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2 

LOW-SUt.l'UR REFOlUtING PROC!SSES 

3 BA<:KGBgmm OP m INVENTIOK 

4 This applicaticn is a ~ontinuation•1n-pal:"":. 

5 application of u.s. Applica'tion No. 07/666,69,, tiled 

6 March 8, 1991, the oontents of which is h•~eby 

7 incorpo~ated t>y referenee, and is related to u.s. 
a Application No. 802,821 

9 0059!0•316], and u.s. Appl~cation No. 803,21! 

10 (A~torney'a Oocket No. 005950~333], both filed 

ii concurrently herewith and the conteft~ ot ~hich are 

12 hereby incorporated by reference. 

13 

14 The prese~t invention relates to improved 

15 techniquea for catalytic refoiiaing~ pa~icularly, 

115 catalytic reforminq under low•sulfur, and low-eultur 

17 and low-water condit:ions. More spec:if~cally, th• 

11 invention relates to the discovery an~ control ot 

19 pr~lem• particula~ly acute with low-sulfur, an4 low-

· 20 sulfur anc! low-water raforming processes. 

21 · catalyt.1c reforming is well known i" ~he 

22 petroleum industry and involves th• treatment ot 

23 naphtha iractians to improva octane ratin9 by the 

34 p:rod.uction of aromatics. The mcra important 

25 hydroc:arbon reaction• whieb occur durinq the 
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1 retormin9 ope~ation include the dehydrogenation ot 

2 cyclohexanes ~o aromatics, dehydroiscmerization of 

J alkylcyclopentanes to aromatics, a.n4 

4 dehy~roeycli~ation ot acyclic hydrocar~ons to 

5 aromatics. A n~er of other reactions also occur, 

6 includinq th• dealkylation of alkyl~nzenes, 

7 is011erization of paraffins, an4 hydrocracking· 

a. reactions whidl produce li9h~ 9aseous hydrocarhons~ 

9 e.g., methane, ethane, propane and bu~ane. It is 

10 important to minillli~e hydrocrac:Jcin9 reac:tions.durinq 

11 reform1ft9 as they de~rease the yield of 9asoline 

12 boiling products and hyd.t'oqen. 

13 

14 Beoause ~hare is a demand fo~ hiqh octane 

15 9asoline, extensive research has been devoted to the 

16 development.of improved retormin9 catalysts and 

17 catalytic retorainq p~ocessea. catalysts for 

18 suecassful retorminq processes must possess 9ood 

19 selectivity. Tb.at 1•1 'they should be effective for 

20 proctucin9 high yields o~ lic;rui4 prod\1cts in 'the 

21 9asoline boilin9 ranqa containiziv large 

22 concentrations of hi9h octane number aroma~ic 

23 hydrocarbons. Lik•wise, there should be a low yield 

24· of liCJht gaseous hyclracai-bons. 'rhe c:at,lysts should 

25 possess qood a=ivi'ty to 11.inimize excessively hiqh 

26 tmap.rat'QX'ea for produc1nq a certain quality ot 

____ ... -----~---
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l ~roducta. It is also necessa:y for th• catalysts to 

2 either possess qQod stability in order that the 

3 activity and selectivity characteristics can be 

4 retained during prolon~ed pericds ot cperaticn; or be 

s sufficiently reqanerabl• to allov frequent 

6 . reqeneration without loss of performance. 

1 

8 Catalytic retormin; is also an important process 

t :or the chemical industry. There is an increas1nqly 

lO larger·demand for aromatic hydrocar~ns for use in· 

11 the manufacture of various chemical produ~ts auch as 

12 eyn~atic fibers, insecticides, adhesives, 

13 detergents, plas~ics, synthetic ru~:berc, 

14 pharmaceutical proclucts, hi;h octane gasoline, 

15 perfuaes, ~in9 oils, ion•exchante resins, and 

16 various other products well· known to those skilled in 

17 th• a2:1:.. 

18 

19 An important technological advance in ca~alytic 

20 reforming has rec•~tly emer9ad which involves the use 

21 of lar;•-pore zaolite catalysts. These catalysts are 

zz turt:Jier ctiaractari1ed by tb• presence ot an alkali er 

23 alkaline earth metal and are char9ed with one or more 

24 Q~oup VIII metals. This type of ca~alyst has bean 

25 foun4 to advanta;aously provide hiqher selectivity 

26 and longe~ eat.lytic lite than those p~eviously used. 

____ _,_ 
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1 Havinq discovered selective ca~alysts with 

2 accep1:.&~le cycle lives, BUCCassfUl C01Uler~ialization 

3 seemed inevitable. Untortuna~aly, it was 

4 sW:ssequently disecv•red that the hi9hly selec~iva, 

5 larqa pore zeolite catalya~s containinq a Gr~up VI?I 

& ••tal ve~e unusually susceptible to sultu~ poisoninq. 

7 See u.s. Patent No. 4,4S&,527. Ultimately, it was 

a found that to effectively address this problem, 

9 sulfur in the hydrocarbon feed should be at.ultra-low 
. . 

10 levels; preferably l••• than 100 parts per billicn 

11 (ppb), more preferably less than !O ppb to achieve an 
12 acceptable stability and a~tivity level for the 

13 catalysts. 

14 

15 After rae09niainq th.a sulfur sensitivity 

i& a•sociated with ~hese new ca"Calys~s and determining 

17 tha necessary and acceptable levels of process 

18 sulfur, successtul commercialization reappeared on 

19 the horizon; only to vanish vith the emer9ence of 

20 another associated problem. It was found that 

21 oertain larv• pore zeoli~e catalyst• are alsc 

22 adv~rsely sensitive to the presence of water under 

23 typical reaction conditions. ·Particularly, water was 

24 found to g-reatly accelerate the rate of catalyst 

25 deactivation~ 

36 
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l wa~er sensitivity was found to ~e a serious 

~ drawback wbic:h was diftic.ult to effectively addrass • . 
l Wa~er is produced at the be9i.nninq of each ~rocess 

4 cycle when the catalyst is reduced with hydroqen. 

' And, water can be produced durinq process upsets when 

6 water leaks into the reformer feed, or when the teed 

7 becomes contaminated with an oxyqen•containinq 

8 compound. Eventually, technoloqies were also 

9 de~eloped to protect the catalysts from water. 

10 

11 Again commercialization seemed practical with 

12 th• development of various low-sulfur, low-water 

13 systems for catalytic reforminq usinq hiqhly 

14 selective larq'e•pore zeoli~e catalyst5 with lon; 

1S catalyti~·iives. While low•sultur/low-water •ystems 

16 were initially e~factive, it wa• discovered that a 

17 shu~ down of the raac:tor system can be neces•ary 

18 af~er only a matter of weeks. ~he re~ctor system of 

19 one test plant had regularly become plu99ad after 

20 only such ~rier opua~inq periods. Th• plUCJ• were 

z1 found ~o be those associated with coking. However, 

22 altbou;h cokin9 within catalyst parti~les i• a calltllcn 

23 problem in hydrocar1'on processing-, the ext•n1: ~nd 

24 rate of coke plu9 foi:mation exterior to the catalyst 

25 ~ieles associated with this P•rticular aystea tar 

a' exceeded any expeotation. 
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2 Acoordinqly, one c~ject ot the invention is· to 

3 provide a method tor raf ot"lllinq hydrocarbons under 

4 conditiofts at low sulfur which avoids tha 

5 aforementioned prcbl•ms found to be associated with 

6 law-sulfur processes, suc:h as brief aperatinq 

7 periods. 

8 

9 It is another cbjeet of th• invention to provida 

10 a reactor system for ref or11in9 hydrocarhcns under 

11 conditions of low sulfur which permits lonqar 

12 oparatinq P•riods. 

13 

14 After a detailed analysis and invastiqation of 

15 th~ coke plu9s of low-sulfur reactor systems, it was 

16 surpriain9ly found that they contained particles and 

17 droplets of ••talJ the dropleU ranc;in9 in stse of up 

11 to a few ~icrons. This obsai-vation lad to the 

19 start~ing realization that ~hara are new, profoundly 

zo serious, problems which were not. of concern with 

21 conventional ~eformin9 techniques where process 

22 aultur and water levels.were significantly hiqhe~. 

23 Hore particularly, it. was discovered ~at. probl ... 

24 existed which threatened t:h• effective and economic 

25 operabili~y of the ayateas, and th• pbysical 

26 in'te<Jrity at the equipment as well. It was also 

-------------

• 
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l discov•~•d ~hat thaae p~oblems cme~ed ~ue to ~h•· 
2 low-sulfur conditions, and to s0111e extent, the low 

3 levels ct water. 

4 

5 Far th• last forty y&ars, catalytic reforming 

6 reacto~ systems have been eonstrueted of ordina~ 

7 mild steel (e.q., 2% er l Mc). ove~ time, experience 

a has shown that tha systems can ope~ate successfully 

9 tor a~out twenty years without si;nificant loss ot 

10 physi~al atran;th. Howavu, th• discoYery ot th• 

1i metal particl~s and droplets in th• coke plug• 

12 eventually lead to an investigation ot th• physical 

ll charact•~i•~ica ot the reactor system. Quite 

i4 surprisin91y, conditions were discovered Whieh are 

15 symptomatic at a potentially severe physical . 

11 d•,radation ot .the entire rea~or system, including 

17 the furnace tubes, pipinq, reactor walls and other 

18 environments such as catalysts that con~•in iron and 

19 aetal •~reena in the reactors. Ultimately, it was 

20 discovared that this problem is ase9ciata4·with the 

21 exceasive car~ization of th• steel which causes an 

22 em!)~ittlell•nt of the •~••l due to injection of 

23 process c:=arbOn into the metal. Conc:eiv~ly, • 

24 catastrophic physical t•ilure of the raactor •Y•tem 

25 could result. 

26 
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i With conventional reforniin9 techniques 

2 carburiiation simply was not a problem or concern; 

3 nar was it expected to he in cantaaporary low-

4 sultur/low•water systel.\\S. And, it waa assumed that 

5 conventional process equipmant could b• used. 

& Apparently, however, the sulfur presen~ in 

7 conventional systems ettactivaly inhibits 

s carburizatian. Somehow in conventional procasses the 

9 process sultur intertereB with the carhurization 

io reaction. But with extremely low-sulfur systems, 

11 this inheren~ pretection no lonqer exists. 

12 

13 Figure lA is a photomicroCJraph ot a portion ot 

14 th• inside (procsess ai4•) at a mild s~ael tu~nace 

1! tub• from a commercial refot"mer. The tube had been 

16 exposed to conventional reformin9 condition• for 

17 about 19 years. ~his photograph shows tha~ the 

is surface of the tu))e has rUlained essentially 

19 unalterad wi'th the texture of 'cha tUbe ramainin9 

zo normal after lonq exposure to hydroearbons at high 

21 temper_atures (the "black portion of 1:he· ~hot09rapb is 

22 ~ac1C91:'ound). 

Zl 

24 Fit'JUZ'• lB ia a photomicrograph ot a portion of a 

25 mild ateal coupon camp~• which was placad inside a 

26 r••c:tor of a low•sulrur/low ... waeer d.maonstra1:ion plant 

------------
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1 to~ only 13 weeks. The photoqraph shows the eroded 

2 surface ot the sam~le (contrasted aqainst a black 

3 baclc9~ound) trom which metal dustinq has occurred. 

4 Th• dark 9rey•like veins indicate 1:he anvirol\Jllental 

5 carburization ct the steel, which was carburized and 

6 emtirittled more than l mm in'depth. 

1 

8 ot course, the problems associated wi~h 

9 carDurizatian oaly baqin with ca~b\u'ization ot tha 

10 physical system. The car~urization of the steal 

11 walls leads to •metal dustinq"; a release of 

12 catalytically active particles and.melt dr~plets of 

13 metal due ~o erosion ot the metal. 

14 

15 The active metal particulates provide additional 

16 sitaa for coke formation in the system. While 

17 catalyst deactivation f~om coking is qenerally a 

18 problem Whicb must ba addressed in reformin~, this 

19 new signif 1cant source of coke fOJ:'Jla~icn leads to • 

20 new pi:oblem ot coke plugs which excessively 

21 a99i-avates the probla. In fact., it was f'ouncl that 

22 the acbil• active 11etal particulates and. coke 

23 particles aetastasize cokinq qenerally throuqhout 'the 

24 system. Th• a~ive :metal particulates actually 

25 induce coke fo!:'11lation on themselves and anywbe~• that 

21 the particles acCUJnulate in the sys~em resulting in 
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1 coke pluqs an~ hot re;ians of exothermic 

~ demethanation ~eactions. As a result, an 

3 \lmaanaqaable and premature coke-plug9-inq of th• 

~ reactor system occurs which can lead to a system 

5 shut~own within weaks of start-up. U•e ot! the 

6 pro~ess and reactor sys~am of the presen~ inven~ion, 

7 hawever, ove~eomea these problems. 

a 

t ~here!ore, a first aspect cf the invention 

10 relates to a method for ref ormin9 hydrocarbons 

ll comprising ccntac~inq the hydrocarbons with a 

12 reforming catalyst, pretera~ly a lar9•-pora geolita 

ll catalyst includinq an alkali or alkaline earth metal 

14 and charqed with one or mora Group VIII metals, in a 

15 reactor system having a resistance to carburization 

16 and metal dustin; which is an improvemen~ ov•~ 

17 conven~ional mild steel reaotor sys~ems under 

18 conditions of low sulfur and often low sulfur and low 

19 water, and u11on reformin; "Cha resistance bein9 such 

20 that •Jlb~i~tlelllent from carburization will tie less 

21 than about 2.!5 D/year, praferahly less than 1.s 

22 -/year, •ore preferably less than 1 'D./year, and 

2J most preterably less than 0.1 1111/year. Preventing 

24 em!:)rittla~ent tQ such an extent will si;niticantly 

25 reduce metal dustin9 and ~okiiig in th• reactor 
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1 system, and permits cperation for lonqer periods of 

2 time. 

3 

4 And, another aspect of th• invention relate• to 

5 a reactor sys~em includin9 means for providinf a 

5 resistanca ta carburization and metal dustinq which 

7 is an illl'Provemen~ over conventional mild s~eel 

8 systems in a me~cd f o~ retorminq hydrocar~ons using 

9 a refonainq catalyst such as a larqe-pora zeolite 

10 catalyst 1nclud1nq an alkaline earth metal and 

1i ~harqed v1th"one or sore GroQp VItI metals under 

12 conditions of low sul!ur, ~· resistance bein9 such 

13 ~hat •mbrittlemen~ will ~• l••• th~n ahout 2.5 

14 11J:4/year, preferably less than 1.s 'IDS/yearr more 

15 preterably less than l 1J11A/year, and most prafarably 

15 less than 0.1 m:a/year. 

17 

18 Thus, amon; other tactora, the present invention 

19 is baaed on the diseoveey tha~ in low-sulfur, ana 

20 low-sultur and low-water retor211in9 proc••••• tbere 

21 exiat sitnif icaut carb~ization, metal dusting and 

22 coking pro~lems, which problems do not exist to any 

23 si;nif icant extent in conventional reformtnq 
24 prooesses where hiqher levels of sulfur are present. 

