces of the reactor to
be exposed to the hydrocarbons w1th soap and water, and drying with an
5 oi'ganic solvent. The reactor was then coated by pouring a tin paint into one
~ end of the reactor, draining the excess, pouring the tin paint into the other
end of the reactor, draunng the excess, and then curing the coating at
approximately 1050°F for apprommately 40 hours. The tin paint used for
coating the reactor was prepared by mixing together by weight 7 parts Tin
10 Ten Cem (Mooney Chemical, Co.), 6 parts isopropyl alcohol, 14 parts tin
- powder (1-5 microns) _.and 14 parts stannic oxide (-325 mesh) and 5% Fe,0,
in paint mixture. Toluene at 24 pl/min was fed into the reactor with
| hydrogen at 20 cc/min for approximately 596 hours of operation at 1400°F.
. No plugging occurred but operational problems in letdown sysiem caused
15 shutdown.

Example 5
A reactor tube was prepared as described in Exami)le 4 except that no
Fe,0; was used in the paint. Into the reactor which was maintained at
| 1250°F and 100 psig, toluene at 25 p.l/rhin and hydrogen at 20 cc/min were
20 introduced for approximately 88 hours of operation. Then, the temperature
was raised to 1400°F. The reaction was continued until approximately 303
hours of operation occurred. -No plugging of the reactor occurred.

Example 6
A reactor tube was prepared as described in Example 4. The reactor

25 was preheated and maintained at a temperature of 1400°F. Toluene at 25
ul/min was fed into the reactor with hydrogen at 10 cc/min. The reactor
pressure was maintained at.approximately 100 psig. The reaction was
allowed to proceed for at least 597 hours before ch':mging the feed to



‘constructed of stainless steels. Stainless steels as defined by The
Anerican Soci ety for Metal's i,n the Metals Handbook, Desk Edition (1985),
are those %ESH&tMB’&@IH&p]E@dat | east 10% chrom umW|th or w thout other

el enents. .Ho United States, it is customary to include with
stai nless st rmlnmlxtlg’llal | oys that contain as little as 4% chrom um
Thus, as use ereln's | ess steels are those steels which include at

| east 4% chromium preferably at |east 10% chrom um Preferred. stainless
steels contain nickel, generally 8-10% nf®Rel. These steels |ncI ude the
so-called "300 Series" stainless _steels, such as 304, 20 316 and 347
Steel s with subdesne aNoyplngging of the-reactor oaeusrrdduring.appsaximately 00 st eel s,
are not as use ‘ku'? ?Ehﬁ[hnventlon The high nickel content results in
excessively nic -Ti Pahni des in the protective |ayer which cone in
contact wi th hydrocarbons during operation. Very nickel-rich stannides are
t hensel ves coke producers and thus can_resylt in plugging of 25 the reactor
Syst em Mﬁ . :

A reactor tube was prepared as described in Example 5. The reactor
5 was preheated and maintained at 1400°F. Toluene containing 50 ppm CS, at
25 pl/min was fed into the reactor with-hydrogen at 10 cc/min. The reaction
pressure was maintained at approximately 100 psig. After approximately 44
hours of operation, the amount of CS, in the toluene feed was reduced to 5
ppm. After approkimlately' 719 hours of operation, the amount of CS, in the
10 toluene feed, was reduced to 0.5 ppm. The reactor was not plugged upon
~ reading approximately 1079 hours of operation, but plugged upon reading
‘approximately 1219 hours of operation due to an operational' problem in the
letdown system.

: N Exgmp. le §
15 A reactor tube was prepared as described in Example 5. The reactor
" was preheated and maintained at api)roxima;ely 1400°F. Toluene containing
50 ppm CS; at 25 xl/min was fed into the reactor with hydrogen of 10
cc/min. The reactor pressure was maintained at approximately 100 psig.
The reactor was shut down upon r&.chihg approximately 695 hours of
20 operation. No pluggihg occurred. .

The sulfur had no detectable effect on the prdtective layer when
viewed by microscopy.

~ Comparative Example 3
A platinum loaded L-zeolite catalyst composite was modified by the
25 addition of 0.25 wt% of a tin modifier. The catalyst composite was used as
" crushed particles having a 24-42 mesh with a bulk density of about 0.7



Ni ckel -free steels including "chroni um nol ybdenum steel s, such as 9 chrone/l|

nmoly or 400 series steefs such as 410, 420, 430 and 446 steels, can al so be
prot ect ed acrﬁi@sﬁ&msh&nt,llgﬁacwvention. As with stainless steels, a  [err]

-18- . carburfi i Hjant. protective layer is provided to a thickness
effective to u["H er ithe surface of the steel and isolate the
steel fromh ' Il e avoi di ng those thicknesses which lead to

substantial liquid netal enbrittlenment. The protective |ayer on nickel-free
steels is 5 anchored to the steel thr ough‘%ﬁT intermedi ate carbide-rich
bondi ng | ayer that contains carbide inclusions. This internedi ate bonding -
| ayer is typi cagrams/ér.omharcatalist compositel was also presulfidedt &dla reactor -

temperature of 1100°F, atmospheric pressure, 5 LHSV and H,/HC ratio .

of 3/1, isobutane was fed into a quartz reactor using the tin-modified

sulfided catalyst composite. The tin-modified sulfided catalyst composite
5 converted 50% of the isobutane with 88% selectivity of the product to

_ isobutylene.

Comparative Example 4
Comparative Example 3 was repeated at a reactor temperature

of 1050°F. The tin-modified sulfided catalyst composite converted 35% of
10 the isobutane with 92% selectivity of the product to isobutylene.

Comparative Example 5
Comparative Example 3 was repeated at a reactor temperature

of 1100°F in a stainless steel reactor. The tin-modified sulfided catalyst
converted 42% of the isobutane with 79% selectivity of the product to
15 isobutylene.. ' |

Comparative Example |
Comparative Example 3 was repeated with an unsulfided catalyst
composite and an isobutane feed with 50 ppm H,Sin a stainless steel reactor
~at 1100°F. The catalyst composite converted 18% of the isobutane with a
20 94% selectivity of the product to isobutylene. “This example shows the
_detrimental effect of sulfur in the hydrocarbon feed.

Examples 9-11 _

In Example 9, Coniparative Example 6 -was repeated with a catalyst
surface-treated with 10 wt% "Pixie Dust", a 1-5 micron size tin powder and

25 without sulfur in the feed. The surface-treated catalyst composite converted
50% of the isobutane with 93% selectivity of the product to isobutylene



Because the protective layers are exposed to the relatively harsh
condltlons—of—ﬁéﬁydrogenatlon processes (e.g., high tenperatures), the 10

protective E&HM 1a0dd SUffI cient thickness to provi de a
Ll ng of the underlying base metal. Even ninor

subst anti al i
|rrperfect|on B Wil ot her flaws in the protective |ayer can provide
destructive 1

Ites sufficient to shut-down operation. In fact,
it has. been observed that at the interface between a stanni de- 15 protect ed
portion of steel and unprotected portion,-3%l atively deep pitting and
carburization attack occurs; surprisingly nore so than anywhere el se across
the rest of the mﬂmubcdcﬂpldggngébremrﬁwodmnﬁmdshmggén&amphtl(b,n '

‘inconpletely prqtec stemis, e re vuln I aIIur
failure than a %&‘&NP& ﬁés i'g ﬁqceﬁatefca%aq &ff@“?ﬁﬁ‘l?ﬁ%ﬂv
eXCessi ve anmbuniggepbf tHel issBiRARONILR 0498l | Fl thé! pRsuECtol isbBUty RAe _
protective |layer nust also be avoided. If theé layer is too thick, liquid
met al enbri tt| emvdtitout eokeoplugging for over two hundred hours. In Example 11,
5 Example 9 was repeated at a reactor. temperature of 1150°F. The
surface-treated catalyst composite converted 57% of the isobutane with 94 %
selectivity of the product to isobutylene without coke plugging for over two

hundred hours.

Example 12

10  An L-zeolite catalyst composite modified by the addition of 0.25 Wt%
of a tin modifier. The catzlyst composite was used as crushed particles
having a 24-42 mesh with a bulk density of about 0.7 grams/cc. Ata
reactor temperature of 1200°F, atmospleric pressure, S LHSV and H,/HC
ratio of 1/1, propﬁne was fed into a tin coated stainless steel reactor using

15 the surface-treated catalyst composite. The surface-treated catalyst
composite converted 48% of the propane with 88% selectivity to propylene.
with no sulfur in the systém and no coke 'plugging for the length of the run,
i.e., about 120 hours. ‘

While the invention has been described above in terms of preferred
20 embodiments, it is to be understood that variations and modifications may be
used as will be appreciated by those skilled in the art. Essentially, therefore,
there are many variations and modifications to the above preferred
embodiments which will be readily evident to those skilled in the art and
which are to be considered within the scope of the invention as defined by
25 the following claims. |



The protective |layer nust also maintain its inregfiﬂ-mpgugh_apﬁati'on. As
suchy the protective coating nust be sufficientl rasi on 25 resistant '

duri ng ca tart-up, as durs ot \ineMaced g, | it
shoul d bemum “,Lmﬂ ﬁ abr asi ve 7 ﬁcts of: td ﬂ i ng through
[err] -19-*thé react orS) his is achieved throug nchoring of
t he prot ectlve | ayer to the steel substrate. According to the invention,
the pro ge | ayer can be anchored to the steel substrate through an

i nterne S car bi de-ri ch bondi ng layer. 5 Ef fective protective

| ayers can he den yark O VAEhPE¥ogEnaRY BhS coMER 18 n:N, CcOpper,

ar seni c, antlm)ny bi smut h, .chrom um ~ brass,
(i) providing a carburlzatlon and abrasion resistant

protective layer to a steel _portlon of a dehydrogenatlon reactor
system by (a) applying to the steel portion a metal plating,
claddlng, paint or other coating of a metal effective for forming
a carburlzatlon resistant protectlve layer, to a thickness
effective to lsolate the steel portion from hydrocarbons during
operation while . ‘avoiding any substantial liquid metal
embrittlement, and (b) forming the prot;ective layer, anchored to
the steel portion through an intermediate 'cérbide‘-—rich bonding

layer; , , : :
(ii) catalytically dehydrogenating a dehydrogenatable

hydrocarbon. ' ' :
2. A method for dehydrogenation according to claim 1

compfising anchoring the protective layer to the steel portion
through an intermediate carbide-rich, nickel-depleted bonding
layer. '

3. A method for dehydrogenatlng a dehydrogenatable
hydrocarbon comprising contacting said hydrocarbon in a reactor
system with a dehydrogenation catalyst under 1low sulfur
dehydrogenation conditions, wherein at least a portion of the
reactor system in contact with the hydrocarbon has been pretreated
with a carburization resistant coating to an extent effective to
increase the carburization resistance of the reactor system.

4. A method according to any one of claims 1, 2 and 347
wherein the metal is applied as.a plating, cladding, paint or other.
coating comprising at least one metal in major propdrtioh selected
from the group of antimony, arsenic, bismuth, copper, chromium,
‘gallium, germanium, indium, 1ead,. selenium, tellurium, tin and

mixtures thereof.



gernahi um“gaﬁﬂmﬁr—ndr—um_ﬁel eni um teIIurium Iead and |nterrretaII|c

conmgunds a t hereof , nmore preferably ti hw
ar seni c, ﬁmﬂﬁ m ﬂmmm,and tellurium O thes | um and 10
ant i nony ar with tin beﬁﬂgtherm Gallrum
| ead, bisnuth, brass, | ndi dm and copper are |ess pref erred W brass

bei ng t he Ieast preferred Lead, bisnuth and indiumdo not react with iron.

Th b d ckel h l.s .such as | NOONEL . 5% /16%
chr om unt 7960y . AGeLef aqrd IR S e B, WppProictadaspol ohoh ob

port i onsdtadf xas o@éryedm’ogénﬁromn theacgtmuups;csﬁ emtasmanyp! aswniac) amhmnglum,

232?11?% i Sy ch Y Pl PR oy i el PR B (A T e

t he pl ating, cl adding or coating is. treated in a manner effective to forma

protective lQayer AMGhdd 2L ARGHY 2 b tBﬁeS&?E‘él Hrf?tlr abe shepebyq s,

provi di ng the necessary abrasion resistance. Prefera ‘thé plating,
cl addi nfer@in das ﬁ@tpﬁ. iesppPiiedt @s a plating, claddlng, paint or other

coating comprising tin or chromium. -

7. A method according to any orie of claims I, 2, 3, 4, 5 and
6, wherein the metal is applied as a tin-containing paint.

8. A method according to claim 7, wherein the tin-containing
paint includes iron and/or the tin-containing paint comprising a
hydrogen decomposable tin compound, a solvent system, a finely
divided tin metal and tin oxide. '

9. A method for dehydrogenatlon comprising:

(i) providing a carburization and abrasion resistant stannlde
protective 1ayer to-a stainless steel portlon of a dehydrogenation
reactor system by (a) applylng to the stainless steel portion a
metal plating, claddlng, paint or other coating of - tin to a
thickness effective to isolate the stainless steel portion from
hydrocarbons during operation while avoiding any substantial liquid
metal embrittlement and (b) forming a nickel-ehriched stannide

.protective iayer'comprising carbide inclusions, anchored to the
stainless steel portion through an intermediate carbide—rich,
nickel—depleted_stéinleSs steel bonding layer comprising stannide.
inclusions;

(ii) catalytically dehydrogenating a dehydrogenatable

hydrocarbon.

