Reactor and Method for the Synthesis of Vinyl Acetate in the Gas Phase [0001] The invention relates
to a synthesis reactor for the production of monomeric vinyl acetate (VAM) in which gaseous ethylene
and gaseous acetic acid as well as oxygen or 5 gases containing oxygen react catalytically, the
synthesis reactor being a wall reactor in which the catalytic synthesis takes place in a number of

reaction chambere dbed edn s Matios direint RO 8 e Pie iy SAvRiiardhanheD@aPPhdgat least one
dimension in relation to the free flow cross-section, the indirectly cooled walls of which are coated with
a palladium-gold catalyst. 10 [0002] The prior art comprehensively describes the synthesis of vinyl
acetate fISRPEkMIBHBVERBRinigiatasylend sabERsigcIGFier nholdbal Rresyeian of gasesraerealifig 02,
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containiny'pemdieueatalgid aynirskislitekemane in oxidicbearadragatiomeiiynipsssl T aareataigitaris in

the form m&@@@@?ﬁlﬁpﬁ}@%@%hsﬁaﬁghﬁ{%d@w I3ten aPlets Oh X EHABIE R PRIPMRISH i ehe
catalytlcaélléaaé%lve substances are {;}g olied in a shell-shaped outer zone. éOOO,’B EP 1106 247 B1

described"SHAPY MRIRGE AN o 2itAHIE S SRRPANE LY tHETER RiE CRAIER Y12 B rfldP g
proportionad#l@s8 to 4.0% by weight and an Au content of 0.1 to 2.0% 20 by weight. The thickness of
the catalyst on the carrier is given as max. 1 mm, and is preferably less than 0.5 mm. EP 1 106 247

B1 dftes EPEBRLAVRIGS PaESiGRAIEEERE BRI RFCIIRE D ARErT Wi ek Qi oH)Yb PRSI EDTTS ARG ~t*h.

Althoughpuglthaglealiviids sestiicred dndtheoraiant sRpsHicaligasibisdaptlere ibedysaugniiiad as a
function %1; the .Iectefd carier catalyst or% e Qreparatlon metl'éod. In EiP 0 95%.7 058 Bl a silicon
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Al doping,ud-Rafiui s propessekRich Ags: iesulted i iR RERPUEVERRI O FapciR A ROLGKAM/I~t*h
at 9 bars, 170C and 0.5% by Welg:gt Hf loading. [0005] DE 199 14 066 discloses a catalyst in which
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body. Theaisigatficadmiufions dieminutiddl maiiesysocmentalign@sndsanulate, tablets or extrudates

onto which the catalytically active substances are applied in a shell-shaped outer zone.

[0003] EP 1 106 247 B1 describes such a method and a suitable catalyst whereby the carrier

catalyst has an ideal Pd proportion of 0.3 to 4.0% by weight and an Au content of C.1t0 2.0%
20 by weight. The thickness of the catalyst on the carrier is given as max. 1 mm, and is

preferably iess than 0.5 mm. EP 1 106 247 B1 cites productivities (designated as activity in

the patent specification) of max. 225.5 gvam/kgea™h. Although high selectivity is mentioned in

the patent specification, it is not described or quantified as a function of the selected carrier

catalyst or the preparation method. In EP 0987 058 B1 a silicon dioxide-based carrier
25  catalyst is described which has a special carrier geometry.

[0004] Various synthesis catalysts which are known in the prior art are set forth in DE
190 20 380. in DE 198 34 569 A1 doping with hafnium is proposed which has resulted in
high productivities of up to 1100 gyaw/lea™h at 9 bars, 170°C and 0.5% by weight Hf loading.

[0005] DE 199 14 066 discloses a catalyst in which barium or cadmium are used as doping
30 elements and various metal oxides are used in the carrier body. The use of cadmium is

detrimental on environmental grounds.

[0006] From DE 196 198 961, EP 0916 402 A1 or EP 0 997 182 B1 optimising the externai
shape of the carrier bodies is also known. Mouldings, cylinders, ring and other shapes used
in VAM synthesis are known. In EP 1 323 469 A3 a moulded body is described which as a
35  pyrogenically produced silicon dioxide body has special open structures, In EP 1 106 247 B+



[0006] From DE 196 19 961, EP 0 916 402 Al or EP 0 997 192 B1 optimising the external shape of
the carrier bodies is also known, Mouldings, cylindeés, ring and other shapes used in VAM synthesis
are known. In EP 1 323 469 A3 a moulded body is described which as a 35 pyrogenically produced
silicon dioxide body has special open structures. In EP 1 106 247 Bl 2 external dimensions of 2-15
mm are gixemtgrdoensitog|déd-bodies.afhgileadiogdsaiveniddged 30 The WeidingAsl gar49% by

weight PY arlsh} O i WeP S BASBTAARRPIPPIOTL /5, 0,907 290 B3 Gerter aterials are
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[0008] It imglsaipewr: anddiesariRackinitie: paqs aEkinalAdUbP pas ok XREad ugisere sfgsmed during
the synthesis of VAM, In DE 199 20 390 the substances C02, ethyl acetate and high boilers such as

hyl gh
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boilers by adgliag vanadium. 15 [0009] It is also known that in the production of vinyl acetate
considerable effort is required to separate the product from the educts and by-products following the

syntbesigogagelt ReprmticRwerallyéakasdlasethy mesnsgofirastsyumssislisilatinuaadkather

t t te th terial, st . 9346 ibes vinyl acetate synthesis with
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guantities of H20 into a vinyl acetate return flow and its introduction in the distillation plant leads to
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addjyon 13 y53ie 2GRS BEAT RIS SRR SURAT . WS Ry RiRINGHoRN the gL 4 4o
separate the product from the educts and by-products following the synthesis stage.
Separation normally takes place by means of post-synthesis distiliation and other steps to
separate the material streams. DE 39 34 614 A1 describes vinyl acetate synthesis with
different processing stages for subsequent product treatment, wherein 1000-2000 ppm by
20 weight is given as the known limit value for ethyl acetate and a target residual content of
ethyl acetate of 150 ppm by weight is cited. |