25 '1'h1• disoovary has led to intensive work and 

26 development of solutions to th• problas, ~hi.ch 

---~·-

U1ii1i1Ji1iJi~ 
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1 solutions ara novel to low•sulfur ref ol:lllinq and ara 

2 directed to the id~ntitication a~d salection of 

J resistant materials for low-sultur retormia9·syate11S, 
4 way• to effectively ueilize and apply the resistant 

s materials, additives (other than sulfur) tor reducinq 
6 carburization, matal dustif&V an4 coking, various 

7 process aodificat1ons and confi9UJ:ations,·an4 

a co'lll:linations thereof, which effectively address the 

t prol:)le••· 

10 

11 More particularly, the discovery has led to th• 

12 search for, identifica~ion of, and ael•~iou of 
13 resistant materials for low-sultur reforming systems, 
14 praterably the reactor walls, furnace tul>as and 
15 screens thereof, which wera p~eviously unnecessary in 

16 conventional reforming systems such as certain alley 

17 and stainless steels, aluminized and chroaizad 

18 materials, and certaili ceramic materials. Also, i't 

19 v•• discovered tha~ ath•r speaific materials, •PPliad 
20 as a plating, claddin9, paint, etc., aan be 

21 effectively ~••istant •. These •aterials includa 

22 copper, tin, arsenic, antimony, brass, lead bismuth 
23 chromium, in'terlletallic compOl.Znds thereof, and alloys 
24 thereat, as well as ailiea and silicon mased 

25 c:oa1:inw•· I.n one preterred embodiment of the 
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1 i~vention there is provided a novel and reaistanc 

2 ti~·con~aining paint. 

3 

4 Furthermore, the clisc;overy led to the 

5 development of certain additives, herainafter· 

6 r•ferre4 to as anticarbu~izin9 and anticokin9 a;encs, 

7 which out of ne~esaity are essentially sulfur fr•e, 

8 prefera~ly completely sultur free, vhieh are novel to 

9 re'fo:rming. sucb additives include orqano-t.in 

10 compounds, or9ano-antimony compounds, or9ano-bismuth 

11 . c::ompounas, orqano•arsenic compounds and orvano•lead 

12 compounds. 

13 

14 Also, the problems associated with low-sulfur 

15 retormin9 has l••d to the development of c;er1:ain 

1s process 111.odifications •nd c:ontiqurationss ... 'P • .,.c"'"ttiv 

17 unnecessary in conventional raformin9. 

18 certain temper•ture control tec::hniques, 

19 auperheata4 hyctr09en between reactors, 

20 ca~alya~ r99enarations. the usa of sta;ad heaters and 

21 t=as, the use ot sta9ed temperature zones, th• use 

22 of superheated raw materials, and ~e use of larger 

Z3 tube diameters and/or higher tube velocities. 

24 

25 
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1 !B+Er QJSCRIE'rION or THI QBAWX?fX 

2 As noted above, Pigur• 1A is a photom1cro91"•Ph 

l of a po:-tion of the inside (precess side) of a mild 

4 steel furnaea tu!>• from a co-.er~ial retormer which 

s had been in use a~out 19 years; and as also noted 

6 above, 

7 

8 Figura 18 is a phatOlllicroqraph ot a portion of a 

9 mild •~eel coupon sample whi~h was place.cl inside a 

10 reac~or of a low•sultur/lcw-wate~ demonstration plan~ 

ll for only 13 weeks. 

12 

13 Fic;ure 2 is an illustratioft of a suitable 

14 ref orminq reactor system for use in the preaent 

lS invention. 

16 

17 DITA.:tLIP PJ!IQ.JET?Off OP '!'HI QIPDBID .. OQDM! 

18 The metallurwical terms used herein are to be 

19 given th•~ common aetallurgical meaninqs as sat 

20 forth in mE Mr?ALS BAN'OIOOX cf.the aerican Society· 

21 of Ke1:ala. ror example, •c:ar):)Qn steels• &%9 those 

22 steels having no specified miniJllwl quantity for.any 

23. alloy11i9 elaent (o~er than 1:he commonly accep1:ed 

Z4 aaoun~• of 11&n9anese, silieon and copper) and 

25 aonta1ninq only an incidental aaaunt of any element 

21 other ~an car~on. silicon, man;anesa, copper, sulf'QZ' 

-----------
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l and phosphorus. "Mild steels'" are those car-1'on 

2 steals with a maximum of al:2out 0.25' carbon. Alloy 

3 steels are those steels containin~ spacif 1e4 

4 quantities of alloy1n9' elements Cother than carbon 

5 and the commonly accep~ed amounts of manqanese, 

~ c:opper, silicon, sulftlZ' and phosphorus) with_i.n "the 

7 limits recoqnized for ccns~ructional alloy steels, 

a added to ef f aQt chan9es in mechanical or physical 

9 proper-ti••· Alloy steels will contain less than 1ot 

io chromium. stainless steels are any of several steels 

11 containin9 at least 10, preferably 12 .to 30,, 

12 chromium as the principal alloyin~ element. 

13 

14 Generally, tharefore, one toc:ua of the inven~ioh 

15 is to provide an improved me~ocl tor ~e~Ot'Dlinq 

16 hy4rocarbons usiJUJ a reformin9 catalyst, partic:;ularly 

17 • l~rqe pore aao11te catalys~ inclu41nq.an alkali or 

18 alkaline earth metal and char9ed with one or more 

19 . Group VIII :matals which is sulfur sensitive, under 

20 conc.Utions of low sulfur. Such a process, or ccmt'se; 

21 llUll~ demonstrate better resistance to carburization 

22 than conventional low-sulfur reto~ing techniques. 

23 

24 one sol~tion for the pro~l•• a4clressed'by tb• 

25 p~esent invention is to provide a novel reactor 

21 •Ystam WhiCh can include one or acre various mean• 

-------
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l for improvinq resistance to carburization and metal . . 

2 dustinq durinq ref orminq usinq a reforlllinq oat•lY•t 

3 •uch as th• atcramentioned sulfur sensitive lar;a-

4 .,ore zeolit• catalyst under conditions ot low __ sulfur. 

5 

6 By •reactor system" as used herein there ·~s 

7 intended at least one retorminq reactor al'ld i~s 

a cgrrespondin~ furnace means and pipin9. Fi~e 2 

9 illustrates a typical ref oriain9 reactor system 

10 suitable for practic• ot the present invention. It 

11 can include a plurality of r•fol"lling reactors (10), 

12 (20) and (30). Each reactor contains a cataly~t bed. 

13 The syst•• also includes a plurality of furnaces 

14 (11), (21) and (31); heat exchan~er (12); and 

15 separato~ (13}. 

16 

17 TbroQgh reseazoch associated. with th• present 

18 invention, it was discovered that the aforementioned 

it problems with low-sulfur refo2:11ing can ~• effectively 

20 addressed by a s•lectian ct an appropriate r•a~tor 

ai sys~e• material for contact. with 'the hydrocar1'Cns 

22 durinq procesein9. Typically, refcrminq reactor 

23 systems have been constructed Qf mild steels, or 

24 alloy steels such as typical obz'omium steels, with 

25 1nsi9nifican~ carburization and dus~inq. ror 

26 axalllple, under conditions of •1:an4ard reform.in;, 2~ 
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l er furnace tubes can last twenty years. However, it 

2 vas found that these steels are unsuita~le under low-

3 sulfur refo:rminq conditions. They rapidly become 

4 eml)r1ttled by car~urization within al)cut one year. 

5 For example, it was found that :zts Cr l Mo stael 

6 c:arburized and embrittlad more than t ll'J11/year. 

7 

a Furtharmore, it was tound that materials 

9 consider•d unde~ standard metallurgical practice to 

10 b• res~stant to cokinq and carmirization are not 

11 necessarily rasis~ant under low-sulfur retol':lllinq 

12 conditions. For example, niekel-~ich alloys such as 

ll lncoloy 800 and 825; Inconel 600; Marcel and Haynes 

14 230, are unacceptable as they exhibi~ excessive 

15 cokinf and dustinq. 

15 

17 However, 300 series stainless steels, prefera~ly 

18 304, 311, 321 and 347, are accept.able as ~atarials 

19 for at least portions of the reacto~ system acco~in9 

20 to the present invention which conta~ the 

21 hydrocarbol'ls. They bave aen founcl ta have • 

22 ras1s~ance to carburization ;xea~er ~an mild steels 

23 and nickel•rich alloys. 

24 

25 Initially it was 'believed 'that almainized 

26 materials suc:h as those sald by Alen Corporation 
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1 (t'Alonized Steels") would not provide adequa-ce 

2 protection a;ainst ca~b~riiation in the ratorminq 

3 reac~cr system and p~o~esa or th• invention. ·It has 

4 since been discovered, how•v•r, that the applieaticn 

s of thin aluminum or alwaina films to metal surf aces 

6 of the ref or111inq reactor system, or simply the use ct 

7 Alonizad Steels durin9 cons~ruc~ion, can provide 

8 surfaces which are sufficiently resistant to 

9 c~~b'Ul:"i~ation and metal dustinq under the low-aulfU%' 

10 reformin; condi~ions. Howaver, such materials are 

11 relatively eXpiensive, and while resis~ant to 

12 carburization and metal dusting, tend to craclc, and 

13 show substantial reductions in ~ensile a~renqths. 

14 cracks eXpose the underlying !)ase metal ~enderin~ it 

15 susceptibl• to carburi2ation and metal dustinq under 

16 low sulfur refct'Dling conditions. 

17 

18 · While aluminized mat•rial• ha~e ~aen used ta 

19 preven~ c:arl:Nrization in ethylene staam crackinq 

20 p~ocasses, such processes •~• operated at 

21 •ignificantly hi9be~ tamparatures than refot"ainf J 

22 temperatures Where carburization would :be expected. 

23 CarbUz:'izaticn and ma~al dustinq siaply have not been 

24 problems in prior reforminf processes. 

ZS 

------------
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1 Therefore, another solution to the.problams of 

2 · carburization and metal dust.inq involYes tha 

l application of thin aluminum or alumina films on, o~ 

4 the use ot alu•inized materials as, at leas~ a 

5 porcian ot ~he metal surfaces in th• reaeto~ system. 

6 In tact, the metal surfaces' particularly susceptible 

7 to carbu:rization and metal dus~ing can be provided in 

8 that 11lanner. Sueh 11e~al S'Qrfaces include but are net 

9 limited ~o, the ~•actor walls, furnace tubas, and 

10 furnace liners. 

11 

13 When applyi:nq an alumimm or alumina film, it is 

13 preferable that the film tiave a thermal expansiYity 

14 that is similar to that of ~be metal surface to whic:h 

15 it is applied ($Uch as a mild steel) in order to 

16 withstand th.anal shoe.ks and repeated temperature 

17 cyclin9 which occut' durinv retcmaing. This prevents 

18 crackint or spalling ot the film wb.ieh could expose 

19 the underlying metal surface to tha carbUrization . 
20 inducin9 hydrocar~on environment. 

Zl 

22 Additionally, t:ha film should haV. • thermal 

23 condu~tivity similar to that or, or exceedinq, those 

24 of ma~al• eenventlonally used in the construction of 

25 z>efe:>rming reactor systems. hr~ermare, ~· alwainwn 

26 or alWDina film should not degrade in th• reformin; . 

iiif i 1ii1i11nr 
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1 environment, or in the oxidizinq environment 

2 associated with catalyst re9eneration, nor shauld it 

3 result in the dagradaticn of the hydrocarbons in the 

s 
6 Suitable methods for applyin9 aluminum or 

7 alumina films to metal surfaces such as mild steels 

a include well known deposition techniques. Preferred 

9 processes include powder and vapor diffusion 

10 processes such as the "Alon1zinq" process, which has 

11 been commercialiied by Alon P~oceasinq, Inc., 

12 Ter-rytown, Pa. 

13 

14 Essentially, •Alcnizin9• is a hi9b t811lperature 

15 diffusion process which alloys aluminum into the 

10 surtace o~ a t.rea~ed ••tal, suoh •• e.g., a , 

17 ~ommerQial crrade mil4 steel. In this prooess, the 

1a metal (e.9., a mild steel) is positioned in a retoi:t 

19 and surrounda4.with a •iktur• of blended aluminum 

20 powciers. The i-etoi:t is then hermatically sealed. and 

21 placed in an atmoaphere-controll~d furnace. At 

22 elevated ~•mperatures, the alwainua deeply diffuses 

23 into th• "eated metal resulting in an alloy. Af-t.-

24 turna~a coolin;, the aubatrate is t~ken out ot the 

25 reton and. exceas powder is reaovad. Strai9hteni1'l9, 

2& tz-imminq, bevelin9 and other seocnclary operations can 
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1 then ba perfarm•d as required. This process can 

2 render th• treated c"alonized") m•tal resistant to 

3 ca:rburization and metal. <lustinq_under lcw-sulfur 

4 reformin9 conditions accordin9 ~o th• invention. 

5 

6 Thin chromium or ch~omium oxide tilms can also 

7 be applied to metal surfaces of 'the reactor sys~em to 

8 render the surfaces resistant to carburization aiid 

9 metal dustin9 under low•aulf'W:' ~eformin9 conditions. 

10 Liko the use of alumina and aluminum films, and 

11 alWILinizad materials, ctu'omiWll or chromia oxide . 
12 coated •etal surf aces have not been used to address 

13 carb\lrization pro~lems under low-sulfur retormin9 

14 ·condition&. 

15 

16 The chroaium or chromium oxide can also b• 

17 applied to c•~burization and metal dusting 

18 suscaptible metal surfaces such as the reae~or.walls. 

19 furnace liners, and fu:nace t~s. However, any 

20 aurtac:• in ·the sy~em Wbich would. show signs of 

21 . carburisation and ••~1 dusting tander low-sulfur 

22 reformin9 conditions would benefit from the 

23 application of a thin chromium er cb%'omium oxide 

24 film. 

25 
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l Wben applyinq the chromium or chromium oxide 

2 film, it is praterabl• that th• chromium or dlromiwn 

3 oxide t1lm have a ther111al expansivi~y •ilailar to that 

4 ot tha metal to wbicb it is applied. Additionally, 

5 the chromium or ahromiUlll oxide film should be able to 

6 withstand thermal shocks and repeated teJDperature 

7 cyclin9 which a:l'e common durin; l:'a!'orminc;. This 

a avoids crackinq er apalling ot the chromium o~ 

g chromiUDJ oxide f 1111 Whieh could potentially expose 

10 tha underlying metal surfaces to carburization 

11 inducinq environments. rurtheraore, the chromium or 

12 ch~omium oxide film should have a thermal 

13 conductivi~y similar to or exceedinq those materials 

14 conventionally used 1n reforming reactor systems (in 

15 par1:icular mild steels) in order ta maintain 

16 efficient heat transfer. 'l'ha chromi'WD or chrOmiUlll 

17 oxide film also &ho~ld not decJrad• in 1:he refor11ing 

18 environment or in the oxidi1in9 environmant 

19 a1ssociated vi th c:a~alys1: ragenuation, nor should 1 t 

20 induce detrada~ion of the hydrocarbons in the reactor 

21 system. 

22 

23 suitable ••1:hods for applying chromiwa or 

24 cht'omiwa oxide films to surraces such as e.g., mild 

25 steels, include well known deposition techniques. 

26 ~referred processes include powder-pac::k and vapor 
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l diffusion processes such as the "c:hramizinc;• pi:ocess, 

2 which is commer:cialized by Alloy surfaces,· Inc., of 

l Wilmin~~on, DGlawara. 