. 10. A method for dehydrogenation according to claim 9,
wherein the <carbide inclusid_ns are continuous, extending,
substantially without interruption, from the intermediate carbide-
rich, nickel-depleted bonding layer into the stannide phase, and



abraéion peeling or flaklng for a peri od of 1-year, preferably 2 years,
and ,nore, preféjf mg gaReplgech that the reactor systemw |l maintain its
Tl

carburi Zati on re;:arerrs)l \é\/l tgotj;[ nrgggt I,IMHMrImﬁm[j”"Ld l\/glnéi pl e

coatings can b
cured, followed by copper plating. Al th8Qgh, it has ‘beén fouhd that copper
Is effective for preventing carburization and netal dusting, it [err]

-20- dogge “%Eaﬂﬁ‘mgéa' |n¥:l"i‘1‘.js|1‘3n‘°s vu-a{] é&néiﬁ@au Pesktea?ﬁﬂe} flsdia i 418,

copper IS serve However, e steel sur ace’is firdf coated with tin,

then t Helthspiperiptanemtion aoﬁrﬁé?nétﬂ@l stepnide Le¥erniptatdeinnemediate

addltl(HﬁﬁbiuéﬂﬁﬁéhPnni@kémedégléteaubéﬁagng|Qa?%%@nce the resulting
st anni de | ayer _ '

1. A met_hod according to claims 9 and 10, wherein the
interface between the intermediate carbide-rich, nickel-depleted
bonding layer’' is irregular, but substantially without interruption.

12. A method according to any of claims 1-11, dehydrogenatihg
ethane, propane, n-butane, isobutane, mixed butanes, pentanes,
- isopentanes and/or ethyl benzene to an olefinic product,

_ "13. A method according to any one of claims 1~12, comprising
* dehydrogenating propane and/or butane.

14. A method according to any one of claims 1-13, wherein
sulfur levels in the reactor system do not exceed about 20 ppm.

15. A method accordihg to claim 14, wherein sulfur levels do
not exceed 1 ppm. '

16. A method according to any.oné of claims 1-15, comprising
applying the protective layer to a thickness of between 0.5 mils
and 15 mils.

17. A method according to any one of claims 16, comprising
applylng the protectlve layer to a thickness of between 1 and 10
mils.

18. A method according to anf one of claims 17, comprising
applying the protective layer to a thickness of 2 to 8 mils.

19. A method according to any one of claims 1-18, comprising
applying the protective layer to a portion of the reactor system
which exhibits a skin temperature of at least 1000°F during



5 functions as a_ | ue which adheres the copper plate to the underlying '
steal. Form ng A epl ér according to the invention will depend on
tenperature treaf t F plication of t he af orementt+oned-—etal s, and

t he nat.ure of th S L) Taklng tndlapplic n_as an exanple

Ni 3Sn, Ni 3Sn2, and 10 Ni 38n4 can all be expect esimiﬂ @bm ystems

and Fe3Sn, Fe3Sn2, and FeSn in iron-rich systens. ure
exposur@shmrcﬁthb@m 925 to [err], one can expect. an [err] soI i d

sol ution on stainless steels. On nickel-free steels there is observed
Fe3Sn2 overlain by FeSn. Below.[err] one can expect FeSn2 but not  Fe3Sn2.

On st ai nl ess2®t ech smekbpd acoEdiNEdta5apESPNe 9F afkaby fesnzamprising by
Ni 3Sn4. 5 @s %1'9% €ﬁ3@p F8LHERS vel 1hyied &d la lsaﬁfﬁoﬁaafben@%chr Fs%)s?t%h
and (N, %&b

on s alnless steel's, but no steel-tin alloy
ni ckel _h

sEXRIbIGRr 8 | SKEBUNPRPRF 2 FUES 0P aidr BFaFFoni%‘?‘?f’%I I‘%}}Flng

over | ai detydidigedieses. Fe3Sn and Fe3Sn2. A preferred enbodi ment of the
|nvent|on|sanethodfor :

21. A method according to any one of claims 1-20, comprising
dehydrogenating in a fluidized or moving catalyst bed reactor.

22. A method according to any one of claims 1-21, wherein the
protective layer is applied to a furnace tube or heat exchangér..

23. A method according to any of claims 1-22, comprising
dehydrogenating ethylbenzene and/or isobutane.

 24. A method according to ény of claims 1-16, comprising
dehydrogenating in the presence of a platinum dehydrogenation
_catalyst.



20 dehydrogenating hydrocarbons in a reactor systemincluding a stainless
st-eel; poption, which conprise providing the stainless steel portion with a
stanni de protective |ayer of sufficient thickness to isolate the stainless
steel portion from hydrocarbons, which protective layer is anchored to the
steel substrate through an internediate carbide-rich, nickel-depleted
stai nl ess steel bonding 25 layer. Mre particularly, the stanni.de |ayer is
ni ckel -enri ched and conprises carbide inclusions, while the internediate
car bi de-rich, nickel -depl eted bondi ng Iayéﬂzconprlses stanni de-i ncl usi ons.
More preferably t'he carbide |nclu5|ons are continuous as they
extend, substantially without 2% SRLIABLYREer nedi at e

car bi de-ri ch, i ckel ﬁk@&b@é&&eqﬁwfdr%ﬁmgéﬁu reactor systems of

improved resistance to carburization under dehydrogenation conditions.

———
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_siahpﬁde,layer, and the stannide inclusions are |ikew se continuous
extendigpg fromthe stannidelayer into the intermediate carbide-rich, .
niqkéi-dépleted 5 bonding layer. The interface between the internediate

~caf bi de-rich, nickel - depl et ed bonding | ayer and the nickel-enriched

.-Stannide layer is irregular, but is otherw se substantially w thout
I nterruption. The extent to which the aforenentioned | ayers and inclusions
develop are a function of the reducing conditions and tenperature at which
the-initial plating, cladding or other] I coating is treated,sand the
amount of tinme at which exposure is maintained. The plating, -cl addi ng.or
coating of a chromiumrich, nickel-containing steel with a l'ayer of tin in
effect creates a double protective layer. An inner chromumrich |ayer
which is resistant to carburi.zation, coldng, and netal -dusting and an outer
stanni de protective layer which is 15 also resistant to carburization,
~coking and met al - dust i ngTh B la curs because when exposed to :
t ypi cal dehydrogenati on tf iﬂ M |- ch' as up to about [err], the tin
reacts with the steel to | stannides. .

w
X




Niﬁckel

Is preferentially. Ieac'hedfromthe surface of the § I '

. behind a layer of chrom-wu hﬁt ances r/r\adv‘ﬁw NTQSHEET
desirable to 20 remove th ng_[,n 5 er fromthe st%i SS
steel to expose the chromumrich stee Iayer For exanpl ¢, i 2 QN9 f@é‘gd
that when a tin cladding was applied to a 304 grade stainllegs steel and
heated at about [err] ther#%fesulted a chrom umkich steel| I'ayer contai ning
about 17% chromi um and substantially 25 no nickel, conpargble_to 430 grade

stainless steel. The plating,
i ncl uding el ectropl agy

rich steel ina  [&rT ) CATALYST LOADS THEREFOR

cl addthg or coating may be applied by methods
ASPOR PROCESSES, FGWIPMENT t he chroni um

REPLACEMENT SHEETS

_ €T @ Description : pagod .|,
REPLACEMENT SHE g Claim(s) g;} .....
N Drawmg(e) paged .

2.0 NOV 1999 [ Absiract paged ¥4,

SG

-----------

BACKGROUND OF THE INVENTION

The invention relates to an improved technique for the

dehydrogenation of hydrocarbons, particularly light hydrocarbons.

In

preferred embodiments, the invention provides improved techniques for

producing isobutylenes through the dehydrogenation of butanes, and

propylénc: through the dehydrogenation of propane; particularly such

techniques which minimize metal carburization and associated coke

formation during dehydrogenation.

Dehydrogenation processes are of particular interest to the petroleum

 industry because light hydrocarbons such as butane are low-value

10 by-products from refining operations. Butane can be converted to

butylenes

through dehydrogenation, which can then be used to produce MTBE.

Conventionally, butylenes, including isobutylene, have been obtained

as a by-product from refinery processes such as catalytic or thermal cracking

units. However, the demand for isobutylene has so far exceeded the

15

processes have been developed to provide isobutylene.

production from such refining operations. Therefore, various alternative

One type of process is the non-catalytic thermal dehydrogenation of

organic compounds, e.g.,

the conversion of butane to butene. However, the

effective use of such methods is limited due to the extensive and _undesirable

20 side reactions which occur.




rmli\en nmetal bath. When applying the tin net
it may be desirable to vary the thickness of [t EPhRGEMENT] &HEETg
coating to achieve the desired resistance aggi St carbpuri zatfor

and netal -dusting. This can be done by, e.g.,
the 5 chromumrich steel is soaked in a nolt
affect the thickness of the resulting chrom

Q)

er

m‘
€,

al so be desirable to vary the cure tenperatur

or to vary the

of the chromiumrich steel which is coaf2ed in

order to corntrot

concentration in the chromumrich steel |ayer produced. 10
additional ly been Vamous @lﬂyﬂ&pmscbhmmtmebpebhsomn t@@nﬁumzner

rotected fromcarburization, ,netal -dustin an
Br ocess whi cﬁ'ﬁ%%? R achyity; dnd Improys; coqv FW&H‘ %"Sgdﬁ"i itﬂ
chrom um o I as a few
- g &ﬁ‘om um OXI ﬁ%%’?‘%ﬁdﬁ%ﬁ%ﬁ% ro@%sés@n@ludéihé M

[err]. The c

rich steel,
cl addi ng or
, coki ng,

g g, g AT o L

It may
conposition
the chrom um

It has

st-treatnent
ferably a

pl1ed ™y various 15 net hods

i ncl udi ng: aproducts Catofin™ prodess; rthe Fniversil dDil PredustpdIQP) Oleflaxi¥d

5 process and the Phillips Star™ process.

The Air Products Catofin™ process allows for the dehydrogenation of
butane to form butylene in the presence of a catalyst containing a chromic

oxide supported on alumina in an adiabatic reactor. See, e.g., European
Patent Application 192,059 and UK Patent Application GB 2,162,082, the
10 contents of which are hereby incorporated by reference.

The UOP Oleflex™ process allows for the dehydrogenation of

propane to form propylene and of (iso)butane to form (iso)butylene in the

presence of a catalyst containing platinum supported on alumina in a moving

bed reactor. The moving bed reactor allows continuous catalyst regeneration

15 under the more severe conditions of lower alkane dehydrogenation. The

catalyst flows fully from the reactors to the regeneration zone and is then

recycled to the reactor. See, e.g., U.S. Patents 3,584,060; 3,878,131;

4,438,288; 4,595,673; 4,716,143, 4,786,265; and 4,827,072, the contents of

which are hereby incorporated by reference.

20 The Phillips Star™ process allows for the dehydrogenation of butane

to form butylene in the presence of a promoted platinum catalyst supported

on a zinc-alumina spinel. The catalyst is supported in tubular catalyst beds

located within furnaces to provide the endothermic heat of reaction. This

arrangement allows for operation under isothermal conditions. Catalysts are
25 regenerated by oxidation in air. See, e.g., U.S. Patents 4,167,532;
4,902,849; and 4,926,005, the contents of which are hereby incorporated by

reference.



by a reduction process; vapor treatment with an organo-chrom um conmpound:;
or application of a chromumnetal plating followed by oxidat]on of the
resul ting chrom um plated steel. \Were pracyi ﬁEﬁ’hACi MENF SHEgTefred that the
resistant materials be applied 20 in a paint-| =on{ (herei nafter
"paint") to a new or existing reactor systeth {Such a&a t ¢€aph be sprayed,
brushed, pigged, etc. on reactor system surflades? ONOV 389%+ 4i bl ess steel s.
It is nost preferred that such a paint be ajdqconposable. ré¢agtive paint
whi ch reduces to a reactive netal prefecgbly formng netallic|stannides
(e.g., iron stannides and nickel/iron 25 st adnnides)—upon—heatfng in a
reduci ng at nospher g@; 1L d e | Sicfiyn and ot her
properties of the gg&h?egfdej‘b#ént%g?{lgg?@ he eﬁgcﬁﬁfﬁﬁ&?ﬁ%?ﬁgﬁiﬁch t hat

t he pai nt canafconversion levels are limited by chemical equilibrium, it is desirable to

operate at high temperatures and low pressures. High temperatures and low
pressures shift the equilibria favorably toward dehydrogenated products.

S However, conventional dehydrogenation catalysts suffer rapid deactivation by
coking under these severe conditions. In particular, it has been found that
slow accumulation of carbon deposits reduces the dehydrogenation activity of
conventional dehydrogenation catalysts. Thus, conventional carbon burn-off
cycles are typically used to regenerate the catalyst system after sufficient

10 accumulation of carbon on the catalyst. In addition, sulfur compounds and
hydrogen are usually introduced to the reactor feed in order to prevent
carbon build-up in the reactor and catalyst bed.

