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•. METHODS: AND D~VICES FOR OXIDIZING .. 

. . AHYDROCARBON TO FORM AN ACID 

.. TECHNICAL FIELD 
. . 

PCT/U$97/10830 . 

· This· jnvention relates to methods and devices for . making reactio.n 

S . products,. ~d especially .. dib~c acids, by oXidizing a. hydrocarbon. µnder controlled ... 

·. . conditio11$. · 

·BACKGROUND.ART 

There . is· a plethora·. of references. (b(lth _Patents . and .. literature . articles) . 

. dealing with the formation of acids~ one of the most iI~portant ~eing adipic acid, by 

IO · oxidation· of hydrocarbons. Adipic acid is used to prnduce Nylon 66 fibers.and resins, 

polyesters, polyurethan~s. and miscellaneous. other compounds: 

-There are different processes. of mail~facturing adipic acid.: ·· The 

conventional process involves a first step. of oxidizing . cyclohexane with oxygen. to a . 

· · ~e of cydohexan6ne and cycloheXanol ~ mixture),. a11d then oxidation ·of the KA 

15 · mixture With nitric -acid to adipi_c acid. :other processes iI~clude, .afiiong others,. the 

"Hydroperoxide Process'', the "Bori~ Acid Process", and the· •iDirect. Synthesis Process'.',. 

which iµvolves direct oxidation of ·cydohexane to aciipic add with OX)'gen in ihe 

pr~sence of solvents, catalysts, "and.initiators or promoters. •. ·. 
. . 

The Direct Synthesis Process has been given attenti~n for a long time. 

20 .. HoweVer, t~ this date i~ ·has found little commercial su~es~. Orie of the: reasons is that· •. 
· ... although itlooks very simple at ~rst glance, it is extremely coinplex.·in reality. -Due to .. 

. this. compleXity' one can find. strikingly .. coriflicting . resutts, comments, and _vieWs . iri 

difl'erent references .. 
·· . . :· 

. .· It is well known that 8.fter a reaction has taken . place aecording to the • . . . . 

... 25 · · .Direct Synthesis, a ttuxrure oftwo _liquid phases is present at ambiep.t temperature, along 

·. with a. solid p~~e maiDiy consisting ·of adipic. ~cid. · The two liquid . pha~es have. been· 

· catl~d the- "Polar Phase'i. and the "Non~Polar Phase". However, ·no attention has been .. : . .. . . -: . . . . . 

· · · paid so far ·to the· importance of the· two phases,. except for separating the adipic acid · 
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from .th~ "Polar Phasell and ·t~cycling. ihesl'. phases t() the reactor partjally .or· totally with . . . .. . . 

. . or without further treatment. 

It is also imponant to note that most studies cm the Direct o,Qdation have . . 
. been conducted in a batch mode; literally or for au practical ·purposes .. ·. . 

There is a plethora of references dealing With oxidation of organic 
· coi:npo1lnds to produce acids, such as, for ~pie,· adipic acid and/or .intermediate · 

·.·.products, su~h·. as for example. cyclo~exanon~. cyclohexanol, cycloh~lhydroperoxide,. . 
. etc. · 

. . 
',• . . 

The following. references~ -ainong the ··plethora· . of others, may be . . . 
I 0 considered as representative of oxid~tioli processes relati~e to: tbe preparation of diacids .. . 

. and'interm~diaie products. 

U.S. Patent 5,463,l 19 (Kollar), U.s: Patent 5,374, 767 (Drinkard et al), 
O.s·: Patent 5,321,157 (Kollar), tJ.s, Paien,t 3,987,100 (Barnette et ·al.)~ U.S. Patent . . . 

. . 

3,957,876 (Rapoport et al.), U.S~ Patent ·J,932,513 (Russell); l.LS. Patent 3,530,185 
15 . (Pugi),U.S, Patent 3;515:751 (Ob~rster et al), U.S. Patent 3,361,806 (Lidov·et ai), u~:s .•. 