[0010] EP 0072 484 discloses a method which through the addition of small quantities of
H.O into a viny! acetate return flow and its introduction in the distillation plant leads to better
dehydration. In DE 198 25 254 an analogous purification method is described in which in

25 addition {o water, acetic acid is added to the return stream, whereby a reduction in the ethyl
acetate content is achieved. These methods are process stages that are downstream of the
synthesis and reduce the formation of by-products through additional measures.

[0011] There is still a need for a method to enable high productivity as well as high selectivity
of the catalyst. With regard fo selectivily, there is a particular need for methods that suppress
30 the formation of by-products, such as ethyl acetate, that are costly to separate.

[0012] The objective of the invention is therefore {o overcome the deficiencies in the prior ari
and reduce the formation of by-products and af the same time achieve high selectivity and
productivity. Here, productivity is defined as the mass of viny! acetate formed per mass of
catalyst and unit of time expressed in units of guawkgea™h, whereby the calculated mass of
35  the catalyst does not contain a binding agent. The device and method according io the

invention solve this problem in the prior art in that a synthesis reactor is used to produce vinyl



acetate content is achieved. These methods are process stages that are downstream of the synthesis
and reduce the formation of by-products through additional measures. [0011] There is still a need for a
method to enable high productivity as well as high selectivity of the catalyst. With regard to selectivity,
there is a particular need for methods that suppress 30 the formation of by-products, such as ethyl
acetate, thatateeicoshiiiogarparatetj@iehz] drive afzigctidob shedh entangsrihereicee tocovemame the

deficiencies in the priar art -the formation of by-pr ts.and at the same tim hieve
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these reaction chambers is coated with a catalyst and is 5 indirectly cooled. The dimensions of the
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tubéd or SREdKRa'IgRESINAHIVEAVELR IRaHBE SFRsaEeharsbijerbviie sBRlRIpe eBGtam®e aligned in
any way with regard to each other and ideally run parallel to each other. [0014] It is an advantage if in
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flow cross-section. The other 15 dimensions, not being of these very small diménsions, have the

advantagdIHtes A tghihe deighbondmcaidhedsbs RfatsrieRIieYy rosesestiean’he RIBE easily
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and alkalj metal compednds on 80LeNdic,cRLIgrmaIgraland 1s adnesively arplied fo.the wall
[0018] The device according to the invention has a catalyst which contains palladium, gold

and alkali metal compounds on an oxidic carrier material and is adhesively applied to the wall

surfaces of the reaction chambers by means of a binding agent.

20 {60161 The palladium content of the catalyst according to the invention is 0.3 to 10% by
weight and preferably 0.8 to 5% by weight, whereas the gold content is 0.20 to 5% by weight
and preferably 0.4 to 2.5% by weight. Herein lies an essential advantage of the invention,
namely that very much higher Pd and Au contents and thereby preductivities can be
achieved than in the case of the moulded body catalysts known from the prior art. On the one

25  hand the reason for this is that due to the catalyst adhering to the reactor wall and the
indirect wall cooling through the metal carrier, very advantageous heat dissipation is created

[0017} On the other hand the metais can be distributed over the entire catalyst layer , since
due to the small layer thickness and the high porosity of the carrier material there are no
mass transport resistances during the reaction which have a negative effect on the activity.
30 There is no sheli structure as is usual in moulded bodies. The local noble metal
concentration in the catalyst layer is not excessive as a result of the largely homogenous
distribution so that the catalytically active metal surface as such is optimal and, accordingly,

high activities are achieved.

[0018] Furthermore in the synthesis reactor according to the invention, a catalyst is used
35 which has an alkali metal content of 0.4 to 8%, preferably 1 to 4% by weight. Potassium is
the primary alkali metal used, which is preferred to exist in the form of its acetate.



surfaces of the reaction chambers by means of a binding agent. 20 [0016] The palladium content of
the catalyst according to the invention is 0.3 to 10% by weight and preferably 0.8 to 5% by weight,
whereas the gold content is 0.20 to 5% by weight and preferably 0.4 to 2.5% by weight. Herein lies an
essential advantage of the invention, namely that very much higher Pd and Au contents and thereby
productivities can be achieved than in the case of the moulded body catalysts known from the prior
art. On the one 25 hand the reason for this is that dtie to the catalyst adhering to the reactor wall and

the indirectjygdbgapling.tiyaugh the setal GREteIE L AdYaRIRGRONS heatdissiRatipn.lsicreated

