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25 Inthis context, a complete oxidation of a hydrocarbon means that all of the carbon
present in this hydrocarbon is converted to oxides of carbon (CO, CO,).

Reactions with oxygen which deviate from this are partial oxidations and, in the
presence of ammonia, partial ammoxidations.

30
The process described at the outset is known (cf., for example, DE-A 10219686,
DE-A 10246119, DE-A 10245585, DE-A 10219685, EP-A 731077, DE-A 3313573,
DE-A 10131297, DE-A 10211275, EP-A 117146, GB-A 2118939, US-A 4532365,
US-A 3161670 and EP-A 193310) and is employed, inter alia, for preparing acrolein,

35  acrylic acid and/or acrylonitrile from propane, methacrolein, methacrylic acid and/or
methacrylonitrile from isobutane. The partial ammoxidation differs from the partial
oxidation essentially by the presence of ammonia in the reaction mixture. Suitable
choice of the ratio of NH; and O, can allow partial oxidation and partial ammoxidation
also to-be carried out in parallel, i.e. simultaneously. Addition of inert diluent gases

40  keeps the reaction mixture of the partial oxidation and/or ammoxidation outside the
explosion range.



40 keeps the reaction mxture of the partial oxidation and/or anmoxi dation
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mechanical separating operation by which solid particles present in these gas mixtures
can be removed from these gas mixtures. When an absorptive separating process is
employed, the absorbent in some cases becomes saturated over time with solid
particles. For example, in the course of stripping and/or desorbing, they can be

30 entrained.

As a long-term in-house experiment found, surprisingly, this is disadvantageous in that,
in the processes described at the outset, very fine particles of the solid catalyst this is
disadvantages in that used for the heterocgeneously catalyzed dehydrogenation can be
35 conveyed into the subsequent heterogeneously catalyzed partial oxidation and/or
ammoxidation, where they in some cases settle in the fixed catalyst bed used there.

The latter is disadvantageous in that a heterogeneously catalyzed partial oxidation
. and/or ammoxidation, relative to the reaction stoichiometry, is normaily carried out in
40 the presence of an excess of oxygen.
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30
The process according to the invention is advantageous in particular when, in the
process for heterogeneously catalyzed partial oxidation and/or ammoxidation, product
gas mixture A is used as such and/or product gas mixture A’ is used which is obtained
from product gas mixture A by partly or fully condensing out steam which is generally
35 present therein.

Gas purification apparatus which employs a mechanical separating operation and is
suitable in accordance with the invention is, for example, chamber separators,
impingement separators and centrifugal separators, which utilize mass forces.

40 However, it is also possible to employ acoustic separators for the process according to
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30 carbon formed by the principle of coal gasification. Steam can also be used as a diluent
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Further diluents suitable for the heterogeneously catalyzed dehydrogenation are, for
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40 diluents in the at least one partial oxidation and/or ammoxidation. Inert diluents are in
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USA 35 It racteristic etero usly catal yzed
dehydr ogenat i on of saturated hydrocarbons that it proceeds endotherm cally.
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m xture elith eneous catal yzed
dehydr ogenat§igfiesedgn the prior art. Descriptions of such process variants are contamed or

example, in all prior art documents cited with regard to the dehydrogenation catalysts.

A comparatively comprehensive description of dehydrogenation processes which are

30 suitable in accordance with the invention is also contained in "Catalytica® Studies
Division, Oxidative Dehydrogenation and Alternative Dehydrogenation Processes,
Study Number 4192 OD, 1993, 430 Ferguson Drive, Mountain View, California, 94043-
5272 US.A.

35 Itis characteristic of the partial heterogeneously catalyzed dehydrogenation of
saturated hydrocarbons that it proceeds endothermically. This means that the heat
(energy) required for the attainment of the required reaction temperature has to be fed
to the starting reaction gas mixture either before and/or in the course of the

: heterogeneously catalyzed dehydrogenation.