Industry reports suggest that design inadequacies still exist with
commercial scale dehydrogenation processes. For example, as recently

15 reported in Platt’s International Petrochemical Report (October 1993), those
familiar with the UOP Oleflex™ process say that there is a design flaw

which causes a coking problem with the heat exchangers after about a year

of operation.
S ARY OF THE INVENTION
20 While carbon burn-off cycles and sulfur and hydrogen addition are

effective means for removing and reducing carbon deposits, they have
inherent problems. First, reactors must be shut down to burn off carbon
deposits. Further, the addition of hydrogen and especially sulfur requires
additional process equipment, operation-and cost, not to mention the hazards

25 involved with their use. Furthermore, temporary sulfur and/or hydrogen
outages are frequent due to equipment failure. The inventors believe, that
not only is coking a problem, but carburization and metal-dusting are also
problems.



[erT] -23- easily applied and that it does not drip or pool due to gravity.
The paint should al so be dryabl e once applie r_surfaces. The

‘thi ckness of the paint after appl i cation sho IBEMCEMEMB@HE@T5 and 15 mls,
preferably between 1 and 10 mls, and nost pfe erdm ybet-ween and 8 mls.

5 The netal lic coatings and in particulp pw nt s,
preferably produced under reducing condition ? @33
preferably done in the absence of hydrocarb s-—-ANb.e.n..LJ._n._p_nts are applied

at the above-described thicknesses, initjgal Jreduction conditi
result in tin mgrating to cover small regio ——wel-ds)-whi ch were not

painted. This 10 Y, Q%nf@%. ? nbesul ts,
for exanple, in a *m%éﬁ?;érngog%tqe@g&ﬁbé%;ﬁogre er hSIBg{}EV\@g% a d 10
mls thick, aeﬂﬁm; p156f X0y stléirn\eaibutization i mh$1g:ﬁﬁcdmtwb1em5| ng

|nternetalllc co ounds In the case of ,tin, stannid r ch as iron
and ni ckel Stmpg{}@gyaa@ added sulfurpresentmthm systems e ﬁ' s)/ inhibits

carburization. Somechow, the sulfur interferes with the carburization

S reaction. But with low sulfur systems or with sulfur outages, this inherent

protection no longer exists.

The problems associated with carburization normally begin with
embrittlement of the physical system. The embrittlement of the steel walls
leads to "metal-dusting”, i.e., a release of catalytically active particles and

10 metal droplets of metal due to an erosion of the metal. The excessive
"metal-dusting"” adds active metal particulates to the system, which
particulates provide sites for catalytic coke formation in the system. Larger
coke deposits, so-called "cokeballs” develop and can plug reactors.

This significant source of coke formation excessively aggravates fhe
15 problem of coking. In fact, active metal particulates in coke particles
metastasize coke generally throughout the system. That is, the active metal
particulates actually induce coke formation on themselves and anywhere that
the particles accumulate in the system resulting in coke-plugging of the
reactor system which can lead to a premature shut-down of the system.
20 Conventional techniques for addressing coke formation are not effective as

they do not address the carburization and metal dusting phenomena.

Consequently, there is a need in the art for an improved process for
the production of olefins via catalytic dehydrogenation such as starting
materials needed to make MTBE, and in particular, for fhe dehydrogenation

25 of dehydrogenatable hydrocarbons with reduced carburization, especially
when dehydrogenation is conducted in the absence of added sulfur and/or
hydrogen. Such a method would include means for inhibiting the
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Accordingly, one object of the invention is to provide improved
5 methods for dehydrogenating a dehydrogenatable hydrocarbon. Such a
method includes providing metallic protective layers which impart long-term
carburization, embrittlement, coking and metal-dusting protection to metal
surfaces even at the higher skin temperatures of furnace tubes used in
dehydrogenation systems (typically up to 1200°F to 1450°F, as compared to
10 other conversion systems such as reforming which exhibit lower skin
temperatures of typically between 1000°F and 1150°F). This protection
includes prevention of the catalytic coke formation associated with
carburization and metal-dusting; the prevention of which is believed to be
important for on-stream life, and for addressing those industry acknowledged

15 problems associated with commercial scale processes.

The inventors have discovered that simply providing a protective
plating, cladding or other coating such as a paint to a reactor system would
not be sufficient to effectively address the problem. Such a protective layer
must be of sufficient thickness to provide a complete, uninterrupted coating

20 of the underlying base metal, and it must remain complete over time. Even
minor imperfections, pinholes or other flaws in the protective layer can

provide destructive carburization sites sufficient to shut-down operation.

An effective protective layer must resist deleterious chemical
alteration, as well as peeling and/or.'splitting. Additionally, it has been
25 found that the protective layer must be applied to a thickness sufficient to
completely cover the surface to be protected, and must maintain its integrity
through operation. As such, the protective coating must be sufficiently
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an_ unacceptably reactive nickel phase on the exterior.
bed catalyst systems are common to some new dehydrogenation processes,

the protective layer is preferably resistant to the abrasive effects of the
catalyst moving through the reactor, as well.

Among other factors, the above and other objects of the invention can
be obtained through the use of an intermediate bonding layer which anchors
the protective layer to the steel substrate to be protected.

The invention, therefore, is directed to a method for dehydrogenating
hydrocarbons in a reactor system comprising a steel portion, preferably a
stainless steel portion, having provided thereon a protective layer to isolate
the steel portion from hydrocarbons, preferably a stannide layer, applied to a
thickness effective for completely isolating the steel portion from the
hydrocarbon environment, while avoiding any substantial liquid metal
embrittiement. The protective layer is anchored to the steel substrate
through an intermediate carbide-rich (relative to the underlying steel),
bonding layer; in the case of stainless steel, an intermediate carbide-rich,
nickel-depleted (relative to the underlying steel), bonding layer.

In the case of a stannide outer protective layer and a stainless steel
substrate, the stannide layer is nickel-enriched and comprises carbide
inclusions, while the intermediate carbide-rich, nickel-depleted bonding layer
comprises stannide inclusions. Preferably the carbide inclusions are
continuous extensions or projections of the carbide-rich, nickel-depleted
bonding layer as they extend, substantially without interruption, from the
intermediate carbide-rich, nickel-depleted bonding layer into the stannide
layer, and the stannide inclusions are likewise continuous extending from the
stannide layer into the intermediate carbide-rich, nickel-depleted bonding

layer. The aforementioned presence of carbide inclusions in the stannide
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Although there is a need to ensure a complete coating of the
underlying base metal to be protected, applying excessive amounts or
thicknesses of the material used to form the protective layer must also be
avoided. If the layer is too thick, for example, where the alloying materials

10 of a paint have locally pooled prior to curing, liquid metal embrittlement can
occur. The problem of liquid metal embrittlement is essentially one of
eating through the metal with alloying materials (such as tin or germanium)
which are extremely corrosive to steel qnder reducing conditions to the point

where, again, the metallurgy fails.

15 The process of the invention is particularly advantageous due to the
use of a treated reactor system which is resistant to carburization even in the
absence of added sulfur. By use of the treated equipment, dehydrogenated
hydrocarbons may be produced for significantly longer periods of time
without requiring a shut down of the process due to coking, carburization

20 and metal-dusting which occurs at dehydrogenation conditions using
dehydrogenatable hydrocarbons. Thus, increased amounts of dehydrogenated
hydrocarbons, such as butylene, may be produced.

Furthermore, higher temperatures may be used during
dehydrogenation allowing for increased olefin production. In fact,
25 temperatures required to dehydrogenate propane (i.e., reaction temperatures
of 1200°F and higher) may be used without excessive coking, carburization

and metal-dusting. Accordingly, the invention can provide a process for



at least four conponents (or their functional equivalents); (i) a hydrogen
lerr] -25- deconposable tin conpound, (ii) a solvent system (iii) a finely
divided tin netal and (iv) tin oxide as a reduycl

sponge/ di spersi ng/ bi ndi ng agent. The paint shqul "’f’é‘iﬁ"’lﬁ"ﬂ Wﬂgl di vi ded
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system As the hydrogen deconposable tin conp d, tin octanoate¢ is
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butane, isobutane, mixed butanes, pentanes, isopentanes, detergent range

paraffins, and ethylbenzene to a dehydrogenated olefinic product where
carburization resistance will be maintained at skin temperatures of the

5 reactor system of above 1200°F, and even above 1300°F. Preferred
hydrocarbons are C; and C, hydrocarbons.

The present invention is particularly useful for dehydrogenation
processes that occur in abrasive environments, such as those found in the
Oleflex™ process. The Oleflex™ process has a catalyst bed which

10 continuously moves from reactor to regenerator. Oxidation and
oxychlorination occur during regeneration. The protective layers used
according to the invention would be able to withstand the abrasion associated
with the movement of catalyst through reactors such as moving bed and
fluidized bed reactors. Preferably, the coatings resist abrasive damage for a

15 period sufficient to protect against carburization for at least 200 hours,
preferably at least 500 hours and more preferably at least 800 hours of

operation.

Furthermore, it has been discovered that preferred tin-based coatings
of this invention, upon oxidation, produce persistent, hard and abrasion
20 resistant mixed metal oxide coatings. Surprisingly, these coatings remain
fixed to the metal surfaces during oxidation/reduction cycles. These hard
oxide coatings are also effective in protecting the metal surface from
carburization, metal dusting and coking. ‘Therefore, the preferred protective
layers are useful in reducing environments, in oxidizing environments, and
25 in environments that cycle between oxidation and reduction, as often

encountered in dehydrogenation processes.



10 preferable for any coating conposition used in this context because it
.1s conceivable that the coated material wl| poe~st nfhs prior to
treatment with hydrogen. Also, if parts are OBEM&WN 'ﬁﬁs enbly they
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protective layers eliminate the need to presulfide the metallurgy, reduce

5 sulfide corrosion, and improve product values and waste disposal due to
reduced levels of sulfur. Chromium-, Sb- and Ge-based protective layers
can tolerate even higher sulfur levels, up to 5 or more wt %. Most
preferably, the layers can tolerate the respective amounts of sulfur for a
period of at least 200 hours, more preferably at least 400 hours, and most

10 preferably at least 600 hours without degrading to an extent that
carburization will occur resulting in shut-down of the system due to
excessive coking. On the other hand, the protective layers are also
extremely effective for protecting metal surfaces at low sulfur and ultra-lov}
sulfur levels. Thus, the protective layers allow a variety of sulfur levels to

15 be used in the reactor system and provides significantly increased versatility
in catalyst selections (S tolerant vs. S intolerant). It is not necessary to add
sulfur to the system. The ability to operate at low sulfur levels also can

improve catalyst performance, e.g., increase selectivity and conversion.

With the foregoing, as well as other objects, advantages, features and
20 aspects of the disclosure that will become hereinafter apparent, the nature of
the disclosure may be more clearly understood by reference to the detailed

description and the appended claims.

BRIEF DESCRIPTION OF THE DRAWING
The figure shows a stainless steel substrate having provided thereon a
25 protective stannide layer which is anchored to the steel substrate through an
intermediate carbide-rich, nickel-depleted bonding layer.
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The following description is merely illustrative of preferred
embodiments of the invention and should not be considered as limiting the
scope of the invention in any way, as the illustrations and other equivalents
thereof will become more apparent to those versed in the art in light of the

disclosure, and the accompanying claims.

As indicated above, fhe invention is directed to an improved method
for dehydrogenation. The method includes providing metallic protective
layers to at least a portion of the reactor system which impart long-term
carburization, embrittlement and metal-dusting protection, even at the high

skin temperatures of furnace tubes used in dehydrogenation systems.

Hydrocarbons which may be dehydrogenated according to the invention
include hydrocarbons having 2-30 or more carbon atoms containing at least
one pair of adjacent carbon atoms, each having a hydrogen attached thereto.
Preferably, the hydrocarbons include ethane, propane, n-butane, isobutane,
mixed butanes, pentanes, isopentanes, detergent range paraffins, hexane and
ethylbenzene. Preferred are butanes and propanes. These hydrocarbons
may also include normal paraffins up to C;, normal paraffins, branched
paraffins, normal olefins, branched olefins, diolefins, polyolefins, and the
like hydrocarbons. Thus, it is intended to include within the scope of the
invention the dehydrogenation of any organic compound capable of being
dehydrogenated to produce olefinic products containing the same number of
carbon atoms but fewer hydrogen atoms.  Examples may include
isobutane, isopentane, isohexane, 2-methyl-1-dodecane, and the like
hydrocarbons and cyclobutane, cyclopentane, cyclododecane, and the like

hydrocarbons.



size of the tin is preferably one to five microns which al  ows excel | ent

.coverage of the surface to be coated with ti} ng
conditions 10 can occur during drying of the pﬁERUACEMBNWSME'ﬁg of pipe
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t he hydrogen decorrposabl etin corrpound | sopropyl— al tohot—is nbst
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hydrocarbons may also be used in the manufacture of various chemical
5 products such as detergents, plastics, synthetic rubbers, pharmaceutical

products, high octane gasoline, perfumes, drying oils, ion-exchange resins,
and various other products well known to those skilled in the art.