4 

5 The "chro•b;ing" process is essentially a vapor 

6 diffusion process tor application of Qh:'Cllima to a 

7 metal •urface (similar to 'the a!)ove described 

a "Alonizinq process")· 'l'he process involves 

9 contactinq the metal to be coated wi1:h a powder cf 

10 c:hromium, followed by a thermal diffusion step: 

11 This, in affect, creates an alloy cf the Chromium 

12 with the treated metal and renders th• surface 

13 extremely resistant to carburization and metal 

14 dustin; und•~ low-sulfur ~•formin9 coftditiona. 

1!5 

16 In some ar•a• of tha reactor systems, locali&ed 

17 eamperatures can became excessively hi~h during 

18 reforming (e.9., 900-12so•r). 'rhis is particularly 

19 the case in furnace t~a, and in catalyst beds whera 

20 exotbe:11ic deaethanation reactions occur within 

21 normally oc~~inq coke ~all• causinv localized hot 

23 re9iona. Wh1l• still preferred ~o mile! •~••l• and 

23 nick•l-rich alloys, the 300 series stainless staels 

24 do eXhibit some cokinq an4 dus~inq at ar~und iooo•r. 
25 Thus, while usetul, the 300 series ctainless ataela 

P.27 
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l are not the ~oat preterred material for use in the 

2 present inven~ion. 

3 

4 chromium-rich stainless steals such aa 446 and 

5 430 are even more resis~ant to carburization t~an 300 

6 series stainless steels •. Rovever, these steels are 

7 not as desirable for heat resistin9 prcperties (1:.hey 

a· tend to become brittle). 

·g 

10 Resistant matarials \rbich are pref erred over th• 

11 300 aeries stainless steals fer use in the prasent 

12 invention include copper, tin, arsenic, antimony, 

13 bismuth, chromi~• and brass, and intermetallic 

14 compounds and alloys thereof (e.q., ~-sn ~lloys, c~-

15 Sb alloys, stannides, antimonides, bismuthides, 

16 etc.). Steels an4 even nickel•rich alloys containinq 

17 these metals can also show reducacl carburizaticn. In' 

18 a preferred abodim•nt., these 111,terials are provided 

11 as a plating, c:la.441119,,paint (e.g., oxide paints) or 

20 other coatin9 to a base cons-truction.material. Thi•' 

21 1• partic:ularly advantaqeous eince conventional 

22 constzuction Sllateriala such as aild steels.can ~till 

23 be used with only the surface contac:tin9 th• 

24 hydrocarbons being traated. Of theee, tin i• 

25 especially preferred as it reacts with ~e surface to 

2S provide a coating havinq •xcellen~ car~urization 

--·------··--·----------



[RECEIVED QZ/lB Dl:lS 1996 AT 533Q69~ 
FEB-17-~6 SAT 12:11 PH BDS&M 

PAGE 
29 

(PRIHTF'Axtfo. 9i9 ~02 1466 P. 29 

W092/15653 PCr/1}592/01856 

- 25 -

t resis~ance at higher temperatures, and which resists 

2 paelin9 and flakinq ot 1:he coating. Als~, it is . 
3 beli•v•d that a tin eon~aininq l~yer can be as thin 

4 ac 1/10 micron and still preven~ carhurization. 

5 

6 Where practical, it is preferred that the 

7 :resistant. materials 1'e applied in a paint-like 

a formulation (hereinafter •pain~") to a new or 

9 existinq reaecor system. such a paint can ba 

10 sp~aya.cl, ~rushed, piqqed, etc. on rea~tor syste~ 

11 surfaces such •• mi.ld steels or stainless steels. tt 

12 is most preterred that such a paint be • 

13 decomposable, reactive, ·tin•containin~ paint which 

14 reduces to a reactiv• tin and forms metallic 

15 stannidas (e.q., iron stannides end nickel/i~on 

16 •tannid••> upon heating in a reducing atmosphere. 

1"7 

18 It is lllOst preferred that the aforementioned 

19 paint contain at least four components (or th•ir 

20 f\lnc~ionai equivalents)r (i) a hyc!ro9en de~o~posable· 

21 tin compound, (ii) a solvent system, (iii) a finely 

22 divided tin metal and Civ) tin oxide a.a a reducible 

23 spon9e/dispersin9/bindin9 aqent. The paint sbould. 

a4 contain finely divided solid• to ainimiza settling, 

25 and sbould not contain non·~eactive aa~erials whi~h 

-------· -----· 
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1 will prevent reae1:ion of reactive tin with surfaces 

2 of the r••~tor system. 

J 

4 A• th• hydr09en decomposable.tin ci:>'mpound, tin 

5 octanoate is par1:icularly useful. Commercial 

6 foraulations of ~his compound itself are availa~la 

7 and will partially dt'Y to an al.most chewinq•qum-lilce 

a layer en a •teel surface: a layer which will not 

9 c:raek and/er split. This property is necessary tor 
10 any coating compcaition used i~ this context because 

ll it is conceiva~le that the coated ma~erial will be 

12 stored tor 11onth• prior· to ~reatmen~ with hydro;en. 

13 Also, if parts are coated prier to assllllbly they must 

14 be resistant to chip~ing durinq construction. As 

lS noted above, tin. octanoate is available co11muarcia°lly. 

16 It is raasona~ly priced, an4 will decompose smoothly 

17 to a reactive tin layer which forms iron stannida in 

18 hydrogen at temperatures as low as 600•F. 

19 
. 

·20 Tin octanoate shoul4 no~ be ~sea alone in a 

21 paint, bowever. %t is not suttieiently viscous. 

22 ·zven when th• aolvent is evaporated therefrom, the 

2l ramainin9 liquid will drip and 1"1.ln on the coated 

·24 surface. In pract!ce, for exaple, if such were used 

25 to coilt a horizontal fl.zrnaoe tul:le, it vculd pool at 

2& 'ehe bottom of the tu~e. 

-·----- ---------~------
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l Camponent (iv), the tin oxide 

2 spong•./dispersinCJ/bindinq aqent, is a poJ:ous tin-

3 con~aininq co~cund which can sponge-up an or9ano-

4 metallic tin compound, yet still be reduced to aetive 

s ~in in the reducing atmosphere. In addi~ion, tin 

6 oxi4• can be procassed tbrou9h a colloid mill to 

1 produce very tine particles which resist rapid 

1 se~tl1nq. The addi~ion of tin oxide will p~ovide a 

9 paint which be~omes dry to the touch, and resists 

10 nmninq .• 

11 

12 unlike typical paint 'thickenera, component (iv) 

13 is selected such that it becomes a reac:tive part. of 

14 the c:oetin.; when reduced. tt. is not inert like 

1~ tcr1U1d silica; a typical paine thickener which would 

16 leave an unreactive surfa~e c:oatin9 att~r treatDlent. 

17 

18 Finely divided tin metal, component (iii)·, is 

19 added to ift8ure that metallic tin 1• available to 

20 react witb. the surface to be coat.ad at as low a 

21 temperature as pocaible, e~n in a non•reaucing 

22 atmosphere. The particle siie o! ~e ~in is 

2, preferably one to five mi~rons which allo~s excellent 

24 cover&9e of the surface to be coated with tin metal. 

25 Non-raducinq conditions can occur duri1'9' drying of 

26 th• pai:nt and welcliftCJ ot pipe joinu. The preMnc• 

---------·-· 
Th' Sheet Has Been Replaced , 

\111•11 \\\\\\ ~\\ 1\11\11 \ 
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1 of metallic tin ensures that even when pa~ of the 

2 coatin9 is not completely reduced, tin metal will ~· 

3 prasent to react and foJ:'lll the desired stanniae layer. 

4 

5 The solvent should ~· ncn-toxic, and affective 

6 for renderin9 the paint sprayabl• an4 spreac!a°ble when 

7 desired. It should also evaporate quickly and have 

8 co~patibl• solvent properties fer the hydroqen 

9 decomposable tin· c011lpound. Isopropyl alcohol is most 

10 prefel'3:ad, while hexane and pentane can be useful, if 

11 necessary. Acetone, however, tends to precipitate 

12 orqanic tin eom.~ounds. 

13 

14 ln one embodiment, there can be used a tin paint 

lS of 20 percent Tin 'l'en•Cea (stannaus oebnoatca in 

16 octanoic a~id), stannic oxida, tin metal powder and 

17 isopropyl alcohol. 

18 

19 'rha tin pain~ can be applied in uny ways. ror 

20 example. furnace tul:tes of the reactor system can be 

21 pein~ed individually or as aoc!Ulea. A reformin~ 

22 reactor ayatam according to the present invention can 

23 contain various numbers of furnaee ~Ul:>• moc:l~les 

24 (e.9., a~t 24 furnace tube modules) of suitable 

2' Width, lenqtb and hei9ht (e.9., about 10 faat lon9, 

2$ about 4 feat wide, and about 40 feet in height). 

--------··-
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l Typically, each module will include two headers of 

2 auitable diameter, preferably a~ou~ 2 feet in 

3 diameter, which are connected DY a~out tour to ten u-

4 tubes at auitable lanq1:h (e.~., abou~ 42 faet lonq). 

5 Therefore, the total surface area to be painted in 

6 the modules can vary widely;.for example, in ono 
. . 

1 embodiment it can ~e a~out 16,500 tti. 

8 

9 Paintin9 modules rathe~ than the tu~es 

10 individually can be advantaqeous in at least tour 

11 respects; (i) paintinq modules rather than individual 

12 tW,es should avoid heat dest%uction cf the tin paint 

13 as the components of tbe mcdules ara usually heat 

14 treated at extremely elevated ~emperatures durinq 

15 production; (ii) palntinq ~Ul•• will lilcely J>e 
. 

16 quielter and less expensive than painting tubes 

17 individually; (iii) paintinq modules should be more 

18 efficient durin; production schedulinq; and (iv) · 

19 paintin9 ot the modules should enable paintinq or 

20 welds. 

21 

22 Howave, paintinq the mec!ulas may not ena1'1• th• 

23 tubas to be as completely ooated.with paint as if "the 

24 ~ubes were pa1nt•d individually. If coatin9 is 

25 insufficient, the tubes can :be coated ln41vidually. 

26 
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l It is pr~terabla that the paint be sprayed in~o 

2 the tubea and headers. Sufficient paint should be 

3 applied to fully coa~ tha tub•• and headers. After a 

4 mcdule is sp~ayed, it should be left to dry fer about 

5 24 hours followed by application ot a slow stream ot 

6 heated nitroqen (e.9., about 1so•r tor about 2~ 

1 hours). Thereafter, it is preferabl• 1:hae a second 

s ~oat of paint be applied and also dried by ~he 

g procedU%"e de•cribed above. After the pain~ h•s been 
io applie~, the modules should preterahly b• kept unde~ 
11 a sligh~ nitrogen presslU'a and should not oe exposed 

12 to temperatures ex=eed1119 about 2oo•r prior to 
13 installation, nor should they be exposed ~o ~atar 

14 except during hydrotestinq. 

15 

11 Iron ~earing raactiv• paints are also useful in 
17 the present invention. such an iron bearin9 r~active 
18 paint will praf erahly contain various tin compounds 

19 to whic:h iron has »&en added in aacunt.s up to one 
20 thil:'d Pe/Sn by weight. 

21 

22 'l'he addition of iron can, for exalllple, ~e in the 
23 fot'11 of F8iOJ. The addition of iron to a tin 
a4 containing paint should afford no~eworthy advanta9es; 
25 in parti~ular: ci> it should facilitate the 
21 reaction of the paint ~o form iron st•nnides the~eby 

--------------
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1 actinq as a flux: (ii) it should dilute the niclcal 

2 concentration in t!le stannide layer thereby providinq 

3 better prot•ction a9ainst cokin9; and (iii) "it 
4 should result in a paint which affcrds the anti-

5 cokinq p~otection et iron stannides even it the 

e undarlyinq surface does not react well. 

7 

a Yet another means for prevanting ca~l:N.rization, 

9 coking, and metal duatin; in the low-sulfur r••=tor 

10 ~ys~am ·comprises the application of a metal coatin9 

11 or cladding to =hramium rich. steals containad in ~· 

12 reactor systam. These metal co•tin9s or claddinqs 

13 may be comprise4 of tin, antimony, bisauth or 

14 ~rsenic. ~in is especially preferred. ·Th••• 

15 ~catinv• or claddings may ~ applie4 by metboas 

16 . incluc!inq elec:troplatinq, vapor deposi tine;, an4 

17 saakin9 of th• Chrol\i\lm rich steel in a molt•~ metal 

18 bath. 

19 

20 It has been found that in refo%'1Dinq reactor 

21 .aysteu vbera carburization, eolting-, and. metal 

22 dustinw are particularly pro~lemati~ that the eaatizt9 

13 of tha.c;hrC?mium-rich, nickel•contail\~ st.eels with a 

24 layer ot tin in effect crea"tes a dOUbl• protect.iv• 

is layer. There rMults an inner chrom1a rich layer· 

26 which is re•ist.ant to carJoUrization, cokin9, and 

------------. 
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l matal dustinq and an outer tin layer which is alsa 

2 resistant ~o carbu~ization, coking and matal.dustinq. 

3 Thi• ocC\U:'s because when th• tin ~oated chromium rich 

4 steel is exposed to typical ratormin9 temperatures, 

s such as a~out 1200•1, it reacts with the steel to 

6 form iron nickal stannides. Thereby, ~he n1~~el is 

7 preferentially leached trom the surface of the steel 

8 leaving behind a ~ayar of chromium rich steel. In 

9 some inata.nces, it may be desirable ~o remove the 

10 iron n·ickal s1:annide layer from the stainless steel 

11 to expose the ·clu:om.iwn ri~h stael layer. 

12 

13 For example, it was found that when a tin 

14 cladding was applied to a 304 c,irade stainless steel 

15 and heata4 at a1'out 1200•1 there resulted a chroaiua· 

16 rich •~eel layer containinq a1'out:; 11t Chromiwa and 

17 sQ~s~antially no nickel, ~omparable to 430 grade 

11 stainless steel. 

19 

20 Whan applying the tin metal coating oz- claddi2"9· 

21 ~o th• chromium rich steel, it may J:te desirable to 

22 vary_ the thickness of the metal eoatincJ or claddin9 

23 to achieve the desired resistance against. 

24 cuburizat:;ion, cok1ft9, and 11.etal dusting. This can 

25 be done by. e.9., adjusting tha amount ot ti•• tbe 

26 chromium rich steel is soaked in a molten tin bath. 
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l This will also affe=t tha thickness of the resultinq 

2 chromium ricb steel layer. It may also ~, desirable 

3 to vary th• cperatin9 ~aaperature, or to vary·~h• 

4 composition ot 'the chromium rich steel which is 

5 coated which in order to control the chromium. 

G con~entration in the chromium rich steel layer 

7 producad. 

8 

g It has •dditionally been found that tin•ccated 

lO stea1s·can ~e further protected from carburization, 

11 •etal dusting, and coking by a post•treatment p~ocess 

12 which involves application of a thin oxide coatinq, 

13 preferably a chromium oxide, such as C1"A· 'l'his 

14 coating will be thin, as thin as a few ~m. 

15 Application ot such a chromiUlll oxide will ·protect 

16 aluminum as well ~· tin coated steels, such as 

17 Alonized steels, und•~ lQw-sultur refo:i'lllin§ 

18 conditions. 