Patent.j;234,271 (Barker etal), U.S. Pate,rit.3;.231,608 (Kollar), U.S. Patent 3;161,603 
(Leyshon et al), U. S. Patent 2,565,087.'(Port~r etal),' tJ.S. Patent 2,5S7,282 (Hamblet e( . . . 
iii), ti-:s. Patent 2,439,513 '(H~blet et al), lJ.S. Patent 2,223,494 (Loder et al)~ U.S; 
Patent 2,223,493 (Loder etal), Gemian Patent DE 44 26 132 Al (Kysela et al), and . . 

' 

20 •. PCT lnternationalPublication WO 96/o'3365. (Constantini et al) . 

25 

. None of the above references, or any other. references known to the 
·. inventors disclose, suggest or. iniply,. singly or in ·combination; oxidation reactions to 

intermediate oxidation . products under c~nditions subject . to . the i~triC!lte and crl~c~ 
controls and requirements of:the instant invention as described and claimed. . . . . . . . - . . . 

Our U.S. Patents 5;580,531; 5,558,842~ 5,502,245, as well as our PCT . 
: . 

·International. Publication WO 96/4061 O describe .meihods and. apparatuses relative to 
. controlling reactions_ in atomized liquids. 
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'·.OiSCLOSURE OF~ INVENTION 

As aforementioned,· the pres~nt invention relates to methods and devi.ces . . 

.. · of oxidizing a· hydrocarbon, such as cyclohexane for, example, to aI1 acid, such as adipic 

f!Cid ior eXample.· M~re pamcularlytltls.htvention pertains a method of controlling in a .· . . . . . . . . . . 

· · 5 . first reaction zone the oxidation ofa hydrocarbon to form an aeid. in. the presence of a 

.•. caUtlyst, a solvent, an optioilai initiator, water, and oxidation produ~t~; the hydrocarbon, 

the ~talyst,· the: solvent, ·and at l~ast parfof the oxidation prod~cts forming. at least 

.. partially a liq~ldmixture, the· method ch~cterized by the steps. of: . 
.. . . . . .. . . . . 

(a) . contacting the liquid mixture ~th· a gaseous oxidant in the first 

. 1 O ·• reaction zone at a first. temperamre°, the first temperatme being· adequateiy high for the.· 

. ·oxidation to proceed; .·. 

· · (b) .· drivb:ig· the oxidation to a steady state at a .first hydrocarbon level, 

a first solvent level; a first catalyst level, and a first water level; . . . . . .. . .. . 

. . (c) . ~ontrolling. at least one of the fi;gt hydrocarbon level, the first 

. 15 solvent level;the first catalystlevel, ~d the first water level, in a. manner to cause .· 
•. . . . . . . . . . . . . . . 

. formation of andior. inaintain a. single liquid phase :in the first reaction zone, .regardless . . . . . ·. . . 

of the presence or.abseµce.ofa soli4 phase, and if necessary; 
. .. . . . .. ' . 

(d) . ·. making phase~related adjustments ·to the liquid mixture, the .. 

phase-related adjusnnents· being at· least . partj~ly ·based· .on ph.ase . ·formation 

20 · ~lationships? when. said. liquid mixture is at a second temper~ture, and wherein the··. 

p?ase related adjustments are directed toward formation and/or maintenance of a singie .· 

liquid ·phase. 

. The se~n~ temp~rature is preferably. s~bstantially the same as the first . 

·temperature. However. it may be different than the firSt temperature. . 

.25 . . The phase relat¢d adju~tments to the liquid mixture in the first reacti~n 
. zorte may be conducted bf a variable s~lected from ;fgr0up consisting. of temperature fa. 