40 ‘
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pref or abl y i CHIAPIE FRECESAPE 197 DA PR BEPIeTe U R A HSGEPYPN A958R £ f ng
reacti on gastorthainvestiangs tredfixed bet dutieudrilios buredes teactor. This means that the
dehydrogenation catalyst is disposed in one or in a bundle of reaction tubes as a fixed
bed. The reaction tubes are heated by a gas, for example a hydrocarbon such as
30 methane, being combusted in the space surrounding the reaction tubes. It is favorable
to apply this direct form of catalyst tube heating only to the first about 20 to 30% of the
fixed bed and to heat the remaining bed length to the required reaction temperature by
the radiated heat released in the course of the combustion. In this way, approximately
isothermal reaction control is achievable. Suitable reaction tube internal diameters are
35 from about 10 to 15 cm. A typical dehydrogenation tube bundle reactor comprises from
300 to 1000 reaction tubes. The temperature in the reaction tube interior varies within
the range from 300 to 700°C, preferably within the range from 400 to 700°C.
Advantageously, the starting reaction gas mixture is fed to the tubular reactor
preheated to the reaction temperature. It is possible that the product gas mixture
40 leaves the reaction tube with a temperature which is from 50 to 100°C lower. However,



preheated to the reaction tenperature. It is possible that the product gas
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The heterogeneously catalyzed dehydrogenation according to the invention may also

30 be effected in a moving bed. For example, the moving catalyst bed may be
accommodated in a radial flow reactor. In the reactor, the catalyst moves slowly from
top to bottom while the reaction gas mixture flows radially. This procedure is applied,
for example, in the UOP-Oleflex dehydrogenation process. Since the reactors in this
process are operated virtually adiabatically, it is advantageous to operate a plurality of

35 reactors connected in series as a battery (typically up to four). This allows excessively
large differences in the temperatures of the reaction gas mixture at the reactor
entrance and at the reactor exit to be avoided (in the adiabatic mode of operation, the
starting reaction gas mixture functions as a heat carrier, upon whose heat content the
drop in the reaction temperature is dependent) and nevertheless allows attractive

40  overall conversions to be achieved.
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on aluminum oxide. The working pressure is typically from 1 to 2 atm and the

25  dehydrogenation temperature is generally from 550 to 600°C. The heat required for the
dehydrogenation is introduced into the reaction system by preheating the
dehydrogenation catalyst to the reaction temperature. The abovementioned
dehydrogenation method is known in the literature as the Snamprogetti-Yarsintez

process.

30
Alternatively to the procedures described above, the heterogeneously catalyzed
dehydrogenation may also be realized with substantial exclusion of oxygen by a
process developed by ABB Lummus Crest (see Proceedings De Witt, Petrochem.
Review, Houston, Texas, 1992, P1).

35

Common to the heterogeneously catalyzed dehydrogenation processes of a saturated
hydrocarbon H with substantial exclusion of oxygen described hitherto is that they are
operated at saturated hydrocarbon H (e.9. propane) conversions of > 30 mol%
(generally > 60 mol%) (based on single reaction zone pass). It is advantageous

40 according to the invention that it is sufficient to achieve a saturated hydrocarbon H (e.g.
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sufficient in-order 10’ achi eve the deSifed converston, and the réaction gas
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di lution). Theniphimsweeenedrsioheairgtie @abeapassarrier is also noticeably
advant ageous fromthe point of view of an adiabatic nethod. The

It may therefore be appropriate to carry out the dehydrogenation with comparatively

30 low propane conversion (virtually) adiabatically. This means that the starting reaction
gas mixture will generally initially be heated to a temperature of from 500 to 700°C (or
from 550 to 650°C) (for example by direct firing of the wall surrounding it}. Normally, a
single adiabatic pass through a catalyst bed will then be sufficient in order to achieve
the desired conversion, and the reaction gas mixture will cool by from about 30°C to

35 200°C (depending on conversion and dilution). The presence of steam as a heat carrier
is also noticeably advantageous from the point of view of an adiabatic method. The
lower reaction temperature allows longer on-stream times of the catalyst bed used.
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stages o e r I to 600C,
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gas may be, &fbﬁngéﬂahﬁﬁ@nnﬂ\abﬂﬁ‘%@n %EM@@C Kase, éhﬁjmﬂ?éswlyw*ﬂ indgitknt of the
regener at i onthgasalaysued.r om 0.5 to 20% by volune. 35 In subsequent further
regeneration stages, the regenerating gas used under otherw se identical
regeneration conditions may be air. Froman application point of view, it is
advant ageousUsefulqatalyst FWQ@%f%PMeFWQWOPHéﬁ@tag'égd deldregenstorewitio before its
r egener ag3 oncorifarati4B50W Lonversion on a single pass are in particular the catalysts disclosed

in DE-A 199 37 107, in particular all of those disclosed by way of example.

After a prolonged operating time, the abovementioned catalysts can be regenerated in
a simple manner, for example, by initially passing air {preferably) diluted with nitrogen

30 and/or steam in first regeneration stages over the catalyst bed at an entrance
temperature of from 300 to 600°C, frequently from 400 to 550°C. The gas hourly space
velocity of regeneration gas may be, for example, from 50 to 10000 h™' and the oxygen
content of the regeneration gas may be from 0.5 to 20% by volume.