[0017] On the other hand the metals can be distributed over the entire catalyst layer , since due to the
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surface as J#6R{$ biptinakarich atcordviglythhigheacfivitespre achievechtfeii dkkusthedmadre in the
synthesis reactor ac rding to.the inventiQ catalyst is used , 35 which has an alkali metal content of
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alkali metals, lanthanoids, vanadium, iron, manganése, cobalt, nickel, copper, cerium, platinum,
whereby the fotathroperich BPskeedements does not exceed 3% by weight. [00201 The invention

also covers [he2upe\af A catalysiin dhe synibesiarpactor wbhigby cenialbsial Qyidic Garussmaterial
which as its principal comgonent haian oxide from the group SiO2, Al203, TiO2 and ZrO2. In an
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least partially consisting -
sols, cellulose derivatives or alkali metal silicates, such as, for example, silicon oxide
sols, methyl celluloses or water glass can be used.
[0021a] In a first aspect, there is provided a synthesis reactor for producing vinyl acetate
in which gaseous ethylene and acetic acid as well as oxygen or gases containing oxygen
undergo a catalytic reaction, characterised in that the synthesis reactor is a wall reactor
and the catalytic synthesis takes place in a number of reaction chambers, whereby the
free flow cross-section in each of these reaction chambers is less than 2000 um in at least
one dimension and that at least one wall of the reaction chambers is coated with catalyst
and at least one wall of the reaction chambers is indirectly cooled.
10022] In a second aspect, there is provided a method using the aforementioned reactor in
which the reactor is operated almost tsothermally and the maximum temperature increase
between the inlet and outlet of the synthesis reactor is 5 K, preferably 2 K. This small
temperature increase not only applies to the difference between the inlet and outlet
temperatures but alse equally to all areas within the reactor. In the tubular reactors with
catalyst beds used in the prior art, strong radial thermal gradients form in the individual
reaction tubes, which cannot occur in the reactor according to the invention as the

catalyst is present as a wall coating and complete optimal heat dissipation is ensured by

the intensive indirect wall cooling.



stainless steel and the catalyst being applied to the stainless steel walls to be coated with an oxidic or
organic binding agent. For this, binding agents from the group of metal oxide cols, cellulose
derivatives or alkali metal silicates, such as, for example, silicon oxide sols, methyl celluloses or water
glass can be used. [00214a] In a first aspect, there is provided a synthesis reactor for producing vinyl
acetate in which gaseous ethylene and acetic acid as well as oxygen or gases containing oxygen
undergo a catalytic reaction, characterised in that fife synthesis reactor is a wall reactor and the

catalytic syntiesis takes-plagadscadnumber-ahreastionchambersciwinetehyitheifiae flawisross-section

in each of these reactjon chambers js |ess t 00 m in_ at least one dimension and that at least one
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indirectly coatad; {i00R2kdg-a Becond kepget; finass iS jorovibked @matlkod using the aforementioned
reactor in ich the reactor is operated almost ispthermally. and the maximum temperature increase
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increase nopurksappliEs tosthatbliffe resicetvatwedh thgridlst drdoptittetmtenmpaiagpestivateaiso equally
to all areas yithin theyeagtor. indhebMaEERGITS With, Satalyst beds bisediin.dhe Rrigriast. strong
radial thermal gradients form in the individual reaction tubes, which cannot occur in the reactor
according te#HeiRS B raken e ek KAt RUFHESE M BistC WA hsh eotbrrIcsistimAl heat
dissipation igepmsiireg e the intensive ndireeiovall caelinge $J0023hdhesmatherascaiding o the
invention is also characterised in that in the reaction chambers the temperature is 100 to 250 C,

preferably 1813508 OO Wl HELEHE D@ ity the YaNgespietord BrOh bt 10 bars
absolute. 10024% AdysrtRoebusiytheyethodirdcarditg. torthe imventi@ogancberdisgdin gxplosive

process con‘%i\gie%g{s with no rgs}grcigtlionns ygith Jer%%;id to trgﬁ orsgmum_o er ting %r?m‘?t rs having to be
taken into adtount Bécauss of exﬁo?o@i%e SHAfES vaing Attdl ed.cggé‘ﬁfgs(fvgv onditions af8 taken to
mean gas nuxtsmaswith proorsygsition which could explode in a defined volume in the conditions

present during the process, such as temperature and pressure. Of particular technical relevance is the
lower explosion limit for oxygen which



in US 3,855,280 is typically quantified at 8%. With the method according to the invention process

conditions are covered in which an 02 content of over 7% by volume is present in the process gas. 5

[0025] The invention also covers a catalyst for use in a reactor for vinyl acetate synthesis

characterised in that the palladium content of the catalyst is 0.5 to 10% by weight, preferably 0.8 to

5% by wHIgR$] [Mhenotlsaetiad\antageaus eoratzsitidor afsthércatadyst thdogolthgamterat ofsththasitalyst is
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catalyst according to the invention, the potassium content of the catalyst is 0.5 to 10% by weight and
preferabf/ & f24eR by RIEN NN BRZEENPArPAIRAGILR EBTP RHISHRIER R a ANFsalccentiprf & the
inventionralsoataptains ©RS apnEYe blewenis: froreihagyoupoteartbalkali meighs, lantbastaiss,
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carrier nRité1e8pirRs isdtdlyat HEeHnEieh AR ipFRseiadly chifdMstanweigiie material with an oxide
from the@éﬁﬁ Si02, A1203, TiO2 and ZrO2, whereby in an advantageous embodiment the carrier
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being applied ipe.the &6%%%,05@%Ee@%w,céﬁm%?r&&%mﬁa\ﬁﬁe%%y” adisQr Qraanic bigding.agent,
whereby the proportion of binding agent in the catalyst layer is 0-50% by weight and preferably
bindfing %ﬂ?@ﬁcﬂﬂ%@%ﬁ%ﬁ?%@%@tﬁ%ﬁ@%ols, cellulose derivatives or alkali metal silicates are