. . . :· . . . . . . .. 

the first reaction zone, pressure in th~ ·first reaction. zom~, ga5eous .oxidant flow rate into 

the first reaction zone,. water.· fiow rate into the. first. reaction. Zpne, water removal rate 

. "from th~ fir~t reaction zone, ~talyst. flow rate. irito th~ first reaetion zone, . hydrocarbon 

30 fl~~ rate into the first reaction zoile; h;drocarbon ~inoval ·rate from· the first reaction . . .. · . ' .·· . . . . . . . 

. ; 
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zone, solvent flow rate. into the first reaction z0ne,. solvent .removal rate from tht? first· 

· .. re~ction :Zone, recycled off-gas :flow.rate into tl1e first reaction zone; and a combination 

thereof. 

it is preferable that the. m.ethod · c6mprises ·a step of deterriiiriing; one: or 
5 · in.ore of: . 

_a maXimum ·hydrocarbon level,·~ maxumim water level, and ·.a maximUD1 

catalyst level, at:" orover which, the. single liquid phase is transf()rmed to tWo liquid 

· · phases; and 
. . . . . . . 

·a mini~um s~lvent level, .at. or ·~der which, the. single. liquid phase is .. 

· 10 transformed to two liquid phases; 

15 

. under a set of conditions~ wherein levels not beh1g determined remain 

'constant .. 

. . The step of determhling. ·<me or more of the levels; at or over which, the 

. . singie liquid phase is transformed to two:liqµid phases, may further comprise steps of: 

obtaining a sample of a.liquid mixture from the first.reaction :zone; and· 

adding tel the sample, hycirocarbo~ or water, or catalyst,.· or a· 

combination thereof, until a second liquid is formed. 

The first hydrocarbonlevel, tiie first water level, and the first ~ataiySt · 

level are preferably ·controll~d· to be _under· the maximum hydrocarbon level. the 
. . . 

io maXimum water level~ and the maximµin . catalyst level, resJ)ectively' and the first 

.. s~lvent lev~l is contr~lled to be maintained over the miriimum solvent level. 

The sample may be analyzed to obtain compositional data of the sample, 

and.therefore ofthecontents of the reaction zone. 
. " . 

the. compositional data of the . sample may be compared with phase 

25 diagrmlls, ·and phase related adjuStments miiy be made .in the first reaction : zone, if. 

formaiicm, of a second liquid phase is being approacihed. The compositional data of th~ · · 
salliple may also· be comparec,l with one or more of the maxim\lm hydrocarbon level, the . . . . . . . . . . .. . . 

maximUm water level, the.maximmn·catalyst level~ and the:mhlimmn solvent level~ and 

. ·.then phase.refat~d adjustments may be tnade in"the first reaetlo~ zone, if one or more pf 

3n .. th~ niaximum hydrocarbon levc:l, the . maxim~ water level, the maxhmun catalyst ... 
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ievel, and the :niinimum solverit level, respectively; is being. approached. If the 

' addition81 hydrocarbon, or water, .or ca~yst necessary for formation of a second liquid · · .. 

phas~ is less than 10%. by: weight of .the Jotal hydrocarbon, or. water, or catalyst · .. 

· contained in reactlon zone or a SaJD.ple from the .reaction zone, then th~ maxim~ level 

·.·· 5 . of hydrocarbon. ~r water or catalyst. is being approached,. and corre~ive measures have. 

to be taken. Exairiplesofsuch correctiv~ measure:s are·to reduce .the first hydrocarbon 

· . le~el or the ·fll'St water level or thefirsi catalyst level, or incre~~ the first solvent level, 

. ora combination thereof. It is preferable .that the adqitio~al hydrocarbon, .or water~ or 

· . • ... • cata}yst necessary for · formati~n ·of·~. ~econd ·· liquid phase shriuld be controlled to· be·· 

10 . more than 10% (and in some.cases -more than 20%) by weighfofthe totalhydrocarbon 

. or water or catalyst, respectively, co~tained in the· reaction: zol'le or a sample taken· 

.. therefrom .. · · 
One or more of the first hydrocarbon level, the first catalyst level, and 

the first water level may he cbntrolled to be .~ainthlned within a majority range, or a •· 

15 . niinority range. The majority range. is defined as.a rangebetWeen a predetermined high 

·ma~ority. level and a: predetermined l()w majoricy Jev~i, .the high majority .level being· 

lower than a maxim~ level at or over which maximum ·1evel a seeond phase is formed, . 