The dehydrogenatable hydrocarbons are contacted with a catalytic

composite in a dehydrogenation zone maintained at dehydrogenation

10 conditions. This contacting may be accomplished in a fixed catalyst bed
system, a moving catalyst bed system, a fluidized bed system, or in a
batch-type operation. The dehydrogenation reaction zone itself may
comprise one or more separate reactor zones with heating means
therebetween to ensure that the temperature can be maintained at the

15 entrance to each reaction zone to obtain the desired conversion. The
hydrocarbon may be contacted with the catalyst composite in either upward,
downward or radial flow fashion. The hydrocarbon may be in the liquid
phase, a mixed vapor-liquid phase or the vapor phase when it contacts the
catalyst. Preferably, the hydrocarbon is in the vapor phase.

20 Dehydrogenation conditions include a temperature of from about
300°F to about 1500°F, a pressure of from about 0.001 to about 25
atmospheres and a liquid hourly space velocity (LHSV) of about 0.01 to
about 50 hr!. Preferred temperatures are from about 750°F to
about 1500°F, more preferably, about 300°F to about 1450°F, and most

25 preferably 1050°F to 1250°F. In the case of the lowest molecular weight
hydrocarbons, e.g., propane, the higher temperatures are employed. For
example, temperatures greater than about 1000°F and preferably between
1100°F to 1400°F may be preferred when dehydrogenating propane or
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5 Of course, those skilled in the art will choose the desired
temperature, pressure and LHSV depending on the hydrocarbon feed and
catalyst systems utilized. Generally, for normal paraffins, the lower the
molecular weight, the higher the temperature required for comparable
conversion. The pressure in the dehydrogenation zone is maintained as low

10 as practicable, consistent with equipment limitations, to maximize the

chemical equilibrium advantages.

The dehydrogenatable hydrocarbons may be admixed with a diluent
gas before, while or after being passed to the dehydrogenation zone. The
diluent material may be hydrogen, steam, methane, carbon dioxide, nitrogen,

15 argon or the like, or a mixture thereof. When a diluent gas is utilized,
amounts sufficient to ensure a diluent gas to hydrocarbon mole ratio of
about 0.1 to about 20, with best results being obtained when the mole ratio
range is about 1 to 10, The diluent hydrogen stream passed to the
hydrogenation zone will typically be recycled hydrogen separated from the

20 effluent from the dehydrogenation zone in the hydrogen separation zone.

In conventional dehydrogenation processes, sulfur-containing gases
such as H,S and hydrogen have been added to prevent coking throughout the
reactor system. In the methods according to the invention, low sulfur levels
are preferred. Sulfur and hydrogen may be added to the feed. However,

25 neither sulfur nor hydrogen are required to inhibit carburization. In fact, it
is preferred that less than 100 ppm sulfur, and more preferably, less than 50
ppm sulfur be present in the feed, and even more preferably, less than 20



oxi de powders; iron salts, such as [err]; and organonetallic iron
conpounds, such as ferrocene. 10 Adding _iron to a tin containing .
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Reduction at tenperatures between [err] to [err] results in excellent

adhesion of these nghal 'u‘sfng“tﬂé‘ié:E&pB& $edfitd GRS, which are further

discussed below, feeds containing low amounts of sulfur are preferred.

5 Preferably, the feed will contain less than 10 ppm sulfur, more preferably, -
less than 5 ppm sulfur, and even more preferably, less than 1 ppm sulfur. If

necessary, a sulfur sorber unit may be employed to remove sulfur.

The dehydrogenation cétalyst composite should exhibit high activity,

high selectivity and good stability. Particularly preferred catalytic

10 composites of the present disclosure include those composites comprising
roup VIII noble metals and a solid inorganic carrier. Such catalytic
composites are well known to those skilled in the art as represented by U.S.
Patent Nos. 3,531,543; 3,631,215; 3,864,284; 3,584,060; 4,191,846;
4,595,637; 4,716,143; 4,786,625; 4,827,072; and 4,902,849, the contents of

15 which are incorporated herein by reference. Particularly preferred catalyst
composites include the platinum on alumina catalysts and chrome on alumina

catalyst.

When using feeds containing no or negligible sulfur, there may be
used the so-called sulfur sensitive large-pore zeolite type catalyst composites
20 charged with one or more dehydrogenating constituents patented by Chevron
Research are useful. See, e.g., U.S. Patent No. 4,727,216.

The term "large-pore zeolite" is indicative generally of a zeolite
having an effective pore diameter of 6 to 15 Angstroms. Preferable large
pore crystalline zeolites which are useful in the present invention include the

25 type L zeolite, zeolite X, zeolite Y and faujasite. These have apparent pore



system surfaces. In part, it is believed that sulfide (and halide) paints
.are especially useful because they are self- ENFWETt erefore,
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they do not result in liquid netal enbrittlenent. Chrom um paints are

preferably r@aucsithdlordOOET té RIS storse SMosPPrelfdribly, the zeolite is a
type L zeolite.

The type L zeolite, its x-ray diffraction pattern, its properties, and

method for its preparation are described in detail in, e.g., U.S. Patent

5 No. 3,216,789, the contents of which are hereby incorporated by reference.
Zeolite Y is described in more detail in U.S. Patent No. 3,130,007 the
contents of which is hereby incorporated by reference. Zeolite X, its X-ray
diffraction pattern, its properties, and method for its preparation are
described in detail in U.S. Patent No. 2,882,244 the contents of which are

10 hereby incorporated by reference.

An alkali and/or alkaline earth metal is preferably present in the
large-pore zeolite. Preferred alkali metals include potassium, cesium, and
rubidium, with potassium being éspecially preferred. The alkaline earth
metal may be either barium, strontium or calcium, preferably barium. The

15 alkali metal and/or alkaline earth metal can be incorporated into the zeolite
by synthesis, impregnation or ion exchange. Barium is preferred to the
other alkaline earths because it results in a somewhat less acidic catalyst.
Strong acidity is undesirable in the catalyst because it promotes cracking,

resulting in lower selectivity.

20 In another embodiment, at least part of the alkali metal can be
exchanged with barium using known techniques for ion exchange of zeolites.
‘This involves contacting the zeolite with a solution containing excess Ba**
ions. In this embodiment, the barium should preferably constitute

from 0.1% to 35% by weight of the zeolite.

25 The large-pore zeolitic catalysts used in the dehydrogenation process

may be charged with one or more Group VIII metals, e.g., nickel,
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5 Group VIII metals are introduced into large-pore zeolites by
synthesis, impregnation or exchange in an aqueous solution of appropriate
salt. When it is desired to introduce two Group VIII metals into the zeolite,
the operation may be carried out simultaneously or sequentially.

While the above described catalyst composites are preferred, other
10 dehydrogenation catalysts known to those skilled in the art may be used.
Such dehydrogenation catalysts include those éatalysts suitable for use in
dehydrogenation processes such as the Air Products Catafin™ process and
the Phillips Star™ process.

Optionally, the catalyst composite may also contain other, additional

15 components or mixtures thereof which act along or in concert as catalyst
modifiers to improve catalyst activity, selectivity or stability. The catalyst
modifiers are preferably, but not necessarily, dispersed throughout the
catalyst composite in a uniform distribution. Some well-known catalyst
modifiers include antimony, arsenic, bismuth, cadmium, chromium, cobalt,

20 copper, gallium, germanium, gold, indium, iron, manganese, nickel,
rhenium, scandium, silver, tantalum, thallium, titanium, tungsten, uranium,
zinc and zirconium. These additional components may be added in any
suitable manner to the carrier material during or after its preparation or they
may be added in any suitable manner to the catalytic composite either

25 before, while or after other catalytic components are incorporated.
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catal yst 25 conposite which do not involve b
t he conposite. [err] -29- As an exanple o
conposite particles or the |ike may be fpgace
may be dispersed over particles or the |ike

h t
ust

3

NEadaauiln

>uch that the tin idust

-

nmeant a

#EEERMQ‘EMEET @HERTIr pgenat i on

he
to or in

" catal yst

i n dust
isin

contact with

10

15

20

25

the syl Map aRb 1R used as a modifier of the catalyst ¢omipdsite. In this
regard, it is known to add tin to catalysts to inhibit isomerization and the
cracking activities normally concurrently experienced in the use of
unmodified noble metal composites in the dehydrogenation of hydrocarbon
feeds in the vapor phase at elevated temperatures. See, e.g., U.S. Patent
No. 3,531,543 and U.S. Patent No. 4,717,216, The tin modifier component
may be present as an elemental metal, as a chemical compound such as an
oxide, sulfide, halide, oxychloride, etc., or as a physical or chemical
combination of the porous carrier material and/or other components of the
catalytic composite. The tin modifier component is preferably utilized in an
amount sufficient to result in a final catalytic composite containing about
0.01 to about 10 weight percent tin, calculated on an elemental basis, with
best results obtained at levels of about 0.1 to about 5 weight percent.

Optionally, the catalyst used in the present invention may contain a
sulfur component. Generally, the sulfur component may comprise
about 0.01 to 2 weight percent, calculated on the elemental basis, of the final
catalytic composite. The sulfur component may be incorporated into the
catalytic composite in any suitable manner, preferably, sulfur or a compound
containing sulfur such as hydrogen sulfide or a lower molecular weight
mercaptan, for example, is contacted with the catalyst composite in the
presence of hydrogen at a hydrogen to sulfur molar ratio of about 100 and a
temperature of from about 10° to about 140°C, preferably under water-free
conditions, to incorporate the sulfur component. Preferably, however, the
catalyst composite does not include a sulfur component. In this regard,
sulfur free catalyst systems are particularly preferred. However, even when
using the so-called sulfur sensitive catalyst composxtes the composite may be
sulfided prior to use. ’



cat al yst conposite and/or in the interstices bet ween adj acent catal yst 5
conposite particles. "Surface-treating" does nat include uniformy

di spersing el enental tin throughout the cataly tREﬂ.W@Qﬁ]EN? syEEeven
surface- |rrpregnat| ng tin into a catal yst conpogi i he prior
art. That is, "surface-treating" does not inclyidé naking the t|n]dust a
physi cal part of the catal yst conposite, 10 i. ¢. 208N nd] bet ween
the tin and the remai nder of the catalyst conpgsiftion such thaf fhe tinis
prevented fromform ng a stannide | ayer In sur aces of the react Dr system
In this regard, the tin dust used to treat the [ al yst
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marethan 19 preferably meh more thann) %; and even more preferably not
more than 1%). By “reactor system" as used herein there is intended at least
one dehydrogenation reactor and its corresponding piping, furnaces, furnace
tubes, heat exchangers, and the like effective to remove hydrogen from a
reactant to produce an unsaturated bond without the formation of substantial
amounts of aromatic moieties. Frequently, substantial portions of
dehydrogenation reactor systems including the reactors themselves are
constructed of stainless steels. Stainless steels as defined by The American
Society for Metals in the Metals Handbook, Desk Edition (1985), are those
steels containing at least 10% chromium with or without other elements.
However, in the United States, it is customary to include with stainless steels
those alloys that contain as little as 4% chromium. Thus, as used herein
stainless steels are those steels which include at least 4% chromium,

preferably at least 10% chromium.

Preferred stainless steels contain nickel, generally 8-10% nickel.
These steels include the so-called "300 Series" stainless steels, such as 304,
316, 316H and 347. Steels with substantially higher nickel contents, such as
Incoloy steels, are not as useful in this invention. The high nickel content
results in excessively nickel-rich stannides in the protective layer which
come in contact with hydrocarbons during operation. Very nickel-rich
stannides are themselves coke producers and thus can result in plugging of

the reactor system.

Nickel-free steels including chromium molybdenum steels, such as 9
chrome/1 moly or 400 series steels such as 410, 420, 430 and 446 steels,

can also be protected according to the invention. As with stainless steels, a



car buri zati on which occurs duri ng dehydrogenation of the dehydrogenatabl e

20 hydrocarbon. Such amobunts may incl ude about ¢8- I ght -
percent, but will ultinmately depend on the r eal t REPLAGEMENT SHEED pr ot ect ed.
O course, the |l ower the anmount used, the bettgrfior reasons econony.
The tin dust preferably has a particle size of{ffo 1 25 m cron.
Even nore preferably, the tin dust has a partifle Size of fro bout 1 to
25 about 5 mcrons. In any event, the anount apdts+ze—ef-tfe--t+i n dust

shoul d be such that a stannide |ayer is-18erned|on desired surfaces wthin
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EbiGzationSresisRhBpdtective layer is provided to a thickness effective to
completely cover the surface of the steel and isolate the steel from
hydrocarbons, while avoiding those thicknesses which lead to substantial
liquid metal embrittlement. The protective layer on nickel-free steels is
anchored to the steel through an intermediate carbide-rich bonding layer that
contains carbide inclusions. This intermediate bonding layer is typically
chromium-enriched relative to the steel.

Because the protective layers are exposed to the relatively harsh
conditions of dehydrogenation processes (e.g., high temperatures), the
protective layers must be of sufficient thickness to provide a substantially
complete coating of the underlying base metal. Even minor imperfections,
pinholes or other flaws in the protective layer can provide destructive

carburization sites sufficient to shut-down operation.