used, for, le, silicon pxide sols, methyl celluloses. or water glass. 20 [0029] An optimjs
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activatiofiedetivenestieing Bonvisin coatsiyedisiiibatedyder titen dhdirgroouBi®ef Meattiystdager
without %bl@yﬁ{é’ﬂ&sﬁﬁHSaW%%ﬂé@é%ss@r%&éﬁb’ﬁtt%gmﬁﬁ{&t@%IQFB?&&HS AR} badest the

device according to the invention the catalyst was prepared in an 25 analogue manner to the

preparat_?&nsﬁfﬁgﬁ%ﬁmﬂﬁ‘%tﬁe@tﬁﬂﬁﬁfﬁﬁa‘?ﬁ@ﬁ@%tﬁ%ﬁ’& SRS A IAL TR BB RSN
comp 03'&9&&? Amea%léﬂwdglé&?%wﬁé& Qéﬂg{ﬁgﬁgn?zg&%%t‘é"?ﬁ the catalyst layer being appiied fo

the walls of the reaction chambers by means of an oxidic or organic binding agent, whereby
the proportion of binding agent in the catalyst layer is 0-50% by weight and preferably
binding agents from the group of metal oxide sols, cellulose derivatives or alkali metal

silicates are used, for example, silicon oxide sols, methy! celiuloses or water glass.

20 [0029) An optimised embodiment of the catalyst according to the invention consists in all the
aforementioned doping and activation elements being homogeneously distributed over the
entire voiume of the catalyst layer without any layering as is the case in the shell catalysts

known from the prior art.

[0030]1 To test the device accerding to the invention the catalyst was prepared in an
25  analogue manner to the preparation in EP 1 008 385 A1 with a powder carrier containing
SiO; being used identical in composition to the usual bulk catalyst carrier. The catalyst was
then applied to two stainless steel plates with webs and activaied with potassium acetate,
The pairs of plates were connected to each other so that the catalyst layers were opposite
each other with a gap of approx. 500 pm being formed. This pair of plates was placed in a
3¢  pressure-resistant reactor heaied by oil and operaied almost completely isothermally at
155°C. The temperature increase was less than 1 K whereby measurements were taken at 5

measuring points along the path of flow.

[0031] The pressure in the reactor was in the range of 5 {0 9 bars absolute. Ethylene,
oxygen, methane and helium were added in gaseous form whereby the methane served as
35  the internal standard for analysis. The acetic acid was added in liquid form and evaporated

upstream of the reactor. The gas mixture entering the reactor was composed of the following,



then applied to two stainless steel plates with webs and activated with potassium acetate. The pairs of
plates were connected to each other so that the catalyst layers were opposite each other with a gap of
approx. 500 pm being formed. This pair of plates was placed in a 30 pressure-resistant reactor heated
by oil and operated almost completely isothermally at 155C. The temperature increase was less than
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10 ..
proportion.
Productigivg\RrothRibtidivyaggieam/kg.t*h] [gvAM/kg.t*h] atp=5 bars and atp=9barand gas load = 12,000

I’k *h gasload = 24,000 l/kg*h 0.83/0.36 450 750 2 50/ 1.10 830 1300 5.00/2.20 ;L:_LZO 2100 Table
1: InfluencE BAHEAHBBIE MBIaPEShtent on prodti@RHESvity Productivity
[gvamKGea™ ] [gvam/Kgea: D]

at p = 5 bars and
gas load = 12,000 Vkg*h

at p = 9 bar and
gas load = 24,000 Vkg*h

0.83/0.36 450 750
2.5071.10 830 1300
5.00/220 - 1120 2100

Table 1: influence of the noble metal content on productivity

[0033] From Table 1 it can be seen that the productivity increases with increasing Pd/Au
15 content. Although high values are sometimes reported in the prior art as being advantageous
in principle, it can be assumed from the lack of appropriate tests or examples that
temperatures cannot be controlled in the conventional method with such an active catalyst.
An advantage of the invention can be seen here, namely that the temperature development

as a result of a high Pd/Au loading no longer acts as a limit for the method.



[0033] From Table 1 it can be seen that the productivity increases with increasing Pd/Au 15 content.
Although high values are sometimes reported in the prior art as being advantageous in principle, it
can be assumed from the lack of appropriate tests or examples that temperatures cannot be
controlled in the conventional method with such an active catalyst. An advantage of the invention can
be seen & Inanmen} thiethehermparafiife deseloparsardirgdadbalirnveatiigwrel invesiasieg @b longer

acts as @g%ggg%g@tme%ﬂwbwmst 2 the behaviour of the reactor according to the
invention was mvestlgated at various gas loads in the catalyst bed. Gas load in I/kg*h Productivity in

at 5 bar vAm/k cat*h G

the gas load of a Pd/Au wall catalgsd 5af0.83% Pd /

3000 30256086 i394.g12000 4

N0 - 450 P ARG 4801 1
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[0035] From Table 2 it can be seen that an advantage of the invention consists in operating
the method at a gas load up to approx. 12,000 /kg*h. Due to the deviation and disruption-
free flow, the pressure loss in the reactor according to the invention is considerably less than
in the known tubular reactor which has a catalyst bed. A further increase in the gas load
above 12,000 /kg*h does not bring about a significant increase in productivity.

[0036] Along with the findings from Test 3, in which increasing Pd/Au contents, increasing
pressures and increasing gas loads were realised, it can be seen that all these three
parameters have a positive effect on productivity, and their variations are not limited by the

reactor or the method according to the invention.