. the low majority l~vel being ·b~een the high majorlty .level . and an average .of th~ 
maximum ·level .and a minimum .. level, . at and un4er ·which. minimwµ level catalyst. 

20. precipitates. . It is also prefer:able that the high majority ·level is· ciose to the level- at 

.. whi9h a second phasefonnation is being.approached. .· . 

In· other· occasions, it may be preferable that the first water aD.dior ·the 

first solvent level is con~olled to· be maintained withln .a· rinority rarige, the· min~rity . .· . . . . . . . . : . .· . 

range b.eing· a range between .a predetermined low ininority level, and· a predetermined 

.. 25 · high minority level, the low ririnorify level being highe~ than a minimum level at ~r . 
'· . . . . . . . . ' . 

. . under which catalyst predpitates~. and the high minoiit}r level being between the low . . . . . . . . . . . 

•. minoricy. level· and an average of the minimum level and a maximum· 1evel, at and over ... . . . ' . . . 

. . whfoh maximum level. a second phase is .formed. 

The· high importance of controlling th~ iniscell8Ileous levels within the 

30 majority and/o:r minority ·ranges, is that within these . ranges unintentional. and/or 
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. accidental formation of a second liquid pha8e or catalyst precipitation .is minimi:Zed, .if . . . . . . . . 

· ... riot eliminaied.· ·Depending· cm ~ach individl1al c~e,• and· the degree· of achievable·. 

ccmtrol, the majority and minority high and low levels may be predetermined. ~ · 
. . . . . . . .. ·. : . .. . 

.·• The first • temperatm"e . may be' controlled. by evaporatirig .. condensible 

5 . volatile matter from the reaction zone, an,d recirctilating at.least part of the "condcmsible .. 

·volatile matter to the.reaction zone as condensate~ 
. . 

The methods and devices··. of the . present·· invention are · .. particularly 

suitable in the a;:se ~t the acid .comprises adipic acid~ the hydrocarbon compJ;ises 

cyclohexane, the. solvent comprises acetic'acid~ the catatyst ·comp~ses a cobalt satt, and 

. 10 the optional initiator. compris~s a compound. .selected .from a group comprismg 

. . : . . . acetaldehyde, cyclohexarione, .and a combination thereof . 

15 

. · The.~ethods of this invention ~ay also comprise· a Step of controlling at 

. least one level oftqe first water level, and the first solvent level in· a inaruier to.be higher 

'than a respective level, at or 'Linder which, catalys(precipitates; and 

the first hydrocarbon level,. and the· first. catalyst level to be. lower than a 
. . . . . .. . . 

respective level, ai or over which, catalyst precipitates .. 

. . The above methods ~ay.furthercomprise steps·o~: . 
.. . . . . 

taking a sample from the first reaction zone; 

:l~wering the .temperature of .the sample to a predetermined second 

20 .. temperature, and if a second liquid phase is formed at a critical. temperature in the range . 

· b~een the firs.t and .second temperatures; 
. . : . . . . 

either decrease in the first reactfon zone the :first level of one component . 

selected from a group consisting of hydfocarbon, '\\Tater, cataiyst; and a miXture thereof 

to a degree that ii1 a ne\_V sample a second liqlli:d phase does not form in' the range 

25 between the first· and second ·temperatures, or 
. . .· : . . . 

·increase in the first reaetion zone.the·first solvent levelto.a degree that in 

. . a new sample a ··second liquid phase does not. form in the range. l?etween the first and 

second tempera'!lll'es, or 
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increas¢ in the . first reaction zone the. first temperature to a third 

temperature by. at lea8t the difference bet:Ween the critical temperatme and the second 

-temperature, or 
. . 

a combination thereof.. 