In fact, it has been observed that at the interface between a stannide-
protected portion of steel and unprotected portion, relatively deep pitting and
carburization attack occurs; surprisingly more so than anywhere else across
the rest of the unprotected steel surface. This suggests that an incompletely
protected system is even more vulnerable to metallurgical failure than a
wholly unprotected system.

The application of excessive amounts or thicknesses of the material
used to form the protective layer must also be avoided. If the layer is too

thick, liquid metal embrittlement can occur.

The protective layer must also maintain its integrity through
operation. As such, the protective coating must be sufficiently abrasion
resistant during catalyst loading, start-up, as well as during operation (e.g.,
it should be resistant to the abrasive effects of the catalyst moving through



that form protective | ayers on desired surfaces of the reactor system Such
other netals include, but are not limted to antinony, arsenic, bismuth,

germani um indium |ead, seleniumand telluriu n a nore
conpl et e understandi ng of the present disclosu eRE?lEA«gEMgMg% E exanpl es
illustrating certain aspects of the invention @r¢ set forth. 1§ phould be
under st ood, however, that the disclosure is no i 1B ONOV 999ny{ why to the
specific details set forth therein. [err] 10 A stanni de prptective
| ayer was provided on a type 304 stainled9-stegl scréen. Th tg cular, the
screen sanple was tin-plated and exposed to a tarhurj zjing at rmsdhere of 1%

toluene in 7% theqRader)l iy 4§ agteved Eifpugh appropsiarcarichodiggiof die 14 weeks at
[err], with periodic tenperature cycling between high _and | ow tenperatures.

15 Upon Proigstize layier do thostegl sybstrates  docarding dnygadioppthet ed i n epoxy
resi . around. , Agg 961 RSl bR'wEiHEA ot S HRBGPIA © 200 Soanni ng

intermediate carbide-rich bonding layer.

5 Effective protective layers can be derived from a variety of metals
such as tin, copper, arsenic, antimony, bismuth, chromium, brass,
germanium, gallium, indium, selenium, tellurium, lead and intermetallic
compounds and alloys thereof, more preferably tin, germanium, antimony,
arsenic, selenium, chromium and tellurium. Of these, tin, germanium and

10 antimony are more preferred, with tin being the most preferred. Gallium,
lead, bismuth, brass, indium and copper are less preferred, with brass being
the least preferred. | Lead, bismuth and indium do not react with iron. They
can be used on nickel-rich materials such as INCONEL 600 (75% Ni/16%
chromium/7% Fe).

15 One of these is first applied to a portion (or portions) of a
dehydrogenation reactor system as a plating, cladding or coating to a
thickness effective to provide a complete coating, while avoiding thicknesses
at which liquid metal embrittlement will occur. Then the plating, cladding
or coating is treated in a manner effective to form a protective layer which is

20 anchored to the steel substrate thereby providing the necessary abrasion
resistance. Preferably, the plating, cladding, or coating is resistant to
abrasion, peeling or flaking for a period of 1 year, preferably 2 years, and
more preferably 3 years such that the reactor system will maintain its

carburization resistant properties without reapplication.

25 Multiple coatings can be applied. For example, a tin coating can be
applied, and cured, followed by copper plating. Although, it has been found
that copper is effective for preventing carburization and metal dusting, it



el ectron m croscopes. No peeling or deleteri
stanni de | ayer was observed. The Figure is afp c{illustration
of the structure of the sanple. Three nmj or nedi ons can be idemtified from
20 the photoni crograph. Reference nunber 1 iderti20NOVH89% edi dn of the
stai nl ess steel substrate. Reference nunber iddenti fies an_internedi ate
regi on which is a nickel-depleted, carbide-rilch Stal nl ess steelf] bondi ng
| ayer. Reference nunmber 3 identifies a regio ich is a nieked-enriched,
stanni de protective layer. The inclusioR9-identified by reference nunbers 4
and 5, 25 appearing in the carbide and stanni de phases, respectively, are
stanni de inC'H&&i&%@@mﬁﬁddﬁééwapwiwdlU&?e@ éﬁaﬂamF ” rtife

a

stanni de protective As can be seen, substanti al t hese
i ncl usi ons -wepbserved. eI-l%}vever, if the steel surface is first coated with tm then the

copper plate will adhere well to the coating, and provide additional
protection to the metal surface. In essence, the resulting stannide layer

NREMERT SHEEW tion of the

5 functions as a glue which adheres the copper plate to the underlying steel.

Forming a protective layer according to the invention will depend on
temperature treatment after application of the aforementioned metals, and the
nature of the base metal.

Taking the application of tin as an example, Ni3Sn, Ni3Sn2, and

10 Ni3Sn4 can all be expected in nickel-rich systems, and Fe3Sn, Fe3Sn2, and
FeSn in iron-rich systems. Under temperature exposures of from about 925
to 1200°F, one can expect an X3Sn2 solid solution on stainless steels. On
nickel-free steels there is observed Fe3Sn2 overlain by FeSn. Below 925°F
one can expect FeSn2 but not Fe3Sn2. On stainless steels there is observed

15 FeSn overlain by FeSn2 overlain by Ni3Sn4. At high temperatures, e.g.,
1600°F, there can be found (Ni,Fe)3Sn and (Ni,Fe)3Sn2 on stainless steels,
but no steel-tin alloy, while on nickel-free steels there is found a diffusion
layer of iron-tin alloy overlain by the phases Fe3Sn and Fe3Sn2.

A preferred embodiment of the invention is a method for

20 dehydrogenating hydrocarbons in a reactor system including a stainless steel
portion, which comprise providing the stainless steel portion with a stannide
profective layer of sufficient thickness to isolate the stainless steel portion
from hydrocarbons, which protective layer is anchored to the steel substrate
through an intermediate carbide-rich, nickel-depleted stainless steel bonding

25 layer. More particularly, the stannide layer is nickel-enriched and comprises
carbide inclusions, while the intermediate carbide-rich, nickel-depleted
bonding layer comprises stannide inclusions. More preferably the carbide



-31- observed to extend continuousl y fromtheir source phase. The interface

bet ween the internedi ate carbide-rich, nickel- et [ S]st eel
bondi ng |l ayer, and the nickel -enriched stanni dg W ’@N?rﬂgﬁl r, but
Wi thout interruption. 5 [err] A stanhide type

347 stainless steel

tin-containing paint prepared by m xi ng toget he

Cem (Mooney Chemi cal

coupon of 3 cmlength and % dm 2QdiOV\ee9 pai fited with a
7 parts by weilght Tin Ten
Co.), 6 parts by weight igopropyr—arconol, 14 parts by

-

wei ght tin powder (1-5 microns), 14 partgiby 13 wei ght stannic i de (-325

mesh) and 5% [err].

The pai nted coupon was then reduced in hydrogen for 48

hours at [err]inclsiods &k EshtinGGUistis’ théyp bxteid, aBisaktiaR Mitho@SinbdraiptioR] Ot ective

| ayer was provided.

The thickness of” the protective | ayer was observed to

be” appr oxi nat frgmthg intermediate carbideagich, nickeb-depleteddionding leperisto thenf i r ned
100% protect Vs?arln? eefay&evﬁﬁ%smmﬁe inclusions are likewise continuous extending
from the stannide layer into the intermediate carbide-rich, nickel-depleted
5 bonding layer. The interface between the intermediate carbide-rich, nickel-
depleted bonding layer and the nickel-enriched stannide layer is irregular,
but is otherwise substantially without interruption. The extent to which the
aforementioned layers and inclusions develop are a function of the reducing

conditions and temperature at which the initial plating, cladding or other

10 coating is treated, and the amount of time at which exposure is maintained.

The plating, cladding or coating of a chromium-rich,

nickel-containing steel with a layer of tin in effect creates a double protective

layer. An inner chromium rich layer which is resistant to carburization,

coking, and metal-dusting and an outer stannide protective layer which is

15 also resistant to carburization, coking and metal-dusting results. This occurs

because when exposed to typical dehydrogenation temperatures, such as up
to about 1500°F, the tin reacts with the steel to form iron-nickel stannides.
Nickel is preferentially leached from the surface of the steel leaving behind a

layer of chromium rich steel. In some instances, it may be desirable to

20 remove the iron nickel stannide layer from the stainless steel to expose the

chromium rich steel layer.

For example, it was found that when a tin cladding was applied to
a 304 grade stainless steel and heated at about 1200°F there resulted a
chromium rich steel layer containing about 17% chromium and substantially

25 no nickel, comparable to 430 grade stainless steel.

The plating, cladding or coating may be applied by methods including
electroplating, vapor depositing, and soaking of the chromium rich steel in a



15 cbupon was placed in a reactor where it was subjected to a_npving

cat al yst bed under oxychlorination [err] condi i ﬂ?FLACEWN?OSHHW S -
mai ntained in this environnment for two nont hs gt 4-erperatises— afigi ng from
800F, to tenperatures perhaps as high as [err].l The coupon was}then renoved
and examned. It was uniformy gray 20 brown ir app%Qr'ﬁa\éé”‘lt s cut
about -1/4 inch fromthe end, and the 1/4 inch qeqtion_was mount in an
epoxy resin, ground, and polished for exam natijon with petrographi c and
scanni ng el ectron mcroscopies (SEM. B2 nati j section
by reflected light or by el ectron backscatter inmage SEM reveal ed a snoot h,
conti nuous coaholtep metahbathsi When applfingt the tinametahto thiei chremjum ichrsteel,

denonstrates that the_ appl.ication of a stannide protecfive | agyer according
to the invent ilbwmeé%blﬁ%me%im’é@%ﬁﬁ%w@g%f FP@& t?y abr asi on

resistant undeLa@UTIPLGidle the AefirdiCfiSistahed dgainst carburization, coking, and
metal-dusting. This can be done by, e.g., adjusting the amount of time the
5 chromium rich steel is soaked in a molten tin bath. This will also affect the
thickness of the resulting chromium rich steel layer. It may also be desirable

to vary the cure temperature, or to vary the composition of the chromium
rich steel which is coated in order to control the chromium concentration in
the chromium rich steel layer produced.

10 It has additionally been found that stannide protected steels can be
further protected from carburization, metal-dusting, and coking by a
post-treatment process which involves application of a thin oxide coating,
preferably a chromium oxide, such as Cr,0,. This coating will be thin, as
thin as a few um. The chromium oxide layer can be applied by various

15 methods including: application of a chromate or dichromate paint followed
by a reduction process; vapor treatment with an organo-chromium
compound; or application of a chromium metal plating followed by oxidation
of the resulting chromium plated steel.

Where practical, it is preferred that the resistant materials be applied
20 in a paint-like formulation (hereinafter “paint") to a new or existing reactor
system. Such a paint can be 'sprayed, brushed, pigged, etc. on reactor
system surfaces such as stainless steels. It is most preferred that such a
paint be a decomposable, reactive paint which reduces to a reactive metal
preferably forming metallic stannides (e.g., iron stannides and nickel/iron

25 stannides) upon heating in a reducing atmosphere.

In addition to applied thickness, viscosity and other properties of the
paint are important. The viscosity should be such that the paint can be



[err'] -32- Exanple 3 Sonme commerctal dehydrogenation processes are operated
i.n hal ogen containing environnents. The pr adversely
affects raw steels. The protective | ayers

effective for 5 isolating the steels fromth gen eflegts. -Sone
protective |layers of the invention are effdgctliv vl?ggh gh hal ogen
concentrations. The following tests were r ofggﬁ%gs rat he

ef fectiveness of protective layers for isoljat tallurgy from
hal ogen contai ni ng environnents. The tes3s re done in a Lindberg quartz
tube furnace. 10 Sanpl es of stainl ess-steet;-providéd with stannide
protective | apssily spplied andnhatir dosstmot dripeor! popk dae tovgravitye sThelpaint 1000F and
[err] for twenty-one hours, in the presence of neth Ichl,%i (tjhel' The foupons
wer e should also be dryable once applied to the reactor surfaces. The thickness o

the paint after application should be between 0.5 and 15 mils, preferably

between 1 and 10 mils, and most preferably between 2 and 8 mils.

5 The metallic coatings and, in particular, the paints, are preferably
produced under reducing conditions with hydrogen. Curing is preferably
done in the absence of hydrocarbons. When tin paints are applied at the
above-described thicknesses, initial reduction conditions will result in tin
migrating to cover small regions (e.g., welds) which were not péinted. This

10 will completely coat the base metal. This curing results, for example, in a
strong protective layer preferably between 0.5 and 10 mils thick, and more
preferably between 1 and 4 mils thick comprising intermetallic compounds.
In the case of tin, stannide layers such as iron and nickel stannides are
formed. Microscopic analysis can readily determine the thickness of this

15 layer. For ease of measurement of paint and coating thickness, coupons can
be prepared which correspond to the painted reactor surface. These can be
treated under identical conditions to the reactor system treatment. The
coupons can be used to determine paint and coating thickness.

For tin-containing paints, it is preferable to initially cure the paint at
20 temperatures below typical operating temperatures for dehydrogenation.
* Curing temperatures between 500° and 1100°F, preferably between 900°
and 1000°F (especially for oxide-containing paints), provide a carburization-
resistant coating that minimizes the incorporation of chromium in the

stannide coating (which is undesirable).