Productivity

[Gvan/Kgka ]
pressure 9 bars
gas load = 24,000
i’kg*h

Productivity

[Qvan/Kgear*h]
pressure 5 bars
gas load = 12,000
1kg*h

Froductivity

[Gvam'kGeat™h}
pressure 5 bars
gas load = 24,000
Ykg*h

Pd/Au content
in mass %

0.83/0.36 450 480 760

2.5071.10 830 850 1350

500/220 1120 not measured 2100

Table 3: influence of the operating pressure and the gas load on productivity with

different Pd contents

[0037]1 In Test 4 the temperature dependence of the method was investigated whereby the
selectivity for vinyl acetate was considered in relation to ethylene and the productivity was
considered in relation to vinyl acetate. It was found that with regard to selectivity an oplimum
is passed, which is in the range of 16C°C to 170°C in the case of a pressure of § bars and a




gas load = 12,000 gas load = 24,000 gas load = 24,000 Ik *h I/k *h I/k *h 0.83/0.36 450 480 760
2.50/1.10 830 850 1350 5.00/2.20 1120 not measyyed 2100 20 Table 3: Influence of the operating
pressure and the gas load on productivity with different Pd contents [0037] In Test 4 the temperature
dependence of the method was investigated whereby the selectivity for vinyl acetate was considered
in relatiopelocienytatalysh dbavingrofidciofy awedEtditsiailed 36 Yelayiomeightinyl, deetaxempiwas found

that with jagrsel e SISHNEY 8N RtEBLDES, Passeldlifids Bridadangeiof #80GHGLERE inithe case
of a pressure of 9 bars and a 8 selected catalyst loading of 0.83% by weight Pd and 0.36% by weight

Au, for eXERie MRS S AFERGTALY D3t Saokodietiviethiig. BrobfiRtyfyrketintAased

with furtheniaverbase85iCtehipieratureédia thasdimroductivity of up to 1,400 gvAM/kg.t'h was achieved
at 185C at this low Pd/Au loading. 5 T =155C T =165C T = 175C T = 185C VAM Productivity vVAM/k
~t'"h3700 900 1150 1400 VAM Selectivity in % 97.4 97.4 96.8 95.6 related to C2H4 Table 4 Influence

of the o
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Table 4 Influence of the operating temperature at p = 8 bars and gas load = 24,000 I/kg*h
(wall catalyst with 0.83% Pd/0.36% Au)

[0038] in Test 5 an attempt was made to use the method according to the invention under

explosive gas conditions by increasing the oxygen concentration. Test conditions 3 and 4 are

within the explosive range with regard to O,/C.H, ratios. An advantage of the invention can

be seen in the fact that in order to increase productivity, explosive process conditions can be
intentionally set in order to optimise the method.

Test condition 1

Test condition 2

Tesi condition 3

Test condition 4

% by volume
CoHy

63.2

61.2

59.5

57.

8

% by volume
G,

6.0

8.7

11.3

13.

8

% by volume
HMOAC

17.2

16.7

16.2

15

7

Inerts (He, CH,)

13.9

13.5

13.1

12.

7

Space-time yield
VAM
M/kgw{*h

430

630

700

1100

20

235

Tabie 5;

Effect of increasing the O, concentration on the productivity of VAM atp=5

bars and gas load = 12,000 I/kg*h {(wall catalyst with 0.83% Pd/ 0.36% Au)

f0039] in Test 6 the influence of the layer thickness on the productivity and area-time yield of

vinyl acetate was investigated. The almost constant mass-specific activity of the catalyst at

increased layer thickness shows that mass transport resistances play only a subordinate role

within the layer. A further advantage of the invention is therefore that there is no need for

shell-ike noble metal distribution, which is associated with high local noble metal

concentrations and thereby low noble metal surface areas.



Test condition 1 Test condition 2 Test condition 3 Test condition 4 by volume C2H4 63.2 61.2 59.5
57.8 by volume 02 6.0 8.7 11.3 13.8 by volume HQAc 17.2 16.7 16.2 15.7 Inerts (He, CH4) 13.9
13.513.1 12.7 Space-time yield 430 630 700 1100 VAM vAM/k .t"h Table 5: Effect of increasing the
02 concentration on the productivity of VAM at p =5 bars and gas load = 12,000 I/kg*h (wall catalyst
with 0.88% Rdyd}.860knass #048039] In TesPmthetnfliienaa of the layer Ahickngssyidthamroductivity
and area-time yield of vinyl acetate was inves@gm%w'me almost (:onstanbmw%gecific activity of the
catalystiat increased Tayer thicknessishows that mass transport registances play only a subordipate
role within the layer.3g@urther advantage of the ingeption is therefore that there igmo need for
shell-like_nable metal distribution, which is associated with high local noble metal 25 concentratjons
and theteby low noble metal surface areas. 9 Layer thickness in sm Productivity VAM Area-time yield
VAM VAM/IC cat*h VB/r2 cat 300850 130 500'%80 196 Table|6 Influence of ¥e layer thickness of
the wall geglystwith 2 e mrars B A et srmumemasidyd Vi B4k it paighwiigrding of
the wall catalyst, a VAMnprasldetivitwof up to 5 kgvAM/kgcat*h™ 5 was observed at pressures of up to 9
bars. [0041] In a further series of tests a Pd/Au catalyst was used which was prepared according to

the method described in EP 0 723 810 Al. In contrast to the moulded bodies described in
[0040] With higher loading of the wall catalyst, a VAM productivity of up to 5 kgvawkgea'h

5 was observed at pressures of up to 9 bars.