It.is preferabl_e that·contrc>lling the first water level ~thin the upper and 

. lower limits (maxiinum water level over which ·a second liquid· phase forms, and 
: . . . . . 

miniritum water · levels under which c~talyst ·precipitates, respectively) is ba5ed · on 
. . . . . . . . . 

·. de.termi~i:ig ·the composition of :the single-phase liquid mixnn-e of the first reaction 

.·.·zone, eomparing said composition with phase diagrams··aD:d catalyst precipitation data~ 

· 10 .and adding water to the single-ph~e liquid mixhrre in the firs~ reaction zone ir°the .· 

. lower limit is being approached or removing water fro~ the first reaction zone if the : 

upper limit is being approached. 

. ·15 

20 

25 

. . .. 

The methods of this i~vention may als~ compris~ a combination of the 
. .· : ·. 

·. following steps: ... 
. . . . , 

taking.a sample.from the fll'St reaction zone; . 

confining the s~ple. within a closed ~ell under adequate pr~ssure to · 

· retain the sample in a substantially liquid form;. 

raising the·· cell. temperature from .the· first -temperatilre to a higher. 

temperature;_ and if catalyst precipitates ~thin a predeteniiim~d rise in tem.perature; . .· 

. . raising the level of :Water or the" level of s~lvent in -the ·first reaction zone, .. 

or lo~ering the level of hydrocarbon or the level of catalyst in the first reaction zone. 
. . 

.. In a different version of the instant invention, the methods· may comprise . ·. 
. : ·. .. ·. .· . . . . . . 

. . . 

· a combination of the following _steps: 

taking a sample.from the first reaction-zone; 
. . 

confining the· sample \\Tithin a closed cell. under ad~q\late pressure to 

.. retain the sample in a substantially liquid form; 

adding hydrocarbon to· the sample to deterinine if catalyst· precipitates 

before formation ·of a second phase; and 
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controlling in the first reaction zo~e the first hydrocarbonleve(to be 

·.·· m_aintained at a 'level lower than the· level. requifed. to cause catalyst. precipitation at . 

. levels ~f solvent, catalyst,_ and water present in the cell. . 

The ~ethods. of this invention may also coin.prise steps of:. 

lowering the first·. temperatme of the reaction mixture · to a :secciild · 

temperature, while maintaining a single HqUid phase· at the second temperature; and. 
removing at least part·of the .formed acid •.. 

The lowering of the first temperature ·of the rea.Ction mixtUr(( . io the · · · 
second temperature may be performed at:.least partially.by an operation selected from a 

10 group consisting of: (a) evapo~atjng of at least p~ of the hydrocarbon~ (b) lowering the . 

first pressure to a second pre~sure, (c) adding matter· having a temperatur~ lower.than 

:µie firsttem~erature,"(d) adding vol~tile matter, such as fyclohexane· for example; (e) 
. . . . .. . . . . . . 

removing heat by external means, (f}removing a first-amount of heat by any suitable 

.• means, and adding a. s~cond ·amount of heat by external ·me~. the first amount of heat. 

15 . beiilg greater than the second amount of heat, and (g) a combination there<>f. 

Maintaining . a smgl~ liquid .. phase·. at. the .. second temperature may be 

oontrolled by adjusting the level of hydrocarbon, or water, or. s~lvent, 'or a combiilatfon 

· thereof, at the second temperatui-e. The lowering of the fii'St temperature to a. second 
. . . . . 

temperature may be preferably. conducted in.a second zone. ·The lowering of tlie· first· 

20 temperarure to the secoridtemperature. may. involve an intermediate step of lowering the 

· · firsttemperatui-e to a fir~t intermediate temperatilre by lo\\7ering the first pressure ~o an 

intermediate. pressme to form ·a first intermediate liquid phase containing no· substantial 
.· .. 

amount of solid phase. 