19 

20 'l'he chJ:gmium oxide layer can 1'e applied by 

21 variou• methods 1n~ludinq: application of a chromate 

22 o~ dichromate paint followed by a raduction p~oeess; 

23 vapor b'eataen~ with an organo•Cbromim eompound; or 

24 application ot a ~hrmaium. metal platin; f ollcv•d by 

25 oxidation of the result1ni chromiU11l plated steel. 

21 
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1 Examination of tin-elactroplatad steela which 

2 have been su~jected to low-sulfur retorminq 

3 conditions tor a sUbstantial period of time ~s shawn 

4 tbat when a c:hroaium oxiclc layer is produced on ~e 

5 surf aca cf the stannide layer or under the atannida 

~ layer, the chromium oxide layer does not c:ausa 

7 deterioration ot the stannide layer, IN~ appe•r• ~o 

a render the steel further resistant to ea~burization, 

9 cokin9 and metal dustinq'. Ac:c:ordinqly, application 

~o of a chromium oxide layer to either tin or aluminum 

11 coated steels will result in steals which are further 

12 resistant: to carburization and coJc:inq under ~e low .... 

lJ sulfur reforminq condition•. This poet-treatment 

14 p~ocesa has partic:ula~ applications tor treatin~ tin 

15 or aluminum coated. steels whic:tl, after prolon9ed 

16 exposur• to low•sulfur reforminq conditiona, are in 

17 need or repair. 

18 

19 It has further been found that alwainized, e.9., 

20 •A1.oniae4• steels which are resistant to 

Zl car!Nrization under the present raforainq conditions 

22 of lQW sulfur can be rendered further resistant.~. 

23 post-treatment of th• alumimm coa~ed. steel yith a 

24 coatin9 of tin. '?his results in a steel vbich i~ 

25 more carbu:izatioft resis'tant aiftc• ~he:• ~• 

21 cumulative effects of carburizatian resiatance 

--. 
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l obtained from ~oi:h the aluminum coatinq and the tin 

2 coatinq. This post-treatment affords an additional 

l ~•n•f it in that it will mend any detects o~ ~racks in 

4 the aluminum, e.g., Alonized, coatin9. Also, ~Ch a. 

s post•tre•tiaent should result in a lower cost since a 

6 thinner aluminum coati119 can be appl·iee to the ateel 

7 surface which is to be post-tteated with the tin 

8 coatinq. Additionally, this post•treatment will 

9 protect the unde~lying steel layer exposed by bendin~ 

10 of alWl\inized s~eels, which can introduce CJ:acks in 

11 th• aluminum i,yer, and expose the steel to 

12 carburiiation induced under ~eto:r-minq conditions. 

13 Also, this post-treatment proeess can pravent coke 

14 formation en tha ~reated steel aur~a~es and also 
. 

15 prevent coke f orination that occ:urs an the ~ottom ot 

16 cracks which appear on steels which have ~een 

17 aluminized, b~t not additionally ~oated with tin. 

18 

19 Samples of Alonized Steels painted on one side 

20 with tin, were found ~o show a deposit of ~laclt ~ok• · 

21 only on th• untreated side under low-sulfur ref o1'1!linq 

22 condi-t:ions. The coke 'that forms on an alWD.inized 

13 surf ace is a benifJ!' coke resultin9 from c~ac=kin~ on 

24 aci4ic·alwaina sites. It is in~apable of inducing 

2! additional coke deposition. Acaorain91y, a post-

26 treatment application of a tin caa~1n9 to aluminized 
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l •~eels can provide fUZ'ther mini•izaticn of tha 

2 problems of carburization, coking, and metal duatinq, 

J in reactor systems opera~int und~r raf or1tin9 

4 conditions·according to the invention. 

!i 

6 While not wishinq to be J:>ound ~y thacry, it is 

1 b•lieved ~hat the muitaD111ty ot various materials 

a tor the present inven~ion can ~ selected and 

9 claasit~~d aecardin9 to their responses to 

10 car~urtzin9 atmospheres. Por example, iron, cobal~. 

11 ~nd nickel form. rela~ively uns~a~le car~ides which 

12 vill s~seqqently carbUriae, coke and. dust. Elaments 

13 such as =rom1U21, niob1Wll, vanad.imn, tunqsten, 

14 mo.lybdanwa, tantalum and zirconium, will ~form stable 

is ~arbides whic:h are more resistant to ~rburization 

15 cokinq and du•tinq- tlemen~s such as tin, antimony 
17 and ~i .. u'th do not form car~1dea or ooke. And, these 

18 compounds.can fotia stal>l• compounds with many metals 

19 such as iron, nickel and co~er under retormi119 

20 conc!itions. Stannides, an~imonicles ana bi811Uthides, 

21 and compounds of l••d,_merc:ury, arsenic, tenaaniwa, 

22 indium, tellurium, selenium, ~allium, sulfur and 

23 oxyqen are also resistant. A final cate9ory of 

24 me.t•rials include element& such as silver, copper, 

25 9old, pla~inua and refractoZoY oxides suds aa silica 

26 and alumina. Tb.es• uterials are resistant an<1 do 
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l not form car~ides, or react with other ••~als in a 

2 carburizin9 envi~onmen~ under refor•inq concliticn•-

3 

4 As discusged a!)ova, the selection of appropriate 

5 metal• which are ~••istant to carburization and matal 

1 dustinq, and their use as co~t1n9 materials for metal 

7 surfaces in the reaetor syatea i• ona means tor 

a pr•ventinq tha carburization and metal dustin9 

9 problem. However, carbu~iza~ion and metal dustinq 

10 can :be-prevalent in a Wide variety of met.a.ls; and 

11 · car~urization resist.ant metals can be •ore ·costly or 

12 exotic than conventional materials.(e.9., mild 

ll steals) used in the c:onatruction of r•t'o:l:'llinq i:eactor 

14 systems. Accord1nqly, it may be desira~le in th• 

15 reactor system of the invention to use cera•ic 

16 materials which do no~ fon carbides at typical 

17 reforming conditions, and thus are no~ susceptible to' 

18 car~ization, tor at leas~ a portion ot the ·~~al 

19 su:faces in t:he reactor ayata. rar example, at 

20 least a pcn:tion of ~he furnace t~s, or !urnace 

21 liners or both may be construc:ted of ceramic: . 
22 materials. 

23 

24 tn choosing the ceramic materials for use in th• 

25 present invention, i~ is preferable tha~ tha ce~amiQ 

i6 .aterial have thermal conductivities abOUt that or 

--
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· 1 excaedinq those of materials con~en~ionally used in 

2 tha cons~ruction of reforming reaC1:or systamc. 

3 Additionally'· tne ceramic materials should have 

4 suf f icien~ structural atrenqtha at the temperatures 

5 whi~h occur within the retot"minq reactcr ~ystem. 

6 Further, 'th• ceramic mat~ials sheuld ba ahle to 

7 withstand the:111al shocks and repeated temperature 

8 cyclinq which occur durinq operation of 'Cha ·reactor 

9 syst8111. When 'th• ceramic materials are used tor 

10 constructinq the furn•c• liners, the ceramic 

11 materials should have-thermal e~ansivities abou~ 

12 that of th• me~al outer surfaces with which ~· liner 

il is in intimate contact. ~his avoids undue st~••• at 

14 the junotui:-e du~inq temperature cyclinq that occurs 

15 durinq •tart•up an4 shut•down. Additionally, the 

16 ceramic su.rtaca should. net ba susceptible to 

17 degrada~ion in the hydrocarbon environment or in the 

18 oxidi1inq environaent whi~h occurs during cataiyst 

1g re~eneration. The selected ceramic material also 

20 should no~ promote th• decaradation of the 

21 bydrocar~ns in the reac'tor system. 

22 

23 suitable ceramic materials include, tnit are not 

24 raatricted to, materials such as ailicgn carbides, 

25 silicon oxides, silicon ni~rides and aluminum 

21 nitrides • . ot ~ese, sili~on car~ides and silicon 

----·-------

iliii1ii!Mf 
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1 ni~rides are pa~icularly preferred as they appear 

2 capable of providing complete protection ~er th• 

3 reactor system under low-aultur retoniinq conditions. 

4 

s At laast a pcrtien of the metal surf aces in the 

6 reactor system can also be C:oated with a sili~on or 

7 silica film. tn particular, th• metal surtacas which 

a can be coated include, but are not limit.ed to the 

g reac~or walls, turnaee ~ubas, and turnaca liners. 

10 Hcweve~, any metal surface in the reactor system, 

11 Which shows si9ns of carburization and metal dUStin9 

12 under low-sulfur reforlllinq conditions would benefit 

13 tram ~· application of a thin silicon or silica 

14 filllh 

1~ 

.. 

11 conventional me~hod• can be used for applyi~ 

17 silicon or silica films to coat •a~l sut'f•ces. 

18 Silica or •iliaon aan .be applied by electroplatin9 

19 and chmaical vapor deposition of an alkoxyailane in • 

20 st.aa carrier v••· I~ is preferable that t.h• s~licon 

21 or silica film bave a thermal expansivity abou~ that 

22 a! tbe ••tal surtace which it coats. Additionally, 

23 t.be silicon o: silica film should be able to 

24 withstand. thermal Shocks and repeated temperature 

25 cyclinCJ that occ:ur during refcrmi119. This avoids 

21 cracking or spalli"9 ot the silicon or si11ca film, 



[ RECEIVED 82/lB 81:2• 1996 AT 533869• 
FEB-17:96 SAT 12:25 PH BDS&M 

PAGE •• (PRIHTED PAGE q•) l 
FAX NO. 919 462 1466 P.44 

W091/15653 PCT/l1S92/0l856 

.. 40 -

1 and poten~ial exposure of tha undarlyinq metal 

z surface to ?.ha caraur1zation inducin~ hydroearbon 

J environment. Also, th• silica or silicon film should 

4 have • thermal eondu~ivity approximate to or 

s axceadin9 that of me~als conven~ionally used in 
6 reforming reactor systems so as to maintain etf icient 

7 heat transfer. Tha silicon or silica tilm also 

a should not de<;rada in the ~•f orminq environment or in 

9 th• oxidizinq environment associated with catalyst 

10 reganeration1 nor should it cause daqradation of tne · 

11 hydrocarbOns thamsalves. 

12 

13 Because different areas of the reactor system of 

14 the inven~ion (e.g., different areas in a turnaca) 

15 can ~· exposed to a wide range of tmaperatures, the 

16 material selection can tia ata9ecl, such tb&'t those 

17 matarials providinq better car~urization resistances 

18 ara usac! in those areas.ot the system experiencing 

i~ the hi9hest temperatures. 

20 

21 With retard ~o materials selection, it was 

22 disooverecS that.oxidised Group VIII me~al surfaces 

23 · •uch as iron, nickel and cobalt are JIOJ:e active in 

24 terms of coking and carl:n.:arization than their 

25 unoxidized counterparts. For example, it vae found 

26 that an air roasted sample ot 347 •~ainless steel was 
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1 si9nificantly more active ttia.n an unoxidized-sample 

2 ct the sama ateel. This is believed to be due to a 

J re•raduction of oxidized ste•ls which produces very 

tine-qrained iron and/or nickel ma~als. 
.· 

Such metals 

5 are especially active tor c:ar1'uriza1:ion and cokinq. 

6 Thus, it is desirable to avoid ~bese materials as 

7 much as possible durin9 oxidative regeneration 

a processes, suich as those typically used in catalytic 

9 reforming. However, i~ has been found that an air 

10 roasted 300 aeries stainless steel coated with tin 

11 can provide similar ra•istances ~o cokin9 and 

1a carburization as unroasted samples of th• same tin 

13 coated 300 series stainless steel. 

14 

15 Furthermore, it vill be appreciated that 

16 oxidation will be • problem in system& Where sulfur 

17 sensitivity of the catalys~ is not of concern, and 

18 sulfur is used to passivate the metal surfaces. rt 

19 sulfur levels in sueh systems ever become 

20 insufficient, any metal S~lfides Which have formed On 
21 metal surfaces woul4, ·after oxidation and reduction, 

22 ba reduced to fine-trained metal. This metal would 
.. 

23 b• bi9hly ¥eac:tive for cok1n9 and carblr1zat1on. 

24 P~entially, tbis can cause a Qatastl"ophic failure of 

25 the metallur;y, or a majo~ cokin<J even~. 

26 

----
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l As noeed above, excessively hi9b temperatures 

2 can oc=ur in the catalyst beds when excth•1:11lic 

3 demathanation reactions within cake~alls cause 

4 localized hot reqions. These hct spots also pose a 

5 problem in conventional rafo2:111inq raac~or systems [as 

& wall as other areas of chemic.1 and petrochemical 

7 proc::essinq). 

8 

9 For example, the center pipe screens of 

10 ratot'lllers hava been observed to locally waste away 

11 and devalop holes; ultimat•lY resultinq in ca~alyst 

12 •igration. In conventional reforming processes the 

13 ta•paratures within cokeballs during f orm•tion and 

14 ~urn.inc; are a~rently high enough to overcoma th• 

15 a~ility of process sulfur to poison coking, 

16 carburization, and dustirt9. 'rhe 11etal sci-•ens, 

1? therefore, carburize and are l&Qre sensitive to 

18 vastinci by inter;ranular oxidation (a type of 

19 corrosion) durinv regeneration. The screen openings 

20 enlarge and holes 4avolop. 

21 

22 Thus, the teachin9s of the present invention are 

33 applicable to conventional reforminq, as well as 

24 other areas of chemical and pat1"ochem.ical procesain9. 

zs ror exaapla, ~• afor•••n~ioned platin9s, claddinCJS 

21 and coa~in9• can~· used in the preparation af .eente~. 

------------



[ RECEIVED 02/18 01:zs 1996 AT 5303S~9M• FEB-17-96 SAT 12:27 PM B ~ 
PAGE 

P. 47 
.;. 

W092/J56!3 PCT/'l1S92101156 

- 43 -

l pipe screens to avoid excessive hole developmant and 
2 =aealyst miqration. In addition, the teachin9s can 
l be applied to any furnace tubes Which are subjected 
4 to ~arburization, cokinq and metal dustin9, such as 
5 turnac:e tubes in coker turnaees. 
6 

7 In addition, sinca the teehniques de•cribed 

a herein can tie used to control carbw:i2:-ation, c0Jcin9, 
9 and metal dusting•~ ex~essiv•lY.hiqh t~aratures, 

10 they c~n be used in cracking furnacas operatin; at 
11 f~om a~out 1400• to a})out l700•F. For axample,·~e 

12 ·deterioratian ot staal occUJ:rinf in crackin~ furnaces 
13 op•ratinq at those te11Peratures can be con~rolled by 

14 application of various metal coatinqs. ~hes• m•tal 
15 coa~in9s cGn ~. applied by meltinq, el~ctroplatin;, 
15 and painting. Painting is particula~ly preferred. 
17 

is For example, a ~oatin9 of antimony applied to 
19 iron bearing ateels protects these steels from. 
20 carl:Nr1z•tion, coJcinq and metal ctust~n; undar.~he 
21 descri~ed crackin9 conditions. In fact, an antimo~y 
22 paifti; applied ~o iron bearing steels will provide 
23 protection aqainst car~urization, cckin9. and metal 
24 dustinq at ltoo•r. 
25 
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l A coatini ct bismuth applied ta nickel rich 

2 s~eel alloys (e.q., INCONEL 600) can protect ~hose 

3 steels against car~urization, cokinq, and metal 

4 dustin9 unde~ craekin9 condieio:ns. This has been 

5 de11enser&ted at ~emperatur•a ot up to 1soo•1. 