[0041] In a further series of tests a Pd/Au catalyst was used which was prepared according
to the method described in EP 0 723 810 A1, In contrast to the moulded bodies described in
EP 0 723 810 A1 particies with a particie size of 50 — 150 um were used for the tests
described below. The basic material is identical to that of the moulded body. The ethylene
10 concentration in the educt flow was reduced in relafion to tests 1 to 6 and replaced with a
corresponding volumetric proportion of inert gas and a small proportion of water vapour,
Changing the proportion of ethylene in the educt stream fo the extent carried out had a
negligible influence on the synthesis reaction. In Test 7, the wali catalyst prepared according
to the above method was used, said catalyst containing 2.5% by weight Pd and 1.1% by
15 weight Au. As a further test condition a gas temperature of 155°C and a pressure of 9 bars
were sel. The composition of the educt gas was selected as follows:
49.2% by vol. ethylene (C,H.)
18.0% by vol. acetic acid (HOAC)
1.3 % by vol. water (H,O)
20 31.5% by vol. oxygen and inert gas (helium + methane)

The results of measurement are set forth in Table 7.

O, (%) Gasload | Productivity | Selectivity VAM CoHa
(relaied 1o C-Hs) | conversion
Vaol% VkGear™n | Quam ! (KQea™h) % %
6.5 6000 1600 94.3 15.0
8.0 8000 1800 94.7 17.6
11.5 8000 2320 936 21.5
14.0 5000 2620 834 24.8
14.0 12000 3180 98.0 14.2
Table 7: Infiuence of the O, concentration on productivity

and selectivity
25



EP 0 723 810 Al particles with a particle size of 50 - 150 pm were used for the tests described below.

The basic material is identical to that of the mouldeg, body. The ethylene 10 concentration in the educt
flow was reduced in relation to tests 1 to 6 and replaced with a corresponding volumetric proportion of
inert gas and a small proportion of water vapour. Changing the proportion of ethylene in the educt

stream tEPMHEZEXesht/cefified it Hath® sRagifgUsIeFHH P8 Felon tie-SYnBYSBRIFBAIPESAC IAXYERE 7, the wall
catalyst pERRaRRERFCAENING 51 tavakeve Matiod nasvaedesaiskralalyconteiring K. Y¥ume weight

Pd and 1.1 % by 15 weight Au, As a further test. condition a gas tempe re of d a pressure
o1 & bard 6 SO KB B T T o, A A e TP o a0l )Y B o
(C2H4) i1 & 0esllyysuobriatetithacidigir@ke) hSdassyivohwateiofHR0Y Eadd 15% grwemakygen and

inert.gasyheliita melanRy e sestital saeasuemankar s e tieriBin Habs, cofédifktens load
Productivity Selectivity VAM C2H4 related to C2H4 conversion Vol% I/gk%ﬂ*h 9vAI\%§ggcat*h) % %

6.5 6000M Rlesiie (RIOB, ERIE LB YL P1 PEN 2 BHEIOREPeRRL PAHA P 90 93.4
24.8 14:ith200R 3%BOcOGI0ark 2o F ablefingfuneeidfribten@p pzon cavdratitreaniprudinctivitse and

SeleCtiVityrggu%Qviggga%%% 11_85 7%@%%% tuﬂ% %gh%ﬁ&%§ \Aﬁqpcity of 6,000 I/kg~t*h, by increasing the
5% by Vo ich'is

oxygen concentrdation from ume, w &t in the explosive range, to 14.0% by volume
in the explosion range, the conversion of ethylene increases from 15% to 24.8%. In this case itis

really surpoisgonhatihis dnarke thify 6pSe N0 6VE FRdeM 60T teadsdoa/MeLyBMBad productivity
can be increased further to 3180 gyawkgea*h and selectivity with regard to ethylene
increases from 93.4 to 96% compared with operation at 6000 Vkgeah.

[0044] In Test 8 the method known from the prior art using a bulk catalyst in a tubular reactor

15  was compared with the method according to the invention using a microreactor. As in Test 7
the wall catalyst prepared according to the above method was used and also contained 1.1%
by weight Au. The gas temperature was 155°C and the pressure was 9 bars, with a gas load
of 12,000 Wkget ™ h being selected.

20  The composition of the educt gas was selected as follows:

48.2% by vol. Ethylene (CoHa) 25 6.5% by vol. Oxygen
18.0% by vol. Acetic acid (HOAC) 25.0% by vol. Inert gas
1.3% by vol. Water (H,0) (Helium + Methane)
Productivity Seilectivity VAM (rejated C,H, conversion
o CQH4)
[Gvam/Kgcat"N] [%] [%]
Wall catalyst with 2.5%
by weight Pd 2050 96.3 9.6
Bulk catalyst with
0.56% by weight Pd 720 94 .1 3.2
Table 8: Comparison between wall catalyst and bulk catalyst with normal Pd loading of
30 the different catalysts in each case

[0045] With increased C,H, conversion, the wall catalyst aiso surprisingly exhibits greater
VAM selectivity with regard to ethylene than does the bulk catalyst. Overall, this results in &
wall catalyst productivity of 2050 gvanw/kGear*h compared with 720 gyam/kges™h for the bulk
35  catalyst. For the wall catalyst, a metal loading was able to be selected which is not
achievable for the bulk catalyst since such a high Pd and Au loading brings about local

overheating, known as 'hot spots’.