25 As an example of a suitable paint cure, the system including painted
portions can be pressurized with N,, followed by the addition of H, to a
concentration greater than or equal to S0% H,. The reactor inlet



pl aced in an open quartz boat within the hot zone of a tube furnace. The

exposed to a hydrocarbon gas. For experinents | ogen, the

gas was a 1% [err] in hydrogen. For those usin , the gas
was a mxture of 0.1%([err] in 7% propane in were 25 to
30 cc/mn. at atnospheric pressure. The sanpl ught to
operating tenperatures. 20 The test resyl tsare—shown. i he

follow ng Table. A "pass" result nmeans™he sanples did not form substanti al
amounts of coke on the netal, surfac ' ~ ----33- Tabl e

temperature can be raised to g00°F at a rLt%r(;t] 50-100°F/ll1”r..“ Thereafter the
temperature can be raised to a level of 950-975°F at a rate of 50°F/hr, and
held within that range for about 48 hours. Curing can also be achieved in
pure H, at 1000°F to 1200°F for 2-24 hours.

5 As noted previously, for stannide protective layers, curing
temperature will affect the characteristics of the protective layer. Hence,
care should be taken in curing the protective layer. For example, in the case
of a stannide protective layer applied by plating tin on an INCOLOY 800
substrate (a nickel-rich steel), exposure to low curing temperatures, i.e.,

10 three weeks at 650°F was observed to produce discrete iron and nickel
stannide phases; with an unacceptably reactive nickel phase on the exterior.
However, exposure at higher témperatures, i.e., one week at 650°F followed
by two weeks at 1000°F, was observed to provide acceptable stannide phases
where the stannide was reconstituted to comparable nickel and iron

15 abundance in each stannide phase. Exposure to even higher temperatures,
i.e., one week at 650°F followed by one week at 1000°F and one week at
1200°F, showed a reconstitution of the stannide layer and carbide-rich under
layer, to produce potentially reactive nickel-rich stannides, particularly on
the surface of the protective layer. In this regard, it is believed that

20 inclusion of iron, for example, in a paint formulation can be an effective

counter-measure when curing and operating at high temperatures.

The metal or metal compounds contained in the plating, cladding or
other coating are preferably cured under conditions effective to produce
molten metals and/or compounds. Thus, germanium and antimony paints are

25 preferably cured between 1000°F and 1400°F.

It is most preferred that paints used according to the invention contain

at least four components (or their functional equivalents); (i) a hydrogen



Effect of Choride Ex. Anmount of

Chromium No. MeC, ppm Tenp. [err] Raw EE ¥ t ective Layer
Protective Layer 5 1 10, 000 1000 '
Pass 2 10, 000 1200 Fai | Fai | 1, 000

1200 Fai | Pass Pass The
protected steel can w thstand hi gh hal ogen cpngentrations at{[krr], but the
protective layer is not as effective 10 at [ éri rotective | ayers
were effective under all conditions testdsd. l,orrparatlve Exanple 1 A reactor
tube made of 0.25 inch OD 316 stainless steel seanl ess pipe 8.75 inches

| ong was pr epdesaingrsableanncompdund, iy d mimtcsysteine(ﬁx}acﬁmiytdbvid&i tis exposed

t o hydrocarbons ap a wat er, Wi t, h ani ¢ | vent .
The react or ‘g’é’ae@\‘f eﬁﬁlarﬁegﬁ“ﬂ 5"2& agent. e
paint should contain finely divided solids to minimize sett]mg, and should

as@@umhg”th t} a stannide

not contain non-reactive materials which will prevent reaction of reactive tin
S with surfaces of the reactor system.

As the hydrogen decomposable tin compound, tin octanoate is
particularly useful. Commercial formulations of this compound itself are
available and will partially dry to an almost chewing-gum-like layer on a
steel surface; a layer which will not crack and/or split. This property is

10 preferable for any coating composition used in this context because it is
conceivable that the coated material will be stored for months prior to
treatment with hydrogen. Also, if parts are coated prior to assembly they
must be resistant to chipping during-constmction. As noted above, tin
octanoate is available commercially. It is reasonably priced, and will

15 decompose smoothly to a reactive tin layer which forms iron stannide in

hydrogen at temperatures as low as 600°F.

Tin octanoate should not be used alone in a paint, however. It is not
sufficiently viscous. Even when the solvent is evaporated therefrom, the
remaining liquid will drip and run on the coated surface. In practice, for

20 e_xainple, if such were used to coat a horizontal tube, it would pool at the
bottom of the tube.

Component (iv), the tin oxide sponge/dispersing/binding agent, is a
porous tin-containing compound which can sponge-up an organo-metallic tin
compound, yet still be reduced to active tin in the reducing atmosphere. In

25 addition, tin oxide can be processed through a colloid mill to produce very
fine particles which resist rapid settling. The addition of tin oxide will

provide a paint which becomes dry to the touch, and resists running.



25 '[err] was fed into the reactor with hydrogen at 20 cc/ m n.

The reactor

pressure was nai ntai ned at approximately 100 psj Ihe reacfor was

conpl etely plugged with coke fornmed by carburi ZatHEB!JANEMEWTCQHEWeC 20 after

65. 6 hours of operation. Conparative Exanple 2 JA
as described in Conparative Exanple 1. The readt
mai ntai ned at [err]. Again, toluene at 25 [err]
with hydrogen at 20 cc/min, The reactor 25 pregs

rﬂeMBretre

approximately 100 psig. The reactor was6sonpl etjel y pI ugged WI th

af ed

carburization when checked after 5.7 hours of Operaten

pr epar ed
| and
react or

pd at

toke due to
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Unlike typical paint thickeners, component (iv) is selected such that it
becomes a reactive part of the coating when reduced. It is not inert like

formed silica; a typical paint thickener which would leave an unreactive

surface coating after treatment.

5 Finely divided tin metal, component (iii), is added to insure that
metallic tin is available to react with the surface to be coated at as low a

temperature as possible, even in a non-reducing atmosphere. The particle

size of the tin is preferably one to five microns which allows excellent

coverage of the surface to be coated with tin metal. Non-reducing conditions

10 can occur during drying of the paint and welding of pipe joints. The

presence of metallic tin ensures that even when part of the coating is not

completely reduced, tin metal will be present to react and form the desired

stannide layer.

The solvent should be non-toxic, and effective for rendering the paint

15 sprayable and spreadable when desired. It should also evaporate quickly and

have compatible solvent properties for the hydrogen decomposable tin

compound. Isopropyl alcohol is most preferred, while hexane and pentane

can be useful, if necessary. Acetone, however, tends to precipitate organic

tin compounds.

20 In one embodiment, there can be used a tin paint of 20 percent Tin

Ten-Cem (contains 20% tin as stannous octanoate in octanoic acid or

neodecanoate in neodecanoic acid), stannic oxide, tin metal powder and

isopropyl alcohol.

Iron bearing reactive paints are also useful in the processes of the
25 invention. More particularly, adding finely-ground, particulate iron or
dissolved iron to the tin paint is advantageous. It is believed that the iron



- 34- [err] A reactor tube made of 0.25 inc
pi pe 8.75 inches |long was prepared by clea |R&’|INGEM§NTfS&H§5§
to be exposed to the hydrocarbons with soa ;
organi ¢ solvent. The reactor was then coat 4d {by. W
one end of the reactor, draining the exces c&:@q%vt t
ot her end of the reactor, draining the excdsd.
at approximately [err] for approximately 4(d hours.
coating the reactor was prepared by m xi n_'g

10 Ten Cem (Mooney Chemical, Co.), 6 par3

I sopropyl al cohol,

seani ess
f the reactor-
diying with an 5

into the
g the coating
The tin paint used for
Weight 7 parts Tin
14 parts tin

nipai nt

powder (1-5 mcrons) and 14 parts stannic, oxide (-325 mesh) and 5 %[err]

in paint nixt dilstes nagked in the: stanpidesgqafing (Ni F@ﬂmﬂ?ﬁ Yeinob ap cafistant @ t h

o ugoing accurPEedf mial RFR A TE Siokide ol ) sllucBp Bl B 000 1

pl uggi ng occu
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chromium drawn from the steel into the coating. By adding particulate iron
or dissolved iron, protection is enhanced due to the formation of Fe
stannides. When adding iron to tin paints, it is preferred that the weight
ratio of tin to iron in the paint be between 10/1 and 1/1, preferably between
5/1 and 2/1. Preferred iron compounds include finely divided iron and iron
oxide powders; iron salts, such as FeCly; and organometallic iron

compounds, such as ferrocene.

Adding iron to a tin containing paint affords noteworthy advantages;
in particular: (i) it facilitates the reaction of the paint to form iron stannides
thereby acting as a flux; (ii) it dilutes the nickel concentration in the stannide
layer thereby providing better protection against coking; and (iii) it results in
a paint which affords the anti-coking protection of iron stannides even if the

underlying surface does not react well.

As mentioned above, other resistant metals such as copper, arsenic,
antimony, bismuth, chromium, brass, germanium, gallium, chromium,
indium, lead, selenium, tellurium and mixtures thereof, may be employed in
or as the protecting coating. For example, antimony and germanium paints
can be prepared using antimony and germanium metal sulfides, oxides,
halides or mixtures thereof. Reduction at temperatures between 1000°F to
1400°F results in excellent adhesion of these metallic coating to the reactor
system surfaces. In part, it is believed that sulfide (and halide) paints are
especially useful because they are self-fluxing. They, therefore, result in

cleanly attached and strongly adherent coatings or intermetallic layers.

Chromium paints are also especially useful in this invention. The use

of paints containing chromium halides is preferred, especially chromium



15 Shutdown. [err] A reactor tube was prepared as described in Exanple 4
except that no [err] was used in the paint. Into the reactor which was

mai ntai ned at [err] and 100 psig, toluene at ogen at 20
cc/mn were 20 introduced for approximtely 88 1 i pn. Then,
the tenperature was raised to [err]. The react{i pn was conti nuedj unti | _
approxi mately 303 hours of operation occurreéd| No20NOY M9990f]| the reactor
occurred. Exanple 6 A reactor tube was preparg¢d|las described jnt Exanple 4.
The reactor 25 was preheated and mai nt ai d al JTenperature of: 1400F.
Toluene at 25 [err] was fed into the red i th _hydrogen_at 10 cc/min.
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self-fluxing and form strongly adherent coatings. One advantage of the

chromium coatings is that they do not result in liquid metal embrittlement.
Chromium paints are preferably reduced at higher temperatures than tin

5 paints in order to produce metallic chromium-containing coatings. Useful
reduction temperatures are above 1200°F, preferably at about 1400°F or
higher.

Another technique for obtaining a satisfactory protective layer for use

in the present invention is through the use of a novel catalyst load for

10 dehydrogenating a dehydrogenatable hydrocarbon to produce a hydrocarbon
product containing the same number of carbon atoms but fewer hydrogen
atoms. Again using an anchored stannide protective layer as an example, a
catalyst composite can be "surface-treated” with a carburization reducing
amount of tin dust. This tin dust will provide a source of tin which will

15 form a protective stannide layer within the reactor system, which can be less
than 1 micron thick. The stannide layer prevents or inhibits carburization
during the dehydrogenation process. It has been observed that the tin forms
a continuous smooth stannide layer on desired surfaces within the reactor

system.

20 Accordingly, by use of the phrase "catalyst load," it is meant a
catalyst composite otherwise suitable for dehydrogenating a dehydrogenatable
hydrocarbon "surface-treated" with tin dust in an amount effective to reduce
or inhibit carburization during the dehydrogenation process.
"Surface-treating” includes those means ;)f contact with the catalyst

25 composite which do not involve bonding of the tin dust to or in the

composite.



[err] -35- n-hexane. No plugging of the reactor occurred during
.approxi mately 600 hours of operation. [err]
described in Exanple 5. The reactor 5 was pr

prepared as

hBERIAGEMENT BHERT a] ned at

[err]. Toluene containing 50 ppm CS2 at 25 [¢rfT"Was red rntp [he reactor
wi th hydrogen at 10 cc/mn. The reaction pregsyr p@@r@g aEn d at
approxi mately 100 psig. After approxinmately 44 hZJ oqp.)ger,tron, t he

anount of CS2 in the toluene feed was reduce
719 hours of operation, the amount of £8rr] in the 10 tol uene feed, was
reduced to 0.5 ppm The reactor was not plug on readi'ng approxi mately

1079 hours of opeAatansxample ofp!ugfgeettrepting, ' catalysgcomposite particles or
the like may be placed into a reactor and tin dust may be dispersed over
particles or the like such that the tin dust is in contact with the surface of a
catalyst composite and/or in the interstices between adjacent catalyst

-Af-t er approxi mately

5 composite particles.

"Surface-treating” does not include uniformly dispersing elemental tin
throughout the catalyst composite or even surface-impregnating tin into a
catalyst composite as taught in the prior art. That is, "surface-treating” does
not include making the tin dust a physical part of the catalyst composite,

10 i.e., forming a bond between the tin and the remainder of the catalyst
composition such that the tin is prevented from forming a stannide layer on
surfaces of the reactor system. In this regard, the tin dust used to treat the
surface of the catalyst composite should not be confused with a "tin
modifier" for the catalyst composite. A tin modifier is a physical part of the

15 catalyst composite used to inhibit isomerization and cracking activities
whereas the tin dust is a surface treatment on the catalyst composite used to

inhibit coking, carburization and metal-dusting in the reactor system.