' 
7 Bismuth coatini• may also ~e applied to iron 

B hearing-steals and provide protection against 

9 carburization, •etal dustinc;, and eokin~ under 

10 crackinq conditions. Also·, a metal coat1nq 

11 comprising a combination of bi811lU~h, ant:.imony, ·and/or 

12 tin can be used. 

13 

14 Lcokin9 a;ain to low-sulfur·refo~in;, "other 

15 techniques can •lso be used ta addrass the problem 

16 discovered eccordinq to the present invention. Thay 

17 can be used in conjunction with an appropriate 

18 matarial selac:tion for~· r .. ctorsysta, or they 

19 c:&ll be ued alone. Pr•f•tt•4 from amonq the . 
20 additional tecbniques is the addition of non-aulfur, 

21 anti•carburizinq and anti-coking a9ent(s) durin~ the 

22 reforming process. These agents can be added 

23 continuously durinq processinq and function to 

24 in~eract ~ith those surfaces of the ~eactor system 

. 25 which eon-eac:t the hydrocarbon•, or th•Y may be 

26 applied as a p~etraatment ~o the reaotor systeir.. 

--------
Th\\iiiiNif 
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1 While net wis~inq to bound by theory it 1s 

2 beliQVad that these aqents interact with tha·surtacas 

3 ot th• reactor system by dacompoci~ion and surtace 

4 attack to term iron and/or nic:Jcel intermetallic 

5 compouzids, such as stannides, antimanides, 

6 kli&llllithides, plumbides, arsenides, etc.. Such 

7 intarni.atallic co•pcunds are resistant ~o 

B carburization, ookinq and dustinq and can protect the 

I underlyinq metallurqy. 

; 10 

11 The intermetallic compounds are also ~elieved to 

12 ~a more stable than the aetal aulf ides whic:h ware 

13 formed in systems where H2S was used ~o paasivate the 

14 metal. These compounds are not reduced by hyd~o9en 

15 as ara metal sulfides. As a result, they are less 

it likely to leave the system than metal sulfides .. 

17 Th•~•fore, the continuous addi~ion of a carburi~ation 

18 inhlbi~or with tlie feed can be minimized. 

19 

20 Pr•f erred non-sulfur anti-car~urizinq and anti-

21 cokin; aqents include orqano-matallic eompaunds auch 

22 as a::qe.no-tin c::ompounds, or9ano-antimony compounds, 

2~ orc;ano-bismuth compounas, or;ano-arsenlc compounds, 

24 and or;ano•lead compounds. sui:&bl• or9ano-lead 

25 compounds include tetraathyl and tetramethyl lead. 
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l orqano•tin ccmpounds such as tetra~utyl tin and 

2 tri=e'thyl tin hydride are especially preferred. 
3 

4 Additional specitic organo-aetallic ~ompounds 

5 include bismuth neodec:anoate, chromium octoate, 

~ co~~er naph'the~ate, manqanese carboxylate, palladium 
7 neodecanoate, silver neodecanoate, 

a tetrabUtyl9armani1.1211, -t.J:i1'Utylantimony, 

t tripbenylantimony, triphenylarsine, and zirconiua 

10 octoat.e. 

11 

12 How and where these a9enta •r• added to the 

13 ~•actor systea is not c:riti~l, and will primarily 
l4 depend on particular process desi;n charactaris~ice. 

15 For example, they can be added continuously or 

16 discontinuously vi~ t.be feed. 

17 

18 However, adding the agents to the feed is not 

19 prefer:ed as they would tend to aCCU1tulata in t:he 
20 initial portions ot the reactor sys1:.em. ~hi• may not 

21 provide adequate pt'otec:tian in the other areas o't th• 

22 sys'Ce)ll. 

23 

24 It is pref erred tha~ the agents be provided as a 
25 coating prior to cons1:.ruction, prior to staz;t•qp, or 

26 in•situ (i.e., in an existinq systam). tt ad4ed in-

--------
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l situ, it should be dona riqht after catalyst 

2 reqaneration. Very thin coatinqs can be applied. 

3 Far example, it is believed 'that when usin9 or9ano-

4 ~in compound•, iron stannida caatinqs as thin as 0.1 

5 micron can be effective. 

6 

7 A pref erred method ot coatinq the a9ents on an 

a existin9 or new reactor SUl"face, or a new or existin9 

9 furnace tube is to daccmpoae an or;anometa~lic 

10 compound in a hydroqen atmosphere at temperatures of 

11 about 9oo•F. For orqano-tin com.pounds, for eKample. 

12 this produces reactive metallic tin on the ~u~e 

13 surf•ce. At these temperatu~•• tha ~in will furth•r 

14 react with the surface aetal to passivate it. 

15 

16 Optimum coatinq tempuaturas will depend on the 

17 particular orqanometallic compound, or th• aixtures 

18 ot compound• if alloys are 4esi~ed. Typically• an 

11 excass·ot ~he oi:qanoaetallic coatinq a9ent can be 

20 pul•a4 into the tut>es at •
0

hi9h hydroqen ~low rata so 
21 •• to carry th• coatin9 a9ent throughout the system 

22 in a. mist. The flow rata can ~en be reduced to 

23 permit the coatin9 metal mist to ~oat and react vit:h 

24 the furnace tube or raactor surface. AltetT1atively, 

25 ~h• compound c:an be int~aduced as a vapor whicb 
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l decomposes and raacts with ~he hot Valls cf the tube 

2 or reactor in a red~einq atJaosphere. 

3 

4 As discussed above, retcrmin~ reactor systems 

5 susceptible ~o carburization, :iaetal dustin~ and 

6 co~in9 can b• treated by application of & 

7 decomposable coatin9 containinq a decomposable 

8 or9anometallic tin compound to those areas ot tn.e 

t raac~or system moat susceptible to car~urization. 

10 Such an approach works particularly well in a · 

11 temperature controlled furnace. 

12 

13 However, such control is no~ always ~resent. 

14 Th•r• are nho't spots" whic:h develop in the reactor 

15 systQ, particularly in ~he furnace tubes, where th~ 

16 o~qanometallic coapound can decompose and tal"ll 

17 deposits. There!ore, another aspect o~ 'the invention 

18 is a process which avoids.such deposition in 

19 rero~in; reactor systems where temperatures are not 

20 closeiy controll•d an4 exhibit areas of hi9h 

21 temperature bot spots. 

22 

23 Such a process involves preheatin~ the· entire 

24 reactor system to a ~emperatur• ot from 750 to 1150, 

. 2! pre~erably 900 to 1100, and •ost preferably ai,out 

21 ioso•r, with a ho~ s'tream c~ hydre19en gas. Atter 

.. 



C RECEIVED BZ/18 81:29 1996 AT 58303$8~911~ 
FEB-17:96 SAT 12:30 PH « 

PAGE 53 CPRIHT~ittf~. ~l~ ~62 1466 P.53 

W092/1565l PCl'/US92/01856 

... 49 ... 

1 prehea~inq, a colder qas stream at a ~amper•ture ot 

2 400 to aoo, preferably soo to 700, and mos~ 

3 prafara~ly &:bO~t 550•1, containiftf a vaporized 

4 orqanometallic tin compound and hydrogen 9as is 

5 introduced in~o the preheated reactor system. this 

& qas·mix~ure is introduced u~tream and can provide a 

7 decomposition nwave•• whic::h travels throughaut th.a 

8 entire reactor system. 

9 

10 Essentially this process worlcs because the hot 

11 hydroqen qas·proctuoes a unifo~ly heated surface 

12 which will deQompose the colder or9anome~allic qas as 

13 it ~ravels as a wave throughout the reactor system. 

14 Th• colder 9as containlnq the crqan~••ta~lic tin 

lS compound will decompose on tbe bot surfac• and coat 

16 the surface. The or9ancmatallic ~in vapo~ will 

17 continue to move •• a wava to treat the hotter 

18 surfaces downstreaa in th• reactor •YS1:a. Thereby, 

19 th• entire reactor system can have a uniform ~oatin9 

20 o~ 'the or9anometallic tin compound. :Ct may also a 
21 desirable to ~an4u~ several of these bot•gold 

22 temperature c:ycles to ensure that t:he entire reactor 

23 system has baen uniformly coated with the 

24 orqanoae~allic tin ~ompoum!. 

25 

~ 

lii\i\i 
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l In opera~ion ot the ref o~inq reactor system 

2 according to the present invention, naphtha will be 

3 retormed to form ar0111atics. ·ne naphtha teed is a 

4 li9ht hydrocarl:1on, preierably ~oilin9 in the ranqe ot 

s abou~ 1o•r to 450°F, more preferably atlou~ 100 to 

6 3So•r. 'l'he naphtha feed will contain aliphatic or 

7 paraffinic hydrocarbons. These alipbatics are 

8 converted, at least in part, to •~omatics in the 

9 reforminq reaction 3one. 

10 

11 In the "low•sulfur• system ot the invention, the 

12 feed will preferably contain l•s• than 100 ppb 

13 sulfur. and sere preferal:lly, less than so ppb sulfur. 

14 If necessary. • sulfur aorber unit oan be employed to 

15 remove small excesses of sulfur. 

16 

11 Preferred reforming process conditions include a 

11 tuipera~ur• between 700 and 1oso•p, mare pre~erably 

19 between 110 and 102s•r1 and a pressure wtwaen o ana 

20 400 p•iq, aore prete~ably ~etween 1!·and 150 peig~ •· 

21 recycle hydrogen rate sufficient to yield a hydrogen 

22 to hY.droc;arbon mole ratio tor the teed to the 

23 reformin9 raae1:.ion zone between 0.1 an4 20, more 

24 preferably between o.5 and. 10; a~cl a liquid haurly 

25 sp•c• velocity for the hyd~ocar!)()n feed over th• 
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1 retornt.inq catalyst of between 0.1 and 10, mar• 

2 prefera~ly between 0.5 and s. 

3 

4 To achieve the suita~le reformer tempera~ures, 

5 it is often necessary to heat the tu:i-nace tubes to 

6 hiqh temperatures. Th••• temperatures can often 

7 ran9e from 600 to isoo•r, usually fro• eso and 

a 12so•r, and m~r• often from too and 12oo•r. 

lo As·notad above, the problems ot carburization, 

11 cokinq and metal 4ust1nq in low-sulfur systems have 

12 be.n fo\Uld to associated with excassively hi9h, 

13 localized procecs te111perat11ras of the reacto~ system, 

14 and are particularly acute in the furnace tubes cf 

15 t~e syaeem ~here pai-ticulm:ly h19h temperatures are 

16 charactel'istic. ln convention•l reforming techniques 

17 Wh•~• hiqh levels ct sulfur ara present, f'!lrnace tube 

18 skin tem.peratures of up to l175•F at end of run ar• 

19 typla.l. Yet, excessive ear~ization, coking and 

20 11eul 4UStin9 wa,. not observed. ln low-sulfur 

21 systems, however, it ha• been discovered that 

22 excessive and rapi4 car~urization, coking and metal 

23 dustin9occ:uned vith CJ:Mo ste~ls at temparat:ures 

24 above t!O•F, and stainless steels at temperatures 

25 above ~ozs•F. 

26 

-
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l Accordingly, anothe~ aspect af 'the inVelltion is 

2 to lowe~ the temperat\lt'es of the metal surf aces 

l inside the furnace tUhea, transte~-lines and/c~ 

4 reactors of the retormin9 system.below the 

' atoremant1oned lavela. For example, temperatures can 

' ~· monitored using thermocouples attached at various 

1 locations in tha reactor sys~ea. In the case of 

8 furnace tubaa, theraoeauplea can be attached to the 

9 cuter walls tberegf, preferably at the hottest point 

10 ot th• furnace (usually ne•r the furnace outlet). 

11 wnen necessary, adjustJllents in process operation can 

12 be made to maintain th• temperatures at desired 

13 levels. 

14 

15 There are other techniques for reducin9 exposure 

1' of system sur~aces to undesirably high temperatures 

17 •• well. For e~ample, heat tran•fer areas ~an be 

18 used with resistant (and usually more costly) tubing 

19 in the final sta;e where ~emperatures are usually th• 

20 highest. 

21 

22 In addition, superheated hydrogen can be added 

23 ba1:Ween reacto~s ot the retorminq system. ~l•o, a 

24 larvu catalyst Charqe can be used. .And, th• 

25 catalyst can b• reqenerated more frequently. In the 

at case ot catalys~ regeneration, it is best 

----
liiii\\\\ 
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l accomplished usinq a moving bed process ~he~e the 

2 catalyst is withdrawn from the tinal bed, 

3 r•gene~ated, and cnarqed to the first bed. 

4 

5 carburization and metal dustin9 can also ~· 

6 minimized in the low-sulfur retcrminq reaatcr system 

7 or. ~· inven~ion ay uainq certain other novel 

a equipment configurations and 'rocasa ~on4itions. Far 

9 exaaple, th• reac~or system c:..n be const~cted wi~h 

ia sta9ed'heaters and/or tubes. In other words, the 

11 . heaters or tubes whic:h are subjected to the most 

12 extreme tempe~ature conditions in the reactor system 

13 can ~• constructed ot materials more resistant to 

14 carmz~ization than materials conven~ionally use4 in 

15 the construction of retormin9 reactor systems; 

16 .. ~•rial• •uch as thase deseri~ed a~ove. Heaters or 

17 t\UJes which are not subjected to extreme tamperatures 

18 can continue to be constructed of convention4l 

19 materials. 

20 

· 21 By usinq auc:h a sta9ed design in the reactor 

22 syste•, it is possible to reduce the overall cost of 

23 the system (since carbUZ"ization resistant materials 

24 are generally more expensive than convent~anal 

25 materials) while still providing a reac::tor system 

21 Which 1• sufficiently resis~ant ~ aarburiza~ion and 

_____ ____..:---
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l metal dustin9 under low-sultur rato:t:minq conditions. 

2 Additionally, this should facilitate tha rett'otittin9 

·3 of axistin9 reforming reactor systems to ~ender them 

4 carburization and metal dustinc;o resistant und•r low• 

5 sulfur operaein~ =onditions1 since a smaller portion 

6 of ~e reactor system wauld naad replacement or 

? maditication with a staged desi;n. 

I 

9 The reactor system can also be operated using ae 
10 least twa temperature zones; a~ least one of higher 

11 and one of lower temperatura. Thi• apprc&ch is basad 

12 on the observation that metal dUstinq has a 

13 temperature maximum and minimum, ~ve and below 

14 which du.tin~ ·ts 11!.nimized. Therefore, by •hi;her" 

15 teapera~urea, i\ i• meant that the temperatur•• a~e 

16 hi;her than thosa conventionally used in retormin; 

17 reactor systems and hiqher than the temperature 

19 maxiawa tor dusting. ly "lower" temperatures tt is 
19 meant that the temperature is at or about the . 
20 •maperat.uras which reformincJ processes are 

21 c:orivantionally conduc::ted, and fall• alov thiat in 
22 which_ dus~in9 i:.coaes. a problem. 