5 decrease in selectivity from 94.3 to 93.6%. In actual fact with the very high 02 concentration in the
explosive range, much greater CO2 formation dueitp the parallel reaction of ethylene with 02 is
expected here, but surprisingly this did not happen. Overall there is an increase in productivity from

1600 gvAM/k

12 OOO

&

IIRG4E

~t*h to 2620 gvAM/kg~t*h. 10 [0043] With an increase in the space velocity from 6000 to
'@h@ﬁ?édﬂ%tﬁﬂt?r%%?%%‘é‘s@d%ﬁﬁ%‘hﬂﬁj FEEOERANAIKER YRR SRRty with

regard taeiylenghircrersesdsagnka4 to 96% compared with operation at 6000 I/kg,at*h. [0044] In
Test 8 the method known from the prior art using a bulk catalyst in a tubular reactor 15 was compared
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[0047] Surprisingly, the comparison of the wall catalyst with the bulk catalyst shows that, in
the case of the wall catalyst, by-product formation is considerably lower than in the case of
the bulk catalyst. This constitutes an important economic advantage as the costs of cleaning
and separating the product and by-products are considerabiy reduced in an industrial

application using the device according to the invention.

[0048] In a further Test 9 the service life of the catalyst was measured using the fall in

productivity. The tesf conditions with respect to the composition of the educt and the

temperature were identical to Test 8; only the pressure for the test was 9.5 bars and different

gas loads were selected differently for the wall catalyst and tubular reactor.

Reactor with wall catalyst 2.5% Pd gas load = 12,000 l/kge*h
Tubular reactor with bulk catalyst 0.56% Pd gas load = 6,000 Vkge*h
Wall catalyst Bulk catalyst

Service life | Productivity Productivity

[hl [gvamkgea*h] | Relative productivity | [gvam/kgeah] | Relative productivity

(10 h = 100%) (10 h = 100%))

10 2100 100 380 100

20 2150 102 370 85

100 2000 95 270 69

Table 10: Comparison of the service life of wall and bulk cataiysts

[0048] The productivity value after 10 hours in each case was taken as the baseline value

and the relative change with regard to this baseline value is set forth in Table 10. The

measurements show the surprising result that over a duration of 100 hours the wall catalyst

is hardly deactivated compared to the bulk catalyst in spite of clearly greater productivity, For

ed

and Au loading brings about local



overheating, known as 'hot spots'. 11 [0046] In Test 8 the by-product spectrum of the method
according to the invention and the known method yyas investigated. By-product Wall catalyst Bulk
catalyst mgby-product/kgVAM mgby-product/kgVAM [ppm] [ppm] Acetaldehyde 5774 8917 Methyl
acetate 137 1076 Ethyl acetate 1931 4283 1,2-Ethanediol monoacetate 907 7819 1,1-Ethanediol
diacetatdg868dlGop!icahylisichis dircesamsiaicanbidiecabioldrhestaes/ J0R8 7B tatlvslidesidigiacetate
Total 1,2dipegtatag 2906 9422 5 Table 9: Comparison of the by-product spectra: T=155 C, p=9 bars,
gas load =12,000 I/kgcat * In [0047] Surprisingly, the comparison of the wall catalyst with the bulk
catalyst %1at in_the case of the wall catalyst,. hy-product formation, is considerably lower than in
the cnse PoED TR e TR e e e S B e
cleahingwititl regpetr ddirejhyiensr aditioe aachbipedacernigivnshiearsiig rethicad additidndagirialit
applicatioRysingHamgeyies a5¢erdiag 40ibsrinvention @ﬁéﬁltwcﬁt bythertest Rdbesiaicerife of the

catalyst was measured using the fall in 15 productivity. The test conditions with resgect to the

composifisi HHLERFE SRETHEERD RGNS RIS 8T ¥mICIHS PELEEOB IR TRAPFELE RS 1M test
was 9.5 be_msidemumeméutegammrvwréimlenteﬂ tﬂjiéfareldﬂytfmiﬁhmwaﬂmatsj)M@mﬂmgtmlauaeactor.
Reactor witbwall caiali#i998 Rl 9Atrod 20004k ;iétmréopﬁuptﬁﬁféﬁé‘%s‘%hs%%&ﬂ@'yst

0.56% Pd gas load = 6,000 I’kg~t*h all catalyst Bulk cata
10 economic advaniages.



Service life Productivity Productivity [h] [gvAM/kg~t*h] Relative productivity [gvAM/kgcot*h] Relative
productivity 10h=100% 10h=100% 10 2100 100 390 100 20 2150 102 370 95 100 2000 95 270 69
Table 10: Comparison of the service life of wall al@d bulk catalysts 25 [0049] The productivity value
after 10 hours in each case was taken as the baseline value and the relative change with regard to
this baseline value is set forth in Table 10. The measurements show the surprising result that over a
duratio®& 880 hours the wall catalyst is hardly deactivated compared to the bulk catalyst in spite of
clearly dre&ertpestuetity. IBopkRideiohnityl apgitatomrd)itnseeprescttiykooasiderablezedyantage of

the wall cajalyaliouebifgch ik calabistnldie] SkpuisiRbeiowas pugehasdusilectivity of up to

approx. 98% could be achieved 5 with regard to ethylene at the same time as very high conversion
rates. In adiRiSRESIBRR R WA surprising to observe that a clearly reduced quantity of by-products was
formed. Thehdightiisnib acatide iselachViysatnd thel ibw rate of by-product formation consequently result

ina considelphly g 0eselor guialianalns: pradsh wilkriBe dciharagcording to the

invention in comparison wit method according to the prior art and thus to significant 10 economic
advantagedhe dregifianscrossyrarpliandiaado pidheno ARV FAEBSTAHS IRSRATEN $A98E Bifflene
and acetic agid: asawRhassH/e88 Bimgases containing oxygen undergo a catalytic reaction,

characterlsee in that - the, Séﬂﬁgesns reactqr IS & wall rea%oc[ Va‘"%i ct;h?a g@talgtlc synthesis takes place in

a number of Eeeé“éttigﬁ%wg% ?\7v fere nyc- B IR oL e |0E‘Y in Bach of these reaction

chambers-igldezstivane 260 Hiheneactienshombeimsrisitne aliicapeied.