Preferably, the tin dust is used in an amount sufficient to inhibit
carburization which occurs during dehydrogenation of the dehydrogenatable
20 hydrocarbon. Such amounts may include about 0.1 to about 20 weight
percent, but will ultimately depend on the reactor surface to be protected.
Of course, the lower the amount used, the better for reasons of economy.
The tin dust preferably has a particle size of from about 0.1 to 25 micron.
Even more preferably, the tin dust has a particle size of from about 1 to
25 about 5 microns. In any event, the amount and size of the tin dust should be

such that a stannide layer is formed on desired surfaces within the reactor

system.



approxi mately 1219 hours of operation due to an operational problemin the

| et down system [err] 15 A reactor tube was prepared as described in
Exanpl e 5. The reactor was preheated and mai ntlaiggpfa® »rately [err].
Tol uene containing 50 ppm CS2 at 25 [err] was |f g6 H S‘HEfaTc or with
hydrogen of 10 cc/mn. The reactor pressure proxi mately
100 psig. The reactor was shut down upon reachi 1? yf{ 695 hours
of 20 operation. No plugging occurred. The sulffr had no deteftpble effect

on the protective |ayer when viewed by 430¢cros Opy CO , anple 3 A
pl ati num | oaded L-zeolite catal yst conposite was~andified by t e 25
pialsused as

addi tion of 0.25 wWO¥colrss, t'sutfacedteating”. ﬂeemamhpimwwm 0 Other

crushed particles having a 24-42 mesh with_a bul k density of about 0.7
that form protective layers on desired surfaces of the reactor System. Such
other metals include, but are not limited to antimony, arsenic, bismuth,

germanium, indium, lead, selenium and tellurium.

5 To obtain a more complete understanding of the present disclosure,
the following examples illustrating certain aspects of the invention are set
forth. It should be understood, however, that the disclosure is not limited in
any way to the specific details set forth therein.

Example 1
10 A stannide protective layer was provided on a type 304 stainless steel

screen. In particular, the screen sample was tin-plated and exposed to a
carburizing atmosphere of 1% toluene in 7% propane in hydrogen.
Exposure was continued for 14 weeks at 1150°F, with periodic temperature
cycling between high and low temperatures.

15 Upon completion of the run, the screen sample was mounted in epoxy
resin, ground, and polished for examination with petrographic and scanning
electron microscopes. No peeling or deleterious chemical alteration of the
stannide layer was observed. The Figure is a photomicrographic illustration
of the structure of the sample. Three major regions can be identified from

20 the photomicrograph. Reference number 1 identifies the region of the
stainless steel substrate. Reference number 2 identifies an intermediate
region which is a nickel-depleted, carbide-rich stainless steel bonding layer.
Reference number 3 identifies a region which is a nickel-enriched, stannide
protective layer. The inclusions identified by reference numbers 4 and 5,

25 appearing in the carbide and stannide phases, respectively, are stannide
inclusions (4) and carbide inclusions (5), which anchor the stannide

protective layer. As can be seen, substantially all of these inclusions were
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. reactor tenperature of 1 [err], atnospheric
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observed to extend continuously from their source phase. The interface
between the intermediate carbide-rich, nickel-depleted stainless steel bonding
layer, and the nickel-enriched stannide layer is irregular, but without

interruption.

Example 2
A stannide type 347 stainless steel coupon of 3 ¢cm length and 1 cm

width was painted with a tin-containing paint prepared by mixing together 7
parts by weight Tin Ten Cem (Mooney Chemical Co.), 6 parts by weight
isopropyl alcohol, 14 parts by weight tin powder (1-5 microns), 14 parts by
weight stannic oxide (-325 mesh) and 5% Fe,0,. The painted coupon was
then reduced in hydrogen for 48 hours at 1000°F and a cured, carburization
and abrasion resistant protective layer was provided. The thickness of the
protective layer was observed to be approximately 0.5 to 1 mil. Visual
inspection of the coupon confirmed 100% protective layer coverage. The
coupon was placed in a reactor where it was subjected to a moving catalyst
bed under oxychlorination (O,,CL,+HCI and H,) conditions. The coupon
was maintained in this environment for two months at temperatures ranging

from 800°F, to temperatures perhaps as high as 2000°F.

The coupon was then reioved and examined. It was uniformly gray
brown in appearance. It was cut about % inch from the end, and the % inch
section was mounted in an epoxy resin, ground, and polished for
examination with petrographic and scanning electron microscopies (SEM).
Examination of the polished section by reflected light or by electron
backscatter image SEM revealed a smooth, continuous coating on all sides of
the coupon. This experiment demonstrates that the application of a stannide
protective layer according to the invention provides a protective layer which

is sufficiently abrasion resistant under commercial-scale conditions.



Conparative Exanple 5 Conparative Exanple 3 was repeated at a reactor
tenperature of [err] in a stainless steel reactor. The tin-nodified

sul fided catal yst converted 42 % of the isobutan ith 79% sel ectivity of
the product to 15 isobutylene.. Conparative Exartg " Hﬁf Exanpl e 3
was. repeated with an unsul fided catal yst conposift s éca e feed
wth 50 ppm H2S in a stainless steel reactor at}|

The cata y t
conposite converted 18% of the isobutane with aj2 MQ@Q % of the
product to isobutylene. This exanple sA8ws theldgtrimental eff of

sul fur in the hydrocarbon feed. Exanples 9-11 I p Exanple U, wﬁ‘pa,ratlve
Exanple 6 was repeated with a catal yExample 3ce- breated vith 10 W% " Pi xi e
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containing environments. The presence of halogens adversely affects raw

steels. The protective layers of the invention are surprisingly effective for
5 isolating the steels from those halogen effects. Some protective layers of the

invention are effective at even high halogen concentrations.

The following tests were run to demonstrate the effectiveness of
protective layers for isolating underlying metallurgy from halogen containing

environments. The tests were done in a Lindberg quartz tube furnace.

10 Samples of stainless steel, provided with stannide protective layers
and chromium protective layers, were tested at 1000°F and 1200°F for
twenty-one hours, in the presence of methylchloride. The coupons were
placed in an open quartz boat within the hot zone of a tube furnace. The
tube was flushed with nitrogen for a few minutes. Then the samples were

15 exposed to a hydrocarbon gas. For experiments using 10,000 ppm halogen,
the gas was a 1% CH;CI in hydrogen. For those using 1,000 ppm halogen,
the gas was a mixture of 0.1% CH,Cl in 7% propane in hydrogen. Gas
flows were 25 to 30 cc/min. at atmospheric pressure. The samples were

rapidly brought to operating temperatures.

20 The test results are shown in the following Table. A “pass" result
means the samples did not form substantial amounts of coke on the metal

surface.



50% of the isobutane with 93% selectivity of the product to isobutylene
[err] -37- without coke plugging for over two hundred hours. In Exanple 10,
Exanple 9 was repeated. The surface-treated catal yst conposite converted
46% of the isobutane with 94%selectivity of t t _to isobutyl ene

wi t hout coke plugging for over two hundred houfsR
9 was repeated at a reactor tenperature of [er{]
catal yst conposite converted 57% of the isobut n gl h 94
t he product to isobutylene w thout coke33l uggi r
hours. Example 12

%sel Bc ivity of

NOV: 19980 Jhyndr ed

Table
Effect of Chloride
Ex. Amount of Chromium-
No. MeCl, ppm { Temp. °F Raw Stcel | Stannide Protective Layer | Protective Layer
5 “ 1 10,000 1000 Fail Pass Pass
“ 2 10,000 1200 Fail Fail Pass
" 3 1,000 1200 Fail - Paus Pass

The results show that a stannide protected steel can withstand high
halogen concentrations at 1000°F, but the protective layer is not as effective
10 at 1200°F. Chrome protective layers were effective under all conditions
tested.

omparative Example 1
A reactor tube made of 0.25 inch OD 316 stainless steel seamless
pipe 8.75 inches long was prepared by cleaning the surfaces of the reactor to
15 be exposed to hydrocarbons with soap and water, and drying with an organic
solvent. The reactor was preheated and maintained at 1250°F. Toluene at
25 pl/min was fed into the reactor with hydrogen at 20 cc/min. The reactor
pressure was maintained at approximately 100 psig. The reactor was
completely plugged with coke formed by carburization when checked
20 after 65.6 hours of operation.

Comparative Example 2
A reactor tube was prepared as described in Comparative Example 1.
The reactor was pretreated and maintained at 1400°F. Again, toluene at 25
p#l/min was fed into the reactor with hydrogen at 20 cc/min, The reactor
25 pressure was maintained at approximately 100 psig. The reactor was

completely plugged with coke due to carburization when checked after 5.7
hours of operation.



10 An L-zeolite catal yst conposite nodifieg the addition of 0.25
w%of atin nodifier. The catal yst conposite EPEACEMENT | eeparticles.
having a 24-42 mesh with a bul k density of aboutf Q LAt 15 reactor

tenperature of [err], atnospheric pressure, 5 L
r 20tNOV u99g10| 1p the

propane was fed into a tin coated stainless stegl
surface-treated catal yst conposite. The surfaceftjeated catalys
converted 48% of the propane with 88% selectivijy to propyfeme-with no

sul fur in the systemand no coke pl uggi mg-for tH ength of the run, i.e.,
about 120 hours. While the invention has been described above in terns of
preferred 20 enbodinents, it is to b gesf ood that variations and

nmodi fications may be used as will be appreciated by those skilled in the
art. Essentially, thesastosrtube made of £:25 ingh\OR B16stainlgss sterl seamless cations to

t he above preferr enhodi,ments which wll, be read] Vi t hose
skilled in thal%f-qaﬁﬁamlw wia Bripase Y plesfink B ViR of Y whdpb 167 e
invention as @gfexpesédds the hydrocarbons with soap and water, and drying with an

' 5 organic solvent. The reactor was then coated by pouring a tin paint into one

end of the reactor, draining the excess, pouring the tin paint into the other
end of the reactor, draining the excess, and then curing the coating at
approximately 1050°F for approximately 40 hours. The tin paint used for
coating the reactor was prepared by mixing together by weight 7 parts Tin
10 Ten Cem (Mooney Chemical, Co.), 6 parts isopropy! alcohol, 14 parts tin
powder (1-5 microns) and 14 parts stannic oxide (-325 mesh) and 5% Fe,O,
in paint mixture. Toluene at 24 ul/min was fed into the reactor with
hydrogen at 20 cc/min for approximately 596 hours of operation at 1400°F.,
No plugging occurred but operational problems in letdown system caused
15 shutdown.

Example
A reactor tube was prepared as described in Example 4 except that no
Fe,0; was used in the paint. Into the reactor which was maintained at
1250°F and 100 psig, toluene at 25 ul/min and hydrogen at 20 cc/min were
20 introduced for approximately 88 hours of operation. Then, the temperature
was raised to 1400°F. The reaction was continued until approximately 303

hours of operation occurred. No plugging of the reactor occurred.

Example 6
A reactor tube was prepared as described in Example 4. The reactor

25 was preheated and maintained at a temperature of 1400°F. Toluene at 25
pl/min was fed into the reactor with hydrogen at 10 cc/min. The reactor
pressure was maintained at approximately 100 psig. The reaction was
allowed to proceed for at least 597 hours before changing the feed to
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conprising: (i) providing a carburization arjd REBRAGEMENT, $4iEdt gnt protective

| ayer to a steel portion of a dehydrogenatiﬁn react or syste
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n-hexane. No plugging of the reactor occurred during approximately 600

hours of operation.

Example 7
A reactor tube was prepared as described in Example 5. The reactor

was preheated and maintained at 1400°F. Toluene containing 50 ppm CS, at
25 pV/min was fed into the reactor with hydrogen at 10 cc/min. The reaction
pressure was maintained at approximately 100 psig. After approximately 44
hours of operation, the amount of CS, in the toluene feed was reduced to §
ppm. After approximately 719 hours of operation, the amount of CS, in the
toluene feed, was reduced to 0.5 ppm. The reactor was not plugged upon
reading approximately 1079 hours of operation, but plugged upon reading
approximately 1219 hours of operation due to an operational problem in the

letdown system.

Example 8
A reactor tube was prepared as described in Example 5. The reactor

was preheated and maintained at approximately 1400°F. Toluene containing
50 ppm CS, at 25 xl/min was fed into the reactor with hydrogen of 10
cc/min. The reactor pressure was maintained at approximately 100 psig.
The reactor was shut down upon reaching approximately 695 hours of
operation. No plugging occurred.

The sulfur had no detectable effect on the protective layer when

viewed by microscopy.