23 

24 Operation ot portions of the rea=or system in 

25 dif taren~ tempeziatura zones should reduce aetal 

26 dU9ting· as less of the react.or •Y•tml is at a 

---------· 
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l ~emperature ~onducive tor metal dusting. Also, otne: 

2 advanta9es of su~h a daai911 include improved heat 

3 transf ar atf iciencies and the abil1ty to reduce 

4 equipment size because ct the operation of portions 

5 of th• system at higher temperatures. However, 

6 operatin~ portions of the reactor system·at ievels 

7 balov and above that conducive for metal dustin; 

8 wauld only minimize, not completely avoid, the 

9 temperature :an9• at wbich metal dusting occurs. 

10 This is unavoidable because of ~e:mperature 

11 fluctuations which will occur durinq day to .day 

12 operation ot the ref or.in; reactor syste111 

13 particularly fluctuations durin9 shu~-down and start-

14 up of the system, 'temparature fluctuations during 

15 eyclinq., and tampera~ur1 fluctuation• which will 

16 occur as the process fluids ·are heated in 'the raactcr 

17 system. 

18 

19 Another approaeh to minimizinv aet•l dus~in; 

20 relatas to providing heat to ~he system usin~ 

21 superheatad rav materials (~uch •• e.9 •• hydrQCien), 

22 thereby minizd.1inq the need to heat tb• hydroaarbons 

Zl throuqh furnace walls. 

24 

25 Y•~ •nother pro~ess desii;n a~proach involves . 

zs prov1dinq a pre-axistinq retor:min9 re•ctor system 
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l with larger tuba diameeers and/or higher tu~a 

2 velocities. Using lar;ar t'Ul:>e diameters and/or 

3 hiqher tube velocities will minimize the exposure of 

4 th• heatin9 surf aces in the raac:tor system to t:ha 

s hydrocarbons. 

6 

1 As noted above, c::atalytic 2:'efonain9 is well 

8 known in ~he petroleiut industry and involves th• 

9 ereatm.ant of naphtha tractions to improve octane 

10 ratin9· by the production of aromati~•· The more 

ll important hydrocarbon reactions which occur durinq 

12 tha ref orminq operation include the dehydrogenation 

13 of cyclohaxanes to aromatics, d~ydrcisomerization of 

14 alkycyelopentanes to a~omatics, and· 

15 dehydrccyclization of acyclic hydrocarbons to 

16 aromatics. In •4d1tion, a number of other reactions 

17 also occur, includin9 the deallcylation ot 

18 alkyl~enzanes, isome~ization of paraffins, and 

19 hydrocrackin9 reactions which produce li9ht gaseous 

20 hydrocarbons, e.9., me~bane, ethane, propane and 

21 butan•, which hydrocrackinq reac=ions should be 

22 minimized d'LJrinq reforming as they de~rease the yield 

23 of 9asoline boilinq products and hydro;en. Thus, 

24 •retorain9" as used herein refers to the treatment of 

25 a.hydrocarbon feed throu~h th• us• of ane or more 

21 aromatic• producini reactions in order to provide an 
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l aromatics enriched produc~ (i.e., a praduct wncsa 

2 aroaatics conte~t is qreate~ than in the teed). 

3 

4 'While the present invention is directed 

5 p~imarily to catalytic refor.in9, it will be useful 

6 9enerally in the pradu~tion ot aromatic bydrocarbona 

7 from va~ious hydrocar~on feedstoclaJ under conditions 

a of low sulfur. 'that is, while catalytic reforinin9 

9 typically raters to th• Gonversion o: naphthas, other 

10 teedstocks can be treated as well to provide an 

ll ari:matics enriched product. Therefore, ·while the 

12 conversion of naphthas ls a pref erred ..i:;iodiment, the 

13 present invention can be useful tor the conversion or 

14 aroma~i~ation of a varie~y ot f eedstocJcs such as 

15 paraf tin hydroc~~bons, olefin hydrocarbons, acetylene 

16 hydrocarbons, cyclic paraffin hydrocarbons, cyclic 

17 olefin. hydrocarbons. and mixtures thereof, and 

18 pa~icularly saturated hydrocarbons. 

19 . 
zo EXamples cf paratf in hydrocarbons are those 

21 hav1n9 6 to ~o ear:taons such as n•hexana, 

22 ma~ylpentane, n-haptane, methylbexane, 

23 cli11ethylpentane ana n-octana. Examples ot acetylana 

2~ hydr'ocarbon• a:e those havin9 t to 10 carbon a~OllUI 

25 such as hexyne, haptyna anc! octyne. Example• of 

26 a=yclic paraffin hydrocar:bons are thosa havinf 6 to 
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1 10 carbon atoms such as methylcyclopentane, 

2 cyclo~exane, ~ethy~cycl~haxan• and 

l dimethylcyclohexane. Typical examples ot cyclic 

4 olatin hydroc:ar1'on• are 'those having fi -co 10 carbon 

5 &~oms auch as mathylcyelopentene, cycloh•~ene, 

6 methylcyelohexene, and 41methylcyclohexene. 

7 

a 'l'he present invention will also ~· useful fo~ 

9 retcrminq under lov-sulfur conditions uain9 a varie~y 

10 of different reformin9 catalysts. Such catalyst 

11 include, but are not limited to Noble Group VII! 

12 metale on refractory 1noz-9•nic oxides such as 

13 pla~inum on alW1Lina, Pt/SH en alwaina and Pt/R• on 

14 alumina; Noble Group VIII metals on a zeollte such as 

15 pt, Pt/SN and P~/•e on zeolitas such as L-zeolites, 

16 ZSM-5, silicalit• ~nd beta; and.Hobel Group VIXl 

17 aetala on alkali- and alkaline-eart:b excbanqed L-

ia zeolit••· 

19 

20 A p~eferre4 embodiment of the in1'efttion inv~lvea 
'• 

21 the use of a large•pore zeolite catalyst includinq an 

22 alkali or alkaline ea~ metal and charqed wi't:h one 

23 or more Group VXII metals.. Most F•ferred is the 
24 eml>Od.iment ~•re •Uch a catalyst is ·used in ratormin9 

25 a naphtha tea4.· 

26 
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1 Th• term "larqe-pore zeolite" is indicative 

2 qenerally of a 2eolite havinq an etfec~iva pore 

3 diameter of 6 to 15 Anqstroms. Pra!erable lar;~ pore 

4 crystalline zaolites which ara usatul in th• presen~ 

' invention include the type L zeolite, zeolit• x, 
6 aeolita Y and faujasita. These have appar•nt pQr• 

7 sizes en the or4ar to 7 to t Anqstroms. Most 

a preterably the zeolite is a type L zeolite. 

g 

10 The composition of type L zeolite expressed in 

tl tenus of mole ratios ot cxides, may !:I• represented. by 

12 th• following formula: 

13 (O. 9-1. 3)MJ.O:AI.AC5. 2-6.9) SiOi:Y810 

14 In 'the above formula M represents a cation, n 

15 represents the valence of M, and y may be any value 

11 from o to about 9. zeolite L, its X•ray diffraction 

17 pattarn, its proper1:ies, and method tor its 

18 preparation are descril:Je4 in de~ail in, for example, 

19 o.s. Patent ao. 3,216,789, tbe contents of which i• 

20 beel:ty incorporated by reference. The actual fo2:11ula 

21 may vary without chanqin9 ~he crystalline structure. 

22 ror·exampl•, tha mole ratio o~ silicon to alum!num 

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

24 

25 · ·The ch..Ucal toraiila !or zeolit• Y expressed in 

2' terms of mole ratios of oxides m.ay be written as: 
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1 (0. 7-1. l)NaiO:AliOJ:XSi02:1HJ(> 

2 In the above formula, x is a value qreater than 3 aftd 

J up tg about 6. y May be a value up ta about s. 

4 2eolita Y nas a Characteristic X-ray poWder 

s ditfractign pattern which may ba employ~ with the 

' a)X)v• tormula tor identification. zeolite Y is 

7 dascribed in more detail in u.s.Patent No. 3,130,007 

a the con~ents of which is hereby incorporated by 

9 reference. 

10 

ll zaolite X is a synthetic crystalline ieolittc 

12 molaeular sieve which may be represented by the 

13 formula: 

14 · (0.1-1.1)1Cv.O:A120,: (2. O•J. 0) S10tlYHi0 

15 In the a~ove formula, M represents a metal, 

16 particularly alkali an4 alkaline earth metals, n is 

17 the valence of M, and y may have any value up to 

18 about a dependinq on the identity ot M and the de9J:'ee 

19 Qf hydration of 'th• C%Y•t&llina zeoli~a. zeolite x, 

20 its x .. ray diffraction patt;ern, its ,Proparti••· and 

21 method for i~s preparation are described in detail in 

22 u.s. Patent No. 2,a12,z44 the c:ontants of which is 

a3 her~ inca~pora~ed by reterence. 

24 

25 An alkali or alkaline earth aetal is pr•f•~•blr 

26 present in tba lar9e-pore zeolita. That alkaline 
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l earth metal may be either barium, strontium or 

z calciumt praterably. barium. Th• alkaline earth ••~al 

3 can be incorporated into the zeo~ita by synthesis, 

4 1mpregna~ion or ion exchanqe. Barium is preterrad to 

5 tha ether alkaline eart:hs because it results ~n a 

6 s0111ewhat lee• acicli~ catalyst. Strcnq acidity is 

7 undesirabl• in the catalyst becau$e it promotes 

a cracking, resulting in lower selectivity. 

9 

10 In a~o~her embodiment, ~~ least part of the 

11 alkali metal can be exchanqed with barium. u1dnq known 

12 techniques for io~ exchanqe of zeolitas. This 

13 involv .. contactinq the 2eolite with • solution 

14 cantaininq excess aa••ions. Xn this ambodiment the 

15 bariwa should prafa~ably consticute froa o.1t to 35' 

16 ~Y weight of the ~aolite. 

17 

18 The lar;e-pore zeoliti= catalysts used in the 

19 invention are charged with one or •ore croup vtII 

20 .. tal•, •·9•, nickel, ru1:.henium, rhodi:IDl, palladia, · 

21 i~idium or platinUJll. ~he pref erred Group VIII metals 

22 ar• izidiwa and partic:ularly platinum. These are 

23 mora selective wi~h re9ard to dehyc!rocyclization and 

24 are also mo~e stable under the dehydrocycliaation 

25 reac~ion eonclitions than other Group VIIX metals. It 
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l usad, the pret•rred weiqht percenta;e of platinum in 

2 tha ca~alyst is ~tween 0.1, ahd 5t. 

3 

4 Group VIII metals ar• introduced into l&rfJ•-pore 

s zeolites ~Y synthesis, impregnation or exc:banqe in an 

& aqueous solu~ion cf appropriate sait. When it is 

7 desired to introc:luce two G~oup VIII metals into the 

a zeolite, the o~eration may b• ca~~ied·out 

g simultaneously or sequentially. 

10 

ll To obtain a mere complete understandinq of the 

12 present invention, the following examples 

13 illustrating certain aspects of the invention are set 

14 forth. tt shoul~ be und•rstoOd, hoveve2:', that the 

15 invention is not limited in any way to the specific 

16 details ••~ tortb therein. 

17 

18 IXl\MPLI 1 

19 Teat.a were run ~o deaonstrat• the effect oi 
20 aUltur and ~ater on c:arbw:ization in refor:min~ 

21 rActors. 

22 

23 tn these tests, eight inch long, % ineh outside 

24 diameter coppa~ tU):)es ware used as a reactor to study 

25 t:he carburiz&t.ion and embrittlemant o:r!' 347 stainl••• 

26 •t••l wires. 'l'hree of these stainless steel wires 
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l havinq a diameter of 0.035 inch•• were inserted into 

2 the tube,. while a tour inch section ot ~e tu~e was 

l maintained at • unifot"lll temperature of 12so•r by a 

4 furnace. Th• pressure of th• system was maintained 

5 at 50 psiq. H•x•n• was introduced in~o the ~eactor 

6 at a rate of 25 microliters/min. (1.5 ml/hr) with.a 

7 hyd~o9'•n rate of about 25 cc/•in. (ratio of H2 to H<: 

8 being S:t). Methane in the product effluent was 

9 m~asured to determine the existence of exothermic 

10 methane re•ctions. 

11 

12 A control :r:un was made usin9 essentially pure 

13 hexane containinq less than 0.2 P»• sulfur. Th• tube 

14 w•s found ta be completely filled with carbon after 

15 only t.bree hours. This not only stopped.the flow of 
• 

16 the hydro9•n and hexane feeds, t.he growth of carbon 

17 actually split. th• tub• and proclucect a :bulqe in 'the 

lB raact:or. Meth~n• in the pradUct effluent was 

19 approaching ao-ao wtt before pluqvinc;. 

20 

21 Ano~•~ run vas conducted using essentially the 

22 saa• ·ccnd1e1ons exc•pt that 10 ppm sulfur was added. 

23 The run ~ontinuea for 90 hours before it was shut 

24 down to examine 1:h• wires. Ho increase in methane 

29 was noted clurin9 the run. It :remained •"teady at 

21 abou~16 wtt clue to thermal craekift9. Ho coke plu9s 

--~ 

Th\\i\iiili~r 
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1 were found and no carburization of tha steel wires 

2 was c~servad. 

l 

4 Another identical run was mad• except that only 

5 1 ppm sulfur was added (10 times lower than tha 

5 previous run). this run exhibited little methane 

7 formation or plu9qin9 after 41 hours. An examina~ion 

a of th• steal wires $bowed a small amgunt ot curf ac• 

9 carbon, bUt no rib~ona of carbon, 

10 

11 Another.run was conducted except that iooo ppm 

12 water (0.1t) was added to th• hexan• as methanol. Ne 

13 sulfur was acldecl. The run lasted tor 16 hours ana no 

14 plu;s aceurred in the reacto~. However,. .. upon 

15 splittinq the t'W:la it was discove~•d that about 50 

15 percent of th• tU1'e was filled with ~rbon. But the 

17 carl:ton bUlldup was not nearly a• severe as ~ith the 

18 control run. 

19 

20 EPRt.1.2 

21 Tes~s were conducted to determine suitable 

22 materials for use in low-sulfur reforminv reactor 

23 •Y•tems; materi•l& whic:b would •Xhibit better 

24 resistance to ca~l:nolriza~ion than.the ail4 steels 

25 conventionally used in low-sulfur ~etoz:minq 

i& techniques. 
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1 In these tests thera was used an apparatus 

2 includinq a Lind})erq alumina tube furnace witn 

3 tempara~ures contralled ~a within one deqree with a 

4 thermocouple placed on tha ext•rio~ of th• ~ube in 

s the h•a~ed zone. The furnace tube hact an internal 

6 diameter of 5 / 8 inches·. Several runs were conducted 

7 at an applied. temperature of l.200•P using a 

a thermocouple suspended within the hot zone c=2 
9 inches) of tha tube. Tha internal thermocouple 

10 constantly measured tempe~aturas frma o to 10•1 lower 

ll than the extental thermocouple. 

12 

13 Samples of mild seaels (c steel and 2• Cr) and 

14 · samples of 30a series stainless steels were tasted at 

1s i1oo•F, 11so•F and i2oo•r for twenty-four hours, and 

16 11oa•p for nitta~y hours, under canc!itions which 

17 simulate the exposure of the materials under 

18 conditions of low-sulfur reforming. '?he samples of 

19 various materials were pla~e4 in an open quartz boat 

20 within the hot zone of the furnace tua. The boats 

21 were one inch 10119 and ~ inch wide and fit well 

22 within the two-inch hot zone of the t~e. Tha ~oats 

Zl ware attached to silica qlasa rods for each plaeeman~ 

24 attc:l :em.oval. No internal thermooouple was used. when 

Z5 the boats were placed i~side the tube. 