2. Dev.ice. :according to claim 1, characterised in that precisely one dimension of the reaction
chambers is iess than 2000 ym and preferably less than 1000 ym,

3. Device according to one of claims 1 or 2, characterised in that the reaction chambers
comprise a number of tubes or gaps arrangad by way of plates, whereby these can be
aligned in any direction and ideally are paraliel to each other.

4. Device according to one of claims 1 to 3, characterised in that the catalyst contains
palladium, goid énd alkali metal compounds and is adhesively applied to the wall -
surfaces of the reaction chamber by way of a binding agent.

5. Device according to one of claims 1 to 4, characterised in that the palladium content of
the catalyst is 0.5 to 10 percent by weight and preferably 0.8 to 5 percent by weight.

6. Device according to one of claims 1 or 5, characterised in that the gold content of the
catalyst is 0.20 to 5 percent by weight and preferably 0.4 to 2.5 percent by weight.

7. Device according to one of claims 1 to 6, characterised in that the potassium content of
the catalyst is 0.5 to 10 percent by weight and preferably 1 to 4 percent by weight.

8. Device according to one of claims 1 to 7, characterised in that the catalyst used contains
one or mare elements from the group of earth alkali metals, lanthanoids, vanadium, iron,
manganese, cobalt, nickel, copper, cerium, platinum, whereby the total proportion of
these elements does not exceed 3% by weight.

8. Device according to one of claims 1 to 8, characterised in that the catalyst used contains
an oxidic metal carrier, with a metal oxide from the group SiO,, AlO;, TiIO; and ZrO; as
the principal component, whereby in an advantageous embodiment the carrier material
contéins further oxides as secondary compenents and the carrier material can be a
natural mixed oxide from the group of bentonites.

10. Device according to one of claims 1 to 9, characterised in that the catalyst used is applied
to the walls of the reaction chambers using an oxidic or organic binding agent, whereby
binding agents from the groups metal oxide sols, cellulose derivatives or alkali metal
silicates, such as silicon oxide sols, methyl celluloses or water glass are preferabiy used.



- at least one wall of the reaction chambers is coated with catalyst and - at least one wall of the
reaction chambers is indirectly cooled, 2. Device according to claim 1, characterised in that precisely
one dimension of the reaction chambers is less'than 2000 pm and preferably less than 1000 pm. 3.
Device according to one of claims 1 or 2, characterised in that the reaction chambers comprise a
number of tubes or gaps arranged by way of plates, whereby these can be aligned in any direction
and ideAfly2RY AT 848 BRI TR iR He OIRimig oS b tcahig hagicanaimialcebinged in that
the catalysteoniainshgratiaciunn gelsl atnd=atkadinaaiabiconpruwss g is adhesively applied to the wall
surfaces-Of i .a binding agent. 5..Device according to 0 f claims 1 to
 Charao o e ol e e A Al 0 0 1D B ety D
preferably (B8 DRRSERESY SHEIGHT B!y Daliceragsotdin damperator elaiereasorBivkendbeiised in that
the gold cosviensafther teatalyshisR. bt pescenhBydugight and preferably 0.4 to 2.5 percent by
weight. ice according to one ogflaims 1 to.6, characterised in that the potassium content of the

A |
catalyst1 & E\{ 546 %Céjr%jén %/C\;}\?é?& htafABRSIERSER ' 13 (e RmPBIASh i 158GHR according to
one of claiglzainte? shHiadeiseCinvisiteyciialysLised caittaihs mreratwm@lartents-fgem the

group of eyt alkadi pagialsclanibangidss yagadium, iron, manganese, cobalt, nickel, copper, cerium,
platinum whereb% the total proportion of these elements does not exceed 3% by weight. 9. Device

accordi?'n% Y BRRLPAIHEA R S aiTetidddan thab AR araRin el KdhaHEBABINdic metal
carrier, witkse it pxidestreamtiitogroapdSitize A2RQ3: TR thansk & aaidheiptncinaeamponent,
whereby ir?gg ady, gg@g%?ngmgr%(%i‘ment the carrier material contains further oxides as secondary
components and the carrier material can be a natural mixed oxide from the group of bentonites. 10.
Device according to one of claims 1 to 9, characterised in that the catalyst used is applied to the walls
of the reaction chambers using an oxidic or organic binding agent, whereby binding agents from the
groups metal oxide sots, cellulose derivatives or alkali metal silicates, such as silicon oxide sots,
methyl celluloses or water glass are preferably used. 14



11. Device according to one of claims 1 to 10, characterised in that the basic material of the reaction
chambers consists at least partially of a stainless steel. 12. Method of using the device according to
one of claims 1 to 11, characterised in that the rgagtor is operated isothermally with a maximum
temperature increase between the inlet and outlet of the synthesis reactor of 5 K and ideally 2 K. 13.
Method according to claim 12, characterised in that the temperature in the reaction chambers is 100
to 250Capseferaltly 150 to 200 C, with the pressure being in the range of 0 to 12 bars, preferably 6 to
10 bars. 14. Method according to one of claims 12 to 13, characterised in that it is carried out in
explosive process conditions and, more particuiz iy, the oxygen content in the process gas is above
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