35 In subsequent further regeneration stages, the regenerating gas used under otherwise
identical regeneration conditions may be air. From an application point of view, it is
advantageous to flush the catalyst with inert gas (for example N} before its
regeneration.
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Appropriately, the reaction gas mixture wili be subjected to intermediate heating in the

tray reactor on its way from one catalyst bed to the next catalyst bed, for example by

passing it over heat exchanger ribs heated by hot gases or by passing it through pipes
30 heated by hot combustion gases.

When the tray reactor is otherwise operated adiabatically, it is sufficient for the desired
conversions (< 30 mol%), especially when using the catalysts described in
DE-A 199 37 107, especially those of the exemplary embodiments, to conduct the

35 reaction gas mixture into the dehydrogenation reactor preheated to a temperature of
from 450 to 550°C and to keep it within this temperature range inside the tray reactor.
This means that the entire dehydrogenation can thus be realized at very low
temperatures, which is particularly advantageous for the on-stream time of the fixed
catalyst beds between two regenerations.

40
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dehydrogenation.

30 The isothermicity of the heterogeneously catalyzed dehydrogenation can be further
improved by incorporating closed (for example tubular) internals which have
advantageously, but not necessarily, been evacuated before filling in the spaces
between the catalyst beds in the tray reactor. Such internals may also be placed in
each catalyst bed. These internals contain suitable solids or liquids which evaporate or

35 melt above a certain temperature, thereby consuming heat, and, when the temperature
fails below this value, condense again and thereby release heat.

Another possible method of heating the starting reaction gas mixture for the
heterogeneously catalyzed dehydrogenation to the required reaction temperature
40  involves combusting a portion of the saturated hydrocarbon H and/or H, contained
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dehydrogenatl on accor
enpl oyed in par t9esupP¥ge Wm@hmPW§U|§éF¥ﬂf%ﬂ%tﬁ“4ﬂldﬁﬁ§&a?fﬁélw qqah,ygroggnated

dehydr ogenat ed isydpscapsomed argfoatied Bpbathtiedehhdeogahatbrgt gas m xture A and/ or
the product gas mixture A' to be obtained fromit as 40 described can then
be used in a manner known per se to charge a heterogeneously PF 54435 14
cat al yzed part i 2244 "ﬂé?qséH“%H@)Q?P'%WP&‘&N%”%@W%“%é%acﬁ?&gi‘ﬁ leefye cf .
prior art cited aralortdfter enttysiato)the kéactisn esrgential to the invention only that
the product gas m xture A, the product gas mxture A and/or the m xture B,

before the at | east one, het er ogeneously
partially oxidizing the molecular oxygen in the molecuiar hydrogen contained in

the reaction gas in the reaction zone to give steam and
25
- withdrawing a product gas from the reaction zone which comprises molecular
hydrogen, steam, partially dehydrogenated hydrocarbon H and saturated (to be
dehydrogenated) hydrocarbon,

30 which comprises dividing the product gas removed from the reaction zone into two
portions of identical composition and recycling one of the two portions as cycle gas into
the dehydregenation reaction zone and further using the other portion as product gas
mixture A in accordance with the invention.

35 The above-described variants of the catalytic dehydrogenation to be employed in
accordance with the invention can be employed in particular when the saturated
hydrocarbon H to be dehydrogenated is propane and/or isobutane.

The product gas mixture A and/or the product gas mixture A’ to be obtained from it as
40 described can then be used in a manner known per se to charge a heterogeneously



catal yzed p&gﬂ;l al _oxidation and/or ammoxi dation, is subjected to a

nmechani cal %ﬁsatl ng operation by which soli d particles present in these
gas m xtures can be renoved fromthese gas m xtures. Useful parti al
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In a siml arreﬂ%%@ﬁo,ﬁqqhég@aéasqﬁ&@fésbed in DE-A 10219879, a Pt/ Sn all oy which
had been pronoted with the elements Cs, K and La in oxidic formwas applied

to the external and internal surface of Zr2 Si 2 m xed oxide supports
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support vv|trﬂewaﬂogesaﬂoutquﬁbume)tthén%t @'plnl%ldéormtmcgylamldsubsequent
thermal treatnents (1.5 h) at 30 560C in an air stream In the course of

br oot er o w8 SR pfRidalil 8Ptk kipE ST BERTANT ¢ Tne Wioih ARG bty
react or desdhe padiahr@crdatiasef pe’menad@ RORYIopHiilp GRe Alse toe panial aramaxigation