26 
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1 P~io~ tg &tart up ~he t'l.lh• was flushed with 

2 n1tro;an tar a tew minutes. A carburi~in~ gas of a 

3 commercially bottled mixture at 7t propan~ in 

·4 hydroqen was bubbled through a liter flask ot taluene 

5 at room tempera~ur• in orcer en~ain about 1' toluene 

6 in the feed qas •ix. Gas flows ot 25 to 30 cc/min., 

7 and atmospheric pressure, were aa.intained in the 

s apparatus. 'l'he samples were arou~h~ to ape~atin9 

9 temperatures at a rate of 144•F/min. 

10 

11 After exposing the materials to the ca~burizinq 

12 9aa tor the desired period at the desired 

ll temperature, the apparatus waa quenched vith an air 

14 stream applied to ~· exterior ot the t11Qe. When tha . 
15 apparatus was suffioiently caol, the hydro~arhon qas 

11 was swept out with nitrogen and the boat was removed 

17 far inspection and analysis. 

18 

19 Prior to start up th• test materials were cut ta 

20 a •i•• an4 shape suitable for ready-visual 

21 identif ioation. After any pretreatment, suah as 

22 cleanin9 or ~oast1ng, the sa.mples were weiqhed.. Most 

2:s samples were less than 300 Jlfl· !typic:ally, each run 

24 was conducted with three to tiva smap1es in a tioat. 

2s A eampl• of 347 stainless at••l was present with each 

26 run as an internal at.andard. 
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1 After completion of aach run the condition of 

2 the boat and each material was carefully notad. 

3 Typically the boat was photoc:p:aphed •. Then. each 

4 •aterial was weighed to determine cbanqes while 

S takinq care to keep any coke depcaits with tbe 

6 appropriate substrate material.. Th• samples were 

7 then mounted in an epoxy resin, ground and polished 

8 1n praparation for petroc;raphic: and scannin9 electron 

9 microscapy analysis to determine the coking, metal 

10 dustin9 and ca:t:"burization responses of ea~h material. 

11 

12 By necessity, the residenc• time of the 

13 ca~burizinq gas used in these tests wera considerably 

14 higher ~han in typical commercial operation. Thus, 

l! it is believed that the experimental conditions may 

16 have been mcro aevere than commer~ial condit1ons. 

17 So•• of th• ~terials which failed in these test:s uy 

11. actually be commercially reliable. Haverthalesa, the 

19 test provides a reliable indication of the relative 

ao ~esiatances of the materials ~o cokin;, cartNrizaticn 

21 and ••~al dustinq. 

zz 
23 
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The res'Lllts are aet !cirth in tha Ta:ble below. 

Table• 

wt. ' c 
Ga.in Dusting composit.ion 

12oo•r1 24 hoa:-s 
c Steel 86 severe 
Ziit Cr 61 SaveJ:"e 
304 little No 18 er 10 Ni 
347 little No l.8 er 10 Ni 

i1so•1; 24 hours 
c Steel 63 sever• 
2~ er 80 sevare 
304 1 Ho 

. 347 1 No 

11oo·r~ 24 hours 
c Steel 'r:raee Trace, loQalized 
2ts er 0 NO 
304 0 Hc:t 
347 0 No 

llOO•J'; 90 ho'iirs 
c: Steel 52 Severe 
21;- c:r 62 Severe 
304 5 No 
347 l No 

• 15t c,.lt1 + 50, C3H• + ffi (by weic;ht) 

Ot course, the above rasults are qualitative and 

depend on surface morpholoqy, i.e., microscopic 

r0U9hftes9 of t:he aa~als. 'l'be carbon weight gain is 

indicative of surface caking which is autocatalytie. 

EXNm.J: :1 

'?he same tectmiques used abova ware used a9ain 

to screen a wide assor~man~ of material• at a 

temperature of izoo•r tor is hours. Th• rasults are. 

Attorney's Dock•~ Ha. 005950-314 

·--------
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set forth below. Each 9ro~p represents a •ide-~y­

sid• comparison in a sinqla 1'oat under iden~ical 

condi-ciona. 

Grayp + 
:r:nconel GOO 
347 oxid.(2) 
347 Fr•sh 

Groyg II 
Inccnal 600 
310 
Incoloy 800 
347 . 

A:t:m&s llI 
Incoloy 825 
Haynes 230 
Alonizec! 347 
347 

CtRUP IV 
Ni (Pure) 
cu (Pure) 
Sn (Fused) 

100 Sn 
Tin can 

Sn + c Steel 

(1) 

(2) 

TABLE (l) 

Wt. ' Gain 

51 
21 

4 

40 
8 
5 

·' l 

<l 
2 
3 

<1 

5$5 
0 
0 

0 

e 
pusi;ing 

Severa 
Moderate 
No 

severe 
Mild 
Mod.era-Ca 
Trace 

Moderate 
Mild 
Trace 
Trace 

Seve7:e 
No 
No 

No 

1st c,s. + sot CsHs + R.z (By W1;. > 

Roasted in air 2 hours at 
1ooo•c ~o produce a thin 
oxid.e crus~. 

Cgmpq•iticn 

15 er 75 Ni 

18 Cr 10 Ni 

15 C::I:' ·'75 Ni 
25 ~ 20 Ni 
21 Cr 32 Ni 

22 Cr·64 Ni 

100 Ni 
100 cu 
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EXAMPLE ! 
Addit.ioZ'lal materials were tested, .aqain usinq 

~he techniques described in Example 3 (unles•·•t•~ed 
otherwise) • 

Samples ot 445 stainless steel and 347 stainlass 
steel were placed in a sample ~oa~ and tested 
•i~ltaneously,in the carburization apparatus at· 
11oo•y fer a total ot two waeks. Th• 446 stainlasa 
stael had a thin caatinq of coke, but no o~er 
alteration was.detected. The 347 stainless steel. on 
the other hand, had massive localized coke deposits. 
and pits more than 4 mils deep from which ~oJce and 
metal dust had erupted. 

samples were tested of a car~on steel screen 
electroplated with tin, silver, copper and c:hroaium. 
the samples had coatinqs of approximately o.s mil. 
After 16•hour carl)Urization ccreeninq tests at 
i2oo•r, no coke had :formed on the tin-1>lated and 
ehromiUJt•plated screens. Colee formed on the silver­
platad and copper-plated screens, but only where the 
platings h•d peeled. Unplated car})on steel screens 
run simultaneously with the plated screens, eXhibited 
severe cokinq carburization, and metal dustin9. 
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Samples were tast•d ot a 304 stainless steel 

screen; each sampl~ ~einq electroplated with one of 

tin, silver, copper and chramiua. Tha samples had 

eoatinqs with thickneaaaa of approximately 0.5 mil. 

Attar 16-hour carb\ll'ization screeni:nq tests at 

12oo•F, no coke had formed on any of the plated 

screens, except locally on the copper-plated screen 

where the plating had Dlistered •n4 peeled. Thin 

coke coatinqs ware observed on unpla~ed samples of 

304 stainless steel run simultaneously with the 

plated screens. 

Samples were tested of a 304 stainless steel 

screen; each sample bei~9 eleotroplated with one of 

·tin and chromiUll. Thea• sample• were tested alone; 

with a sample of 446 stainless steel in a 

carburization test at 11oo•r. Th• samples were 

exposed. or five weeks. Each week the s&11Ples wa!:'e 

cooled to rQom temperature tor observation and 

photoc;raphic doCWDentation. '?hey were than re-heated 

to 11oo•F. The tin plated screen was tree of coke; 

the chromium-plated screen was also free of Goke, 

except locally where the chroma plate had pealed; and 

the piece of 446 stainless steel was unito1:'211y coated 

with coke. 

--------------
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samples of uncoated Ine=nel 'oo (75t Ni) an~ 

tin-coated (electroplated) Inconel 100 (75t Ni) were 
tas~ed at i2oo•F for 11 hours. Th• tin-plated sample 
coked a.nd d\llted, :but no"t to the extent ot 'the 
uncoated sample. 

!XAMf LJ: ' 
The f ollowin9 experiments were conducted ta 

. study th• exothe:1:mic mathanization ~eac~ion o~currinq 
durinq·the formation and burninq of cokeb•lls durinq 
raforminq under conditions of low-sulfur. In 
addition tin, as an additive to redQce methane 
formation was studied. 

In low-sul~ur refol:'11lin9 ~•actor systmiw, coke 
deposit. containin9 molten par1:icl•• of iron hava 
been found. This formation ot moltan iron during 
reforming at temperatures ~tween 900 and 1200•7 is 
lMali•ved to .ba due to very exothermic reactions which 
occur during reforming. It is believed that ~· onll' 
way ~a venera1:a such temperatures is throu9b the 
tormation of methane which i• vuy exothermic. Th• 
hi~h temp•ratures are particularly surprising sin~• 
raf orming is genarally endothermic in nature and 
actually tends to cool tha.r•actor •ystem. 'rh• hi9h 
te11peratures may ~e venerated inside the well 

-----­Th is Sheet Has B 

'""" 111111m11r 
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insulated cckaballs by diffusion of hydroqen into the 

interior ~atalyt1c iron dust sit•• where they 

catalyze methane formation from coke and hy~cqan. 

In this experiment steel wool was used to study 

methane f armation in a mic;ro pilot plant. A ~ inch 

stainless steel tu~e was packed with o.14 qrams of 

steal wool and placed inta a turnaca at 1175°F. 

Haxa~• and hydro9en we~• passed over the 1ran and tha 

exit stream was analyzed tor feed and products. Th• 

steel wool was.pretreated in hydrc9en fo~ twenty 

hours before intrcduc:tion of the heleane. Then hexane 

was introduced into tne reactor at a rate of 25 

mic~olitars/min. with.a hydrogen rate of a~out 25 

cc/min. 

Initially, uthana formation was low, bUt 

continued ta increase as ~· run ~ogressel!; finally 

reaehi~ 4.St. ~en, 0.1 cc ot tetrabUtyl tin 

dissolved in 2 cc or hexane was injected into the 

purified fee4 stream ahead of the iron. The methana 

tormation decreased to abaut 1t 11nd continued to 

%'emain at 1• tor th• next three hours.. 'The data is 

summarized in ~e Table !>elow. 
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TABLE 

.cB! rnlA1fl PBQPANJ; H'.!XNfC 
o.o o.s O.J 9a.& 1.01 2.08 1.74 93.4 2.d2 4.!5 3.92 85.3 3.43 4.23 3.83 84.6 4.45 4.SO 4.32 82.0 

Tat~a:Duty~ Tin Added 
1.16. 3.81 4.12 81.2 1.1.6 3.ta 4.24 85.9 l .. O 4 • .56 3.77 17.S 0.97 3.to 3.76 ''·' l.O 4.47 3.57 88.0 

From the results above it can be seen that the 
addition of tin to the steel wool stops the 
accale~ation o~ methane tor111ation, and lowers it ~o 
acceptable levels in the product. 

EXWLI 6 

Additional tests were aondueted usinv tetrabutyl 
tin pre-coat:ed ateel wool. In particulu, as in 
lxaple 5# three injactions·ot 0.1 cc of tatra:butyl 
tin 4iasolva4 in 2 cc of hexane were injected into a' 
~ incb stainless steel tu~ containinq 0.15 4Jr&m1· at 
steel wool. Th• solution was oarried over the steel 
wool ·in a hydro9en st~eam of 900•F. 

Th• hydro~arban teed was then introdUoed at 
1i1S•F at a hydrocarl:>on rate of 25 microliters/min 

This Sheet Has Been Replaced 

' \11\1\l \Ill\\ l\ll lll \II\ 



[ RECEIVED HZ/lB Hl:•• 1996 AT 533069• FEB-17-96 SAT 12:45 PH BDS&M 
PAGE 79 (PRINTED PAGE BH) l 

FAX NO. 919 462 1466 P. 79 ,; 

W0'2/15'53 

1 

2 

l 

4 

s 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

15 

17 

.. 18 

19 

20 

21 

22 

23 

24 

2! 

26 

PCT/US9:Z/01856 

- 75 -

with a hydroqen rate of about 25 cc/min. The exit 
9as was analyzed for methane and remained below it 
tor 24 hours. The reactor was then shut down, and 
the reac~or tube was split open and exa•ined. Very 
little carJ:>urizaticl'l had occurred on the steel wool. 

In contrast, a control was run ~ithout 
tetrabutyl tin pre-treatment. It was r\ln for one day 
under the sama conditions described above. After 24 
hours, ·no hydroqen or feed could be detected at the 
tube exit.. The inlet pressure had risen to 300 l~s. 

from the ori;ihal SO lbs. When the ~•actor tube was 
split open and examined, it was found 'tha~ coke had 
completely plu99ed the tube. 

'l'hus, it can be seen that orqano-tin compounds 
can prevent car~urization of steel.wool under 
reformin9 conditions • 

EXNS.2LI 7 

Another run like the control run of Example l 
was conduct:ed to investiqate the ettect of 
c:arburization conditions on vapor ~in coated 
stainlas• steel wires in a qold plated :eactor tube. 
~h• only other difference from the control run was 
that a hi9her hydrogen rata of too ml/min was used. 

--·--------·· 
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The run continued for aiqht hours with no 

pluqginq or excessive m•thana formation. When the 

~ube was split and analyzed, no plugs or carbon 

ribbons ware observed. only one·black streak of 

carbon appeared on one wire. Thia was probably due 

to an imprope1" ccatin9. 

This experiment shows t:hat tin Qan protect 

stainless steel from carburization in a manner 

s1•1lar to sulfur. Unlike sulfur, however, it.does 

not have to be continuously injected into the feed. 

$ulfur 111USt be continuously injected into the feed ~o 

maintain the partial pressUzia of hy~o,en •~tf ide. in 

~h• system at a sutti~ient level to maintain • 

sulfide surfaca on the steel. 'Any ~amoval of sulfur 

from the teedstoek will lead to a start of 

carl:lurization after sulfur is stripped from the 

rea4;:tar syst••· 'rhis usually occurs within 1.0 hours 

after c:esaation ot sulfur. 

'While the invention has ~een described above in 

terms of preferred eJabodiments. it is to be 

understood ~t va.riatiQns and moclifications may be 

~sed as will be appreciated by those •killed in the 

art. ·For example, portions.of 8teel in the reactor 

•Y•tn can be coated with niobium, sirc:onium, silica 
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ceramics, tun9sten, or chromium (du:'omizing), 

althouqh these tachniquas e~uld b• exc•eaiveiy 

difficult to do or use, er prohibitively expansive. 

or, the usa ot beat exchan9ers to heat hydrocarbons 

to reaction temperature could ~· minimized. The heat 

could be provided by super-beatei;l hyd:roqen. Or, the 

exposure or heatinq su~acas to hydrocarbons oan ~· 

reducad by usin; lar9er t\lhe diaaetars and hi~her 

tube veloeities. Essentially, therefore, there are 

many varia~ions and modifications to the a~ove 

pref erred embodiments which will be readily evident 

to those skilled in th• •rt, and which are to be 

considered within the scope o~ the invantion·as 

datined by tha followin9 claims. 

----------
10\\i i\i R\ 
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l 

2 comprisin9 ~ontactinq the hydrocarbona'w1th a 

' retoriaing catalyst in a rea~tor sys~ ot improved 

4 resis~nce to Cllrburization and me~al 4ustinq under 

5 conditions of low sulfur, and u;on reforming said 

e re.istanca ~ein9 such that eabrittlement will be less 

7 than a~ut z.5 m/year .. 