The methods and devices. of the. present invention are particularly 

25 . suitable in the case that the -acid comprises adipic acid, the hydrocarbon comprises 

. cyCiohexane. th_e solvent compti,ses acetic acid, the catalyst compd.ses a cobalt salt, and . 

the optional · initi~tor comprises_ ·a -compound. selected .. from• .a group comprising · 

ac_etaidehyde; cyclohexaiione, anci' a comb~nation thereof. · · 

. At least part of one or more . of products, intermediates, by-:-products, 

30 reac~ts, solvents~ off~gases, ~d other existing ingredients may be recycled either 
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· duectly to the first re~on zone_. or indirectly after post~treatment_, or in a combinatiQn . 

thereof.' 

The instant. invention also relates to a reaetor device for oxidizing a . . 

hydrocarbon;. the hydrocarbon being at least partially in. a liqUid state, with a gaseous 

. 5 . . oxidant to form an acid, the device comprising: 

a first reaciion chalnber; 

a t~mperature monitor c~IineCted ·to the reactio~· chamber for measuring 

temperature inside said reaction chamber; · 

. phase·. detection ~e811S for detecting phase-related . characteristics of . 

10 ingredients within the first reaction ~hamber; and . · .·. 

·phase control · means · for tnaking phase~related · · a,dj:usnnents and 

. controllmg . the phase ·.characteristics . of . said . ingredients . With~n· •. the first . reaction. 

chamber, if so desired .. 
. . . . . . . 

. · The phase control means _may further· comprise.· tempera~e· control . 

.. . · 15 · · ·. means for controlling. th~ first . temperatlire... The phase contr<,I . ~eans maY further .. 

. comprise. correlation means fo~ correlatihg phase. diagrartl data . with ingredie~ts in : the 

reactlon chamber, . and ·,adjusting feeding rates of s~d ingredients to the reaction . . ' . . .. · . . . ' . . . . . 

chalnbertoward formation·.of a si11gle liquid pha8e. 

··. . The phaSe detecti~n means may provide information to th~ phase. control. 

20 . mean~ for ·adjusting. feeding. rates of ingredients fed to th~ reaction (:hamber toward·· 
: . .·. ·. . 

formation or mairitenance of a s~gle liquid phase. . 

· The· reactor device· of the· present invention may also· comprise ·variable. •· 

· control me~s foi c~ntrolling i~ the reaction: chamber,~ variable selected .from ·a group 

. consisting of temperature in, -the .first reaction -~halilber, •pressure in the first reaction 

25 · chamber, gaseous oxidant flow rate into the first reaction chamber, ~ter flow rate into 

the first reaction chamber, .water removal rate from the first reattion chamber, .catalyst 

: flow rate ."into the first reaction chamber, h:rdrocarbon flow rate". into the first reaction . 

Chamber, hydrocarbon rem~val rate from the ·first reaction'duimber sQlVent flow rate 

· . into _the first reaction chamber, solvent removal rate from the first reacti~n. chamber, 

·. 30 . recycled Off•gas flow rate into the first reactfon Challlber, and a combination thereof. 
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The reactor _device. ~ay also· comprise: . 

liquid feeding means for feeding at least partially hydrocarbon,_ solvent, 

~talyst, optionally initiator,. and optionally water hitq the first reaction chamb~; · 
water. removing m~s· for removing· ·Water from the. first reaction 

. 5" chaniber; 

.. gaseous feeding. means: for feeding o~idani . into. the first reaCtion . 

. ·chamber; and 
. . . . .. .. . 

water level control Qieans for controlling the water "level in the reaqtion~ 

chamber in a range between ·a maximum level of water, .ove~ which maximum level the 

· 10 substantially single liquid phase_ is transformed to two liqllid .phases, and a minimwn ·. 

. level under which catalyst p~ipitates . 

·15 

20 

. . · The 'Water level control means may co~prise. water level detection means 

for detecting positioning of the water level with respect to the maximum level and the 

·minim1im level. . . . . 