precur sors wesfesobatbneas methdchgoritifeal s as descri bed herei nbel ow in a hydrogen
stream at 500C to obtain the active catalyst. 35 2. Dehydrogenati on reactor
(C330) 650 M (762 g) of the catal yst precursor obtained as described above
were used toX ge a vertical tubular reactor (tube length: 2049 mm wall

thickness: 7 mm internal PF 54435 15 dianeter: 41 nm nmaterial: internally

al oni zed (i.g %Wd%@nﬁ%rf&t&?%t ed) steel tube) as follows (from bottom

to top, supported on a catal yst "base): 299 mmrings of steatite (external
di anet er’% |l ength x internal diameter = 7 nmx 3 mm 5 x 4 mm), then 50 mMm
steatite spHera%mdrir rolaranee toethatidescBbethin DEAM 0259819, atRiSni diley splvarhad bekn
g' ﬁg‘?ggr of Irom%te'éi vitR thé '&%%e"?ﬁ‘{’@cmk Sﬁ& Eé: WedxidiE %Mrﬁé}iappﬁ @a’ls'?fb tﬁ? g)g!t%nraztgﬁé‘t ite
P mternatl surface of %8“‘ Slbg mIXECP oxide supporqg ?ex?rudates o¥ Eeng hin the
range from 3 to 8 mm and a diameter of 2 mm; prepared according to example 3 of
25 DE-A 10219879). The elemental stoichiometry (mass ratio) was:

Pto 5Sng 6L a3 6CS0.5Ko 2(Z2r02)ss 3(S102)7 1.

The alloy promoted as described was applied by saturating the spalled support with
salt solutions of the appropriate metals and subsequent thermal treatments (1.5 h) at
30 580°C in an air stream. In the course of the thermal treatment, both the active
components Pt and Sn and the promoters were converted to their oxidic form. In the
dehydrogenation reactor described hereinbelow, the active components of the catalyst
precursor were reduced to the metals as described hereinbelow in a hydrogen stream
at 500°C to obtain the active catalyst.
35
2. Dehydrogenation reactor (C330)

650 ml (762 g) of the catalyst precursor obtained as described above were used to
charge a vertical tubular reactor (tube length: 2049 mm, wall thickness: 7 mm, internal



di aneter x Ieng X internal diameter = 7 mmx 3 mqmx 4 mm). The steatite
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unit, the fresh starting m xture (optionally in a mxture with cycle gas)
‘2’83 tgegggg Ef3nPtoB t6 BERINS "a thBRASWaNFLARES Iced B Atdr8a fh thE TR&ah Hike, ffa f T oM
20  tength of 1.50 m (external diameter = 6 mm, internal diameter = 4 mm) to
accommodate a plurality of thermal elements.

From bottom to top, a thermowell of length 60 cm was introduced into the reaction tube
in a corresponding manner.
25
The catalyst precursor was activated in a hydrogen stream as in example 1 of
DE-A 10211275.

3. Experimental plant

30
The hydrocarbon to be dehydrogenated under heterogeneous catalysis which was
used was propane or n-butane (referred to below as liquefied petroleum gas = LPG).
The experimental plant was composed of 4 parts:

35

- metering unit;
- reactor unit;
- cycle gas unit; and
- discharge unit.
40



and subsequentlx conducted into the dehydrogenati on reactor C330 descri bed
(from 10 topplfé ‘Eﬁﬁtorr). The heating zones, fromtop to bottom had the
foll owi ng tenperatures: 500C, 550C, 550C and 550C. The inlet pressure into
the dehydrogenation reactor which was sejgected was 2 bar. The product gas
m xture A | eaving the dehydrogenation reactor was conducted through 15 an
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to 2 bar in a conpressor V440 and .t hen, affer ssing . .through a heat
exchanger widhe {'H%‘é}oé upit, 1@ freshspding My xtetrept Vl‘rb%l%i"g'f"et"}‘lg‘ Cyﬁﬁe&?égi“@?
V200, conbi nezhted infa prebedtestheat exchamnges) Wi2Q0 tor 2 tenopmtatiuhecof flopt40®ta FHH°R5
preheater) . gy SBhlehtly BEndicheY ihisRA& aleh){yrégjgnam? rBR) 2380 deshipkdttem! | ¥
conti nuously ove[) ti}rg)efrhog of 30 3 rmnip S. bl n toft@?gjn iq reaction ?a/cl.es
were car 19 edt©B(® botigmle e Bestinazones Jipm {ep ta bottorp hiag hie felloyingdpmpriatdres:
dehydr ogenat 5@ Cc a8 Ly 550 Crarac®dY Gahlueinigt presBife Antb0i28&i8@rogepatiarancacted out