1 · 2. A method tor retonin9 hydrocarbons 

2 according to claim l, Wherein said retorminq ca~alyst 

3 is a large-pore zaolit• ca'talyst including an alkali 

4 or alkaline earth me~al and charqed with one or more 

5 Group VIII metals. 

1 3. A method for reforming hyd%'ocar~ona ,., 
2 accordinq to claim 2, wherein said hydrocarbons are 

l con~acted with the catalyst under conditions of low 

4 water. 

1 4. A method for retorminq aydrocarbons 

2 according to claim 1, wherein a naphtha teed is 

3 contacte4 with a lar;e•pora zaolite catalyst 

4 includinq an alkali o~ alkaline earth ae~al and 

5 charged with one or more ~roup VZII metals. and 

6 Wherein a~ leas~ a portion of the .reactcr systa has 
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7 a resistance to carburizaticn ;~eater than mild steal 

e under conditions of low sulfur. 

1 s. 
2 accord~n9 to claim 1, comprising reforming in a 

3 rea~or system, at least a poZ'tion thereof havinq a 

4 resistance ~o cartauriza~ion greater th~ mild steel, 

s under conditions of low •~ltur and low watar. 

1 . 6. A method for ref orminq hydrocar~ons 

2 accordinq to claim 1, comp~isinq ratormin~ in a 

3 raacto~ system, at least a portion thereof having a 

4 resistance to carl:Nz'iza~ion IJZ"•a~er ~han alwninized 

s ateels, under conditions of low sultur and law wa~er. 

1 7. A method for raformiftcJ hydrocarl:Jons. 

2 according to claim 1, cc:naprisinq rafo%11ling in a 

3 ra~otcr •Ystea, at least a po%'tion the2:'eof havin9 a 

4 r .. istan.ce to carburization 9l"•ater than alloy 

5 steels, un4er conditions of low sultur and. lcv water;· 

1 •• A ~thoc:l for ref orminv hydrocarbons 

2 according to claim 5, comprisin9 ~eforai~q in a 

3 reactor system under conditions of low nlfur, at 

4 lea•t a portion of th• rea~cr aystem in contact with 



[ RECEIVED HZ/18 &1:~6 1996 AT 533869~ 
FEB-17-96 SAT 12:48 PM BDS&M 

PAGE B~ <PRINTED PAGE 85) l 
FAX NO. 919 462 1466 P.84 

' 
W09%/l5653 PCT/US9V01856 

111111111111111111111111111111 
* C L· M S * 

.. 80 -

s the hydracarbons being comprised of a 300 se~iea 

6 stainless steel. 

1 9. A method tor r•f orminq hydrocar~ons 

2 aeeordin~ to claim 5, cOJDprisinq reforminq in a 

J reactor system under conditions of' low sulfur·, at 

4 least a por~ion of the reactor system in contact with 

5 the hydrocar~ons beinq an alloy containinq 

& sui:sstantially no nickel. 

1 10. A method tor retarminq hydrocarbons 

i accordinq to claim s, CC11prisin9 reformin9 in a 

3 reactor ayste• under conditions of low sulfur, at 

4 least a portion of a turnaee tuhe of the reactor 

s system in =ontact with the byc5rocarbons havin9 a 

' rasistanc:e to car»urization greater than mild steels. 

1 11. A 11.athod for reforming- hydrocarbons 

2 aceo.rdinq to claim s, comprisift9 refoninq in a 

3 -reactor system under c:anditions cf low sulfur, at . . 
4 least a portion of • reactor wall of the reactor 

5 aystaa in ccn~aet with tha hydrooar~n• having a 

I resistance to carburization qreate: than·•ild steels. 

l 12. A method for retorm.inq hydrocarbons 

2 acco~4incJ to clai11 5, eomprisinq re~orminv in a 
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3 ~•acto~ system und•r conditions ot low sulfur, at 

4 least a portion ot_. the reactor aysta in contact with 

5 · the hydrocarbcns bcainq a ma~er!al selected from the 

6 c;roup at copper, tin, arsenic, antimony, brass, lead, 

7 l:lismuth, chromium, intermetallic compounds thereof 

a and alloys thereof, 

1 13. A method for reforv.ing hycll:'oearbons 

2 accordinq to claim 12, comprisinq r•formin9 in a 

3 raac~or system under conditions ot low sulfur, at 

4 least a pot'tion of the reactor system in contact with 

5 the hydrocarbo~s being a cu-sn alloy or a cu-sb 

' alloy. 

l 14. A metho4 for reformin9 hyc!rocar~ons 

2 accordin9 ~o elaim 12, wh•wein aaid mate~ia1 in 

3 provided as a platinq, claddinq, paint or other 

4 coating, t~ a base construction material. 

1 15. A 11etbod tor reforming hyd%'ocar~ns 

2 •~eor4inq to claim 12, wherein said llaterial is tin. 

1 . 11. A method for reforain9 hydrocarl:>cns 

2 according to claim 12, wherein said material is 

3 •~fec:tive tor retaining its rasistance to 

4 carbUrization af~ar oxidation. 

-----------------
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l 17. A method for·refo~in9 hydrocarbons 

2 accordinq ~o claim l, Wherein upon retormin9 said' 

3 resistance is such that eamrittlement will b• less 

4 ~n 1.s "llXID/year. 

1 11. A method for reforming hydrocarbons 

2 according to claim 1, comprisinq ratorminq under 

3 conditions cl low s~lfur •nd low water. 

l 19. A method for ~etarm1nq hydrocarbon• 

2 according to clabl 1, comprising eonta=in9 th• 

3 hydrocarbons vith the lar9e-pora zeolit• catalys't 

4 under oondition. of low sulfur while add1n9 at least 

! one non-aulfUr, anti•carDUrizin~ and anti~cokinq 

I a9ent to provid~ the ~eactor system ot improved 

7 resis~ance to carburization and metal dustinq. 

1 20. A ••~hod for ref orainq hydro~arbons 
' 

2 according to claim 19, COJ11prisin9 addin9 an anti-

3 c::ar~izin9 and anti-coking aqent selected from the · 

4 group of or9ano•tin COllpoW'l4s, orqano-anti•ony 

s c:oapounds, or9ano-binuth compounds, orqano-araenic 

6 ~oapouzuls and or9ano•le.ad Co11POund.s. 

1 21. A method for reformin9 hydroc:arbona 

2 accorclin9 to claim 19, where.in an organo-tin non• 
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l sul:ur, an~i-car~uriain9 and anti•cokin9 agent is 

4 added. 

1 22 •. A method far retorminq hydrocarbons 

2 accordinq to claim 1, Wherein at least a portion of . 

3 said reactor system is constructed from a chroaimn 

4 rich steal ~~eated a metal coating camprisinq tin, 

s antimony, bismuth or arsenic • 

1 . 23. A method tor :rafct11inc; hydrocarbons 

2 accordin9 to claim 1, wherein at least a portion of 

3 the steal surf aces in t.h• reacto~ system have 

4 ini~ially been coated with almaimua or tin followed 

5 by appli~ation at a thin chromium oxide coatinq. 

1 24. A mathod for refcinainq hydroea.rbons 

2 accordinq ta olailll 1, wherein at least a portion of 

3 the steel surf aces in said reactor systes have 

4 initially b•en coa~ec:I with a coating compris!nq 

5 aluminum, f ollcwed 1'y a post-treataent process 

6 comprising ap~lication of a metal coatinq C011prising 

7 tin. 

1 25. A methOcl for rafgrmin9 hydrocarbons 

2 ar:c:ordlng to claim 1. wherein ••id prooees at l~as~ • 

3 por1:1on of the·raactor system is »r••haatad. with a 

------------·-
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4 hydro9en 9aa stream heated to a temperature a~ about 

s 750 tc 1150°F, and than said pre-heated po~tion of 

e th• reactor system is exposad ~o a cooler 9as streaa 

7 ot about 400 to aoo•F which oomprises hydroqen_and an 

a organometallic tin compound. 

1 26. A ••thod acco~din9 to claim l, wherein a 

2 portion of the metal surf aca• in th• reactor system 

3 has been coated. with an aluminum, a.lWD:ina, chromiw. 

4 or chromium oxide tilm, or is constructed of 

S alUlllinized or chromized material. 

1 21. A method according to claim 1, wherein 

2 'Che reac~or •Y•tem is at least partially constructed 

l of a ceramic material. 

1 28. A 11ethccl aocorcling to claim 1, wherein 

2 at least a portion ot the met~l surfaces in 1:he· . 

l reactor syataa ia coated with a thin silica or silica 
4 . film. 

1 ·29. A aetl\od accarc:linq to claim 1, 

2 comprisinq maintainin~ ~· temperature of the metal 

3 eurf ace of at least a portion of th• reactor syc~ma 

4 such that it does not •xceed a pr•determine4 level, 
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5 said level datermi~ad such that embrittlement ct the 

6 metal surfaee.will be less than 2.5 mm/year. 

l 30. A method a~ccrdinq to cl•illl 1, wherein 

2 said reactor system staqad heaters and/or t~s are 

3 used, or t?\• systea ~as been h••ted uain9 superheated 

4 raw materials, or larqer tube diameters are used, or 

s hiqher tube velocities are used, or distinc:t 

6 temperature zones are used, or a combination 'thereof, 

7 to an extent etfectiva to provide a resiatance such 

e that enmrittlemant will ~· ~·•• than 2.5 1114/yaar. 

1 31. A •ethod accor~in; to claim l, vherein 

2 at least a portion of the reactor system is 

3 con•trr.tcted fra~ mild steels and/Qr at least a 

4 portion 1• constru~ted of stainless steels, wherein 

5 durinq refprminq under conditions of less than 100 

& ppb sulfur the t.~•peratures of th• portions of the 

7 raaotor.ayat:.mll_cons1:n~ of mild. R••l• do not 

8 exceed 1so•p and 'the tlhlperaturea of the po~ions a~ 

9 th• reactor sys~em const:riucted from stainless steels 

10 do ngt axcaed 1025•F. 

1 32.· The reactci: systems used in th• ••thods 

2 of claims 1-31. 

-----. 

. \ \11\11\ \\\I\\ Ill\\ \\1\1.\\ \'I\ 
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l 33. A dacomposabla, reactive, tin•ccntainin9 
2 pain~ ~o be applied to at least a portion of a 
3 ref orminq rea~cr syatea vhi~ is exposed to 
4 hydl:'ocar~ons at elevated ~amperatu:as under 
s conditions of low sulfur, and prr;vida carburization 
6 resistance such that •mbrittlaaent will be lass than 
7 2. Sa/year under exposure .conditions, which paint 
a raduces ~o a reactive tin which toJ:'JIUS a tin complex 
9 with said portion ct the refoain9 reactor syst~ tc:s 

10 which it is epplied upon heatinq in a reducing 
11 temperature. 

l 34.· A deeoaposabl•, reactive, tin-containin; 
2 paint accordin9 to claim 33, said paint compriain9 
3 (i) a bydr09en Oecompoaable tin compound, (ii) a 
4 solvent systaa, (iii)· a finely 4ivided tin metal, and 
5 (iv) a tin oxide. 

l :ss. A d•composabl•, reactive, tin-containln; 
:z paint aceordin9 to ~la.1• 34, wharain said hydr09en 
3 deooaposa~l• tin ooapoun4 is tin octanoate. 

1 38. A decomposable, reactive, tin~c::ontainin; 
2 paint accardin9 ~o claim 34, ~herein th• tinaly 
3 . divided tin metal has a particle size of about 1 to s 
4 :microns. 

I ~II} mfl llfJ II H Ill 
s * 
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1. 37. A daco~~osa~l•, reactive, tin-containinq 

2 paint accordinv to claim 34, wherein the solvent 

3 system cantains at leas~ one mmimer salee~ad from 

4 isopropyl alcohol, hexane and pantane. 

l. 38. A decomposa~le, reacti~e, tin-containin9 

2 paint accord~n9 to claim 3?, said solvent system 

3 conta1nin; isopropyl alcohol. 

l · 39. A decomposable, reactive, tin-containing 

2 paint according to claim 34, containing no non• 

3 reactive material which Will prevent reactive tin 

4 from r•a~tin9 with the portion of the reforming 

5 reactor system to'\lhich the paint is to be appl1e4. 

1 40. A decomposable, reactive, tin-containing 

2 paint accordinq to claim 33 1 applied an4 reduced. 

1 41. A sp~aya1'le 4e~omposable, reactive, tin-

2 _conta1ninq paint acco~ding ~o claim 33. 

1 42. A method for inci-easing the 

2 carl:Nrizatian resistanc• of at least a portion of a 

3 reactor system such that embrittlament will be less 

4 than ai;,Qut 2.5a/year upon expos'Qre to hyd.roeuban• 

5 a~ ~lavated ~•llP•ratures under conditions cf low 

-·---·----~· 
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6 aulfur, said method comprisinq applyinq a paint 

7 accordinq ~o claim i3 to at least a por-eion of th• 

8 raactar system and subject:inq the applied paint tc 

9 reducinq conditions. 

l. 43. A method accordinq to claim 42, sa14 

2 paint comprisinq (i) a hydrQqen dacomposabl• tin 

3 compound, (ii) a solvent system, (iii) a finely 

4 divided tin metal, and (iv) a tin oxide. 

1 44. A paint to ~e applied to at least a 

2 portion of a raf orminq reactor system which is 

3 exposed to hydrocarbons at elevated. temperatures 

4 under eonditians of low •~lfur, and provide 

5 carburization resistance such that emb~1t~l8'1\ent will 

' be lass than 2.5 JJJG/year ~nder e)(pesure conditions, 

7 said paint comprisinq: 

I (i) one or more tin contai:r..in; compounds, 

g and 

10 (ii) one or more il:on compounds, Wherein the· 

11 ratio of Fe/Sn ls QP to 113 by weight. 

l 45. A paint according to claim 44, wherein 

2 th• iron compound is Pei~. 

111111111111111111111111111111 
* C L M S * ------------This Sheet .fl. ---
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l 45. A paint accordinq to claim 44, said 

. 2 steel bain9 a mild or stainless steal. 

l 47. A method tor incraasin9 the 

2 carburization resistance ot at least a portion ot a 

l reactor such that embrittlemant will be less ~an 

4 about 2.s mm/year upon exposure to hydrocarbons at 

5 elova.t:ed. t:aaperatures unc!~ condit:ions ot low sia.lfur, 

6 said method cgmprising applying a paint accordinq to 

7 claim 44 ~o at least a portion of the reactor system. 

1 48. A reforming reactor •Y•~am includin9 

3 means for providinq resistance to carJ:Nrization and 

3 metal dustinq in a methcd. tor ref anting hyd.t'ocarl::lons 

4 usin9 a laZ'9e-pore zeolite catalyst includinq an 

5 alkali or alkaline.earth aetal and c:ba1"9ed. with ana 

6 or more Group VIXl ae1:als under con41t1ons of low 

7 sulfur, said rasiatance bein9 such that emb~ittlemen~ 

a will ba less than about 2.5 T1JJ1/year, Wherein at·laaat 

9 a po~ion ot said ~··~~or systeJQ has ~een coated with 

10 th• paint of claim 44. 

I lllllll llllll lllll lllll II llll 
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