Comparative Example 3
A platinum loaded L-zeolite catalyst composite was modified by the
addition of 0.25 wt% of a tin modifier. The catalyst composite was used as
crushed particles having a 24-42 mesh with a bulk density of about 0.7



the steel por

i :
catal ytically dehydrogenating a dehydr ogenat abl ¢ ﬁ?ﬂrﬁ%MENBrSHEET

met hod for

the protective layer to the steel portion through ieiRb. djaje
carbide-rich, nickel-depleted bonding |ayer. 3 ?br#aq‘%wf DI
=54 ting said

dehydr ogenat i
hydr ocar bon i

tion through an internediate carbi g

dehydr ogenation according to clai 1 conprisrmgpnghori ng

ng a dehydrogenatabl e hydrocarbof &orptisihg—cont
n a reactor system with a dehydfogenation catalykt

under

| ow sul fur dehydrogenation conditions, “#erein at Teastaportion of the
reactor systemin contact with the hydrocarbon has been pretreated with a

carburi zati on grasisidcanThe cataliystocamposite svas o presulfided.e At @ seactorase

carburization resistance of gllge react or system
’

10

15

20

25

temperature of 1100°F, atmospheric pressure, 5 LHSV and H,/HC ratio
of 3/1, isobutane was fed into a quartz reactor using the tin-modified
sulfided catalyst composite. The tin-modified sulfided catalyst composite
converted 50% of the isobutane with 88% selectivity of the product to

isobutylene.

Comparative Example 4

Comparative Example 3 was repeated at a reactor temperature
of 1050°F. The tin-modified sulfided catalyst composite converted 35% of
the isobutane with 92% selectivity of the product to isobutylene.

Comparative Example 5
Comparative Example 3 was repeated at a reactor temperature
of 1100°F in a stainless steel reactor. The tin-modified sulfided catalyst
converted 42% of the isobutane with 79% selectivity of the product to

isobutylene.

Comparative Example 6
Comparative Example 3 was repeated with an unsulfided catalyst
composite and an isobutane feed with 50 ppm H,S in a stainless steel reactor
at 1100°F. The catalyst composite converted 18% of the isobutane with a
94% selectivity of the product to isobutylene. This example shows the
detrimental effect of sulfur in the hydrocarbon feed.

Examples 9-11
In Example 9, Comparative Example 6 was repeated with a catalyst
surface-treated with 10 wt% "Pixie Dust", a 1-5 micron size tin powder and
without sulfur in the feed. The surface-treated catalyst composite converted
50% of the isobutane with 93% selectivity of the product to isobutylene

t he



4.

" A method according to any one of claims 1, 2 and 3, wherein the netal

Ls applied as a plating, cladding, paint or other coating conprising at
| east one metal in major proportion selected frdm i mony,
EAGEMENT, SHEET,

arseni c,

bi snut h, copper, chromum gallium ger _
selenium tellurium tin and m xtures thereof. -9- b, A netlhd¢d

d¢ad,

according to claim4, wherein said at |east one nﬁtazﬂnovep”tgd fromthe
group of antinony, arsenic, chrom um gernanium} gel enium telldrifum tin

and m xtures thereof. 6. A nmet hod accedi ng tq any one of cCrlal m 1, 2, 3,
4 and 5, wherein the netal is applied as a platiln i int or
. ot her
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without coke plugging for over two hundred hours. In Example 10,
Example 9 was repeated. The surface-treated catalyst composite converted
46% of the isobutane with 94% selectivity of the product to isobutylene
without coke plugging for over two hundred hours. In Example 11,
Example 9 was repeated at a reactor temperature of 1150°F. The
surface-treated catalyst composite converted 57% of the isobutane with 94%
selectivity of the product to isobutylene without coke plugging for over two
hundred hours.

Example 12
An L-zeolite catalyst composite modified by the addition of 0.25 wt%

of a tin modifier. The catalyst composite was used as crushed particles
having a 24-42 mesh with a bulk density of about 0.7 grams/cc. Ata
reactor temperature of 1200°F, atmospheric pressure, 5 LHSV and H/HC
ratio of 1/1, propane was fed into a tin coated stainless steel reactor using
the surface-treated catalyst composite. The surface-treated catalyst
composite converted 48% of the propane with 88% selectivity to propylene
with no sulfur in the system and no coke plugging for the length of the run,
i.e., about 120 hours.

While the invention has been described above in terms of preferred
embodiments, it is to be understood that variations and modifications may be
used as will be appreciated by those skilled in the art. Essentially, therefore,
there are many variations and modifications to the above preferred
embodiments which will be readily evident to those skilled in the art and
which are to be considered within the scope of the invention as defined by
the following claims.



coat | ng conprising tin or chromum 7. A nmet hod according to any one of
clainms 1, “2‘“3*4%-&14d‘_6MWnereinthe metal is applied as a
tin-contai nlmj al nt. 8: A et hod according to '

tin- contalrf Mmﬂﬂm iron and/or the tin{c '
conpr|5|ng osable tin gonpound ol vent system finely
A8fet hod fo el3ANQE99 o

divided tin rretal and tin ‘oxide.
conprising: (i) providing a carburl zation and abr 5t nni de
protective layer to.. a stainless steel portion o Tati
react or sysiQHMBY (a) applying to the stainless s portion a netlal

pl ati ng, ctadding, paint or other coating of tin to a thickness effective
to isolate the ktai i eethetiefdr pinitvidnegtnahi ¢ry drameanilsdng: duri ng operati on

whi l e avoi ding any syfst@nddidlingl QUi dadmialza®ibhi tlaemitas3g (Rsfameng a

ni ckel -enriched stanni de
protective layer to a steel portion of a dehydrogenation reactor

system by (a) applying to the steel portion a metal plating,
cladding, paint or other coating of a metal effective for forming
a carburization resistant protective layer, to a thickness
effective to isolate the steel portion from hydrocarbons during
aperation while avoiding any  substantial liquid metal
émbrittlement, and (b) forming the protectivé layer, anchored to
the steel portion through an intermediate carbide-rich bonding

layer;
(ii) catalytically dehydrogenating a dehydrogenatable
hydrocarbon.
2. A method for dehydrogenation according to claim 1

comprising anchoring the protective layer to the steel portion
through an intermediate carbide-~rich, nickel-depleted bonding

layer.

3. A method for dehydrogenating a dehydrogenatable
hydrocarbon comprising contacting said hydrocarbon in a reactor
system with a dehydrogenation catalyst under low sulfur
dehydrogenation conditions, wherein at least a portion of the
reactor system in contact with the hydrocarbon has been pretreated
with a carburization resistant coating to an extent effective to
increase the carburization resistance of the reactor system.

4. A method according to any one of claims 1, 2 and 3577
wherein the metal is applied as a plating, cladding, paint or other
coating comprising at least one metal in major proportion selected
from the group of antimony, arsenic, bismuth, copper, chromium,
gallium, germanium, indium, leada selenium, teliurium, tin and

mixtures thereof.



protective |ayer conprising carbide inclusions,

‘stainless steel bondin ﬂha“ﬁg conpri si ng stanni de.

catalyctcal ) ARLANR

i nl ess
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to claim9, whereinitih iin¢!l usi ons

conti nuods, © extendi ng, substanti al3y without| i ‘rjn1the
i ntermedi ate carbide- rich, nickel-depleted bondinfg |ayer into the g$tannide
and [err] the stannide inclusions are c ' - . i-ng,
substantially s, A method according to claim 4, wherein said at least one

metal is selected from the group of antimony, arsenic, chromium,
germanium, selenium, tellurium, tin and mixtures thereof.

) 6. A method according to any one of claims 1, 2, 3, 4 and 5,
wherein the metal is applied as a plating, cladding, paint or other

coating comprising tin or chromium.

7. A method according to any one of claims 1, 2, 3, 4, 5 and
6, wherein the metal is applied as a tin-containing paint.

8. 2 method according to claim 7, wherein the tin-containing
paint includes iron and/or the tin-containing paint comprising a
hydrogen decomposable tin compound, a solvent system, a finely
divided tin metal and tin oxide.

9. A method for dehydrogenation comprising:

(1) providing a carburization and abrasion resistant stannide
protective layer to a stainless steel portion of a dehydrogenation
reactor system by (a) applying to the stainless steel portion a
metal plating, cladding, paint or other coating of tin to a
thickness effective to isolate the stainless steel portion from
hydrocarbons during operation while avoiding any substantial liquid
metal embrittlement and (b) forming a nickel-enriched stannide
protective layer comprising carbide inclusions, anchored to the
stainless steel portion through an intermediate carbide-rich,
nickel-depleted stainless steel bonding layer comprising stannide
inclusions;

{ii) catalytically dehydrogenating a dehydrogenatable

hydrocarbon.

10. A method for dehydrogenation according to claim 9,
wherein the carbide inclusions are continuous, extending,
substantially without interruption, from the intermediate carbide-
rich, nickel-depleted bonding layer into the stannide phase, and



vvit‘hout interruption, fromthe stannide layer into the internedi ate

.car bi de-rich, nickel-depteted—bondi ng | ayer. 11. ﬁ@_ hegnd to
clainms 9 and ' | interface between thg _
carbi de-ri Chmmwmﬁﬂ.&@i{ﬁﬂebondl ng layer is irfepul ar, but substfantially
wi t hout i ntermrupti on. s Aatret hod according to ahyf o2 GROVSI9- 11,
dehydrogenating et hane, propane, n-butane, isobut 1nE, m xed but anes},

pent anes, isopentanes and/or ethyl benzédd to an pl eTTni ¢ product, f3. A
met hod according to any one of clains 1-12, conprgsing * _dehydrag ting

propane an&her sbanaibde Iidclushomst lhod sosbimliogs,t exarynddng, okubseamsidllls,

wher ei N sulfbhoh€%elS riript A6n ! qq&ah%ése%aﬁg;gg :]%geg&tgﬂh@b%eﬁ?

0 not excee

wherein su I

A net hod d I | ai m 14, \
T6. A et h50 BELOIERTY (oA -DRBLOHet PERHEPY - 1o Toonpr i si ng

e

15.
I Som

11. A method according to claim_s 9 and 10, wherein the
interface between the inte;mediate carbide-rich, nickel-depleted
bonding layer is irregular, but substantially without interruption.

12. A method according to any of claims 1-11, dehydrogenating
ethane, propane, n-butane, isobutane, mixed butanes, pentanes,
isopentanes and/or ethyl benzene to an olefinic product,

13. A method according to any one of claims 1-12, comprising

dehydrogenating propane and/or butane.

14. A method according to any one of claims 1-13, wherein
sulfur levels in the reactor system do not exceed about 20 ppn.

15. A method according to claim 14, wherein sulfur levels do

not exceed 1 ppm.

16. A method according to any one of claims 1-15, comprising
applying the protective layer to a thickness of between 0.5 mils
and 15 mils.

17. A method according to any one of claims 16, comprising
applying the protective layer to a thickness of between 1 and 10
mils. '

18. A method according to any one of claims 17, comprising

applying the protective layer to a thickness of 2 to 8 mils.

19. A method according to any one of claims 1-18, comprising
applying the protective layer to a portion of the reactor system
which exhibits a skin temperature of at least 1000°F during



appl yi ng the prOteE;L¥E~%9¥§L*LD a thickness of between 0.5 mls and 15
mls. 17. A nethed |ng to any one of clains +S+-Rg—appl yi ng -
ENT SHEET A net hod

to a thickness

bf § cl ai nB

the protective | aye ness of between 1 4n
according to a ﬁ%@m 17 conpri sing applylng the protectiye | ayer
rnﬂ S.

1- 18,

conpr|5|ng applying the protective layer toja portlon
system whi ch exhibits a skin tenperature of at |egs

dehydr ogenatdedarogenation.

*19. A nethqq accor

MV I,

20. A method according to any one of claim 19, comprising
applying the protective layer to a portion of the reactor system
which exhibits a skin temperature of at least 1200°F during

dehydrogenation.

21. A method according to any one of claims 1-20, comprising
dehydrogenating in a fluidized or moving catalyst bed reactor.

22. A method according to any one of claims 1-21, wherein the
protective layer is applied to a furnace tube or heat exchanger.

23. A method according to any of claims 1-22, comprising

dehydrogenating ethylbenzene and/or isobutane.

24. A method according to any--of claims 1-16, comprising

. dehydrogenating in the presence of a platinum dehydrogenation

catalyst.

e [ eactor
.- 41-



20.* A nmet hod according to any one of claim19, conprising applying the
protective layer to a portion of the reactor system which exhibits a skin-
tenperature of at least [err] during dehydrogenation. 21. A method
according to any one of clainms 1-20, conprising dehydrogenating in a
fluidized or noving catal yst bed reactor. 22. A method according to any
one of clains 1-21, wherein the protective layer is applied to a furnace
tube or heat exchanger. 23. A nethod accgsding to any of clains 1-22,
conpri si ng dehydrogenati ng et hyl benzene and/ or isobutane. 24. A nethod
according to any of clainms 1-16, conprising dehydrogenating in the presence

of a plati npEyVBRUEERATIONPROTESSES, EQUIPTMENT AND CATALYST LOADS
THEREFOR

ABSTRACT OF THE DISCLOSURE

A method for dehydrogenation comprising: (i) providing a carburization and
abrasion resistant protective layer to a steel portion of a dehydrogenation reactor system
by (a) applying to the steel portion a metal plating, cladding or other coating of a metal
effective for forming a carburization resistant protective layer, to a thickness effective to
isolate the steel portion from hydrocarbons during operation while avoiding any
substantial liquid metal embrittiement, and (b) forming the protective layer, anchored to
the steel portion through an intermediate carbide-rich bonding layer; (ii) catalytically
dehydrogenating a dehydrogenatable hydrocarbon.

Figure 1
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