W th the seqygipsaa8keiRbiediwid 2 bat ning of f, purging, reducing. Wthin a
reaction cycle (the shortest duration of a reaction cycle was 3 h and the

| ongest duration of a reaction cycle was 100 h), the conditions were kept

const ant . ThEhegrodusidias mixigreoh leavingdlye fieftydirgenativn teantor es totdusteiditgrough
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- 50 | ( STP)Yvhen oply-a prtion oftisr pggled product gas mixture A had been conducted into the
discharge part, the remaining portion was fed to the cycle gas unit.

20  In the cycle gas unit, the portion of the product gas mixture A which had been recycled
was cooled further initially to 150°C in a heat exchanger W420 operated with heat
carrier oil, then recompressed to 2 bar in a compressor V440 and then, after passing
through a heat exchanger W460, where it was heated to 300°C, upstream of the
preheater W200, combined with fresh starting gas mixture (and then fed to the

25  preheater).

4. Results

The experimental plant was operated substantially continuously over a period of

30 3 months. In total, 26 reaction cycles were carried out. After each reaction cycle, a
regeneration of the dehydrogenation catalyst in accordance with DE-A 10028582 was
carried out with the sequence of purging, burning off, purging, reducing. Within a
reaction cycle (the shortest duration of a reaction cycle was 3 h and the longest
duration of a reaction cycle was 100 h), the conditions were kept constant. The

35 conditions of all cycles were within the following framework:

hydrocarbon: LPG;
cycle duration: 3-100 h;
LPG amount: 500 - 2000 g/h;

40 fresh steam: 500 — 1000 g/h;
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V2A steel. The parts of the experinmental gfant which were exposed to
tenperatures above 300C were manufactured from 1.4841 steel. On conpletion
of the exper(itfe@®ml series, flash rusPwk (§&PH¥eted in considerable anounts
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and P aﬂi‘t{ay S i e B O SRR TP ok mf“tﬁﬁs%mrgnegﬁ%i?a%e WHKh el ow

t he det ect i owetd erpbsed e tBrp8iatur8s Weowe 0T werdmanofaessed foomdré8darstes at
| east one partial oxidation and/or amoxidation product of a hydrocarbon by

cat ol yzed doRyEPORAHED PE eI PE B AL RSB on s S BB P S Bt xt ur e A
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which water had condensed out (apparently caused by the preceding cooling of the

product gas mixture A).

The analysis of the flash rust by means of atomic absorption spectroscopy, in addition

20 to the expected constituents Fe, Ni and Cr, also revealed proportions of Zr, Si and Pt
which could only stem from the dehydrogenation catalyst. Overall, the analyzed rust
sample exhibited the fol'lowing element amounts:

carbon: 1.59/100 g;
25 Al 2.29/M100 g;
Cr. 2.69/100g;
Fe: 13.1 g/100 g;
Mg: 10.6 g/100 g;
Ni: 1.9 g9/100 g;
30 Pt 0.019 g/M00 g;
Si: 20.6 /100 g;
2r. 0.17 9/100 g.

In an analysis of a randomly taken sample of product gas mixture A, Zr, Si and Pt could
35 not be detected. Apparently, the amounts present are below the detection limit.
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mechanical separating operation by which solid particies present in these gas
mixtures can be removed.

20 2. Aprocess as claimed in claim 1, wherein the saturated hydrocarbon H is
propane, and the heterogeneously catalyzed partial oxidation of the partially
dehydrogenated hydrocarbon H is the partial oxidation of propene to acrolein
and/or acrylic acid.

25 3. A process as claimed in claim 1, wherein the saturated hydrocarbon H is
isobutane, and the heterogeneously catalyzed partial oxidation of the partially
dehydrogenated hydrocarbon H is the partial oxidation of isobutene to
methacrolein andfor methacrylic acid.

30 4. A process as claimed in claim 1, wherein the saturated hydrocarbon H is
propene, and the heterogeneously catalyzed partial ammoxidation of the partially
dehydrogenated hydrocarbon H is the partial ammoxidation of propene to
acrylonitrile,

35 5. A process as claimed in claim 1, wherein the saturated hydrocarbon H is
isobutane, and the heterogeneously catalyzed partial ammoxidation of the
partially dehydrogenated hydrocarbon H is the partial ammoxidation of isobutene
to methacrylonitrile.
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