.·· Tiie reactor device niay also comprise a controller connected to. the water 

level qe~ction means for receiving information regar~irig the pqsi.tioning o.f th~. water . . . . . . 

· level. and using said information for adjuStillg said· water level ·in a manner to control 

saicl water level between the maximum level and the .minimum level in the reaction . . . . . . . . . ·. . 

zone. 

The water ievel detection~ means may compose a temperature ,·operated . 

· detector, or a water~&idition operat~. detector, or both for d~ecting the positioning·of 
. . 

. the _water level with respect to the minimum level and the maximum. level, respectively. 

Further, the water level control means may compnse analyticai water level detection 

means for detecting and/or determining the water level in the fir~t.reac_tion chamber, and · 

25 . wherein the react~r device furtlier . comprises a controller connected to the analytical . 

water level detection means for receiving informatl.on regarding the ·water level in th~ . 
. . . 

re8ction chamber. oomparing said illformation with phase_ diagram data and. catalyst 

. precipitation data, stored. in the. controller, and using $aid comp~son "ror adjusting said 

. waterlevel in the first reaction chanlber in. a manner to control said water level betWe~n 
30 . the maximum level arid the minimum level. 
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. The reaCt:or: device may further coll1Prise a distillation column or a 

condenser, connected to an off-gas line exiting the first reaction chamber. A decanter or 

retaining chSmb~ may be. connected to the condenser.· 

The ~ter level··dete:ction.·means.may comprlse a temperature op~rated 
5 detector for detecting the positioning of the water l~vel with respe.ctto the mllrlmum 

.·level~ and/or a · water~addition operated · detector for detecting. the ··positioning ·of the . . . . . . . 

· ·water level with respect to the maximum level. · · · 

The reactor device niay also comprise: ·. · 
' ' 

first temperature control means .connected· to the first reaction chamber . . . . 

10 ·. for controlling temperature i~. said first reaction chamber; ... 

15 

firSt pressure contrql ·m.eans connected .to. 'the· first reaction chamber for . . . . . . ·. . 

'controlling pressure in said first reaction chamber; ' ' ' 

first hydrocarbcni feediitg means connected to the first ~eaction chamber 

' for feeding hydrocarbon into said first reaction chamb~r;· '' 

first gaseous oxidant f~eding means oomiected tO the 'first . reaction . . . . . . 

challlber for :feedmg gaseous oxi'dant jnto said first reactiOn chamber; 

a second chamber connected to the first reactio~ chamber; 

secon_d temperatur~ controi -~eBD.s·connected to.· the second chamber•for. 

controlling th.e temperature in said secortd chamber; .. 

. . · second pteSSUre Clllitrol means. connected tO the ·second chamber for · · 

controlling the pressure in said second chamber; 

. . ···a controller for c~ntrolling.llliscellaneous parameters in the chambers ·m · 
· a ~er that in, fue .seco~~ chtm1ber there is a single liquid ~hase. . 

A condenser(s)_ or ·distillation c<>lumri(s) may be connected to the first 
' ' 

25 ·reaction chamber and to the second ·chamber. A retaini~g ·chambef(s) or. decanier(s) · · 

· maY be connected to the condenser(s). 
. . ' 

The 'reactor device may further comprise a first .intermediate chamber 
' ' 

coI11Ii1unicating with the first reaction. chamber; · 

· · first . intennediate temperature . control . means .connected. to the first 

· 30 · httermedlate chamber for controlling the temperaturein said first interniediate ·chamber; 
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. . 

first inteniiediate pressure : control means connected to .the intermediate . 

·. chamber fo~ controlling the pressure in said frrst intenµediate c~ber; · . .. . 

.· first interme4i~1te exterilal heating means. for providing. thermal energy to 

matter inside the frrst interinediate chamber; 

a condenser· connected-· to the. first intermediate chantber; · 
,· . . .·.. . . 

·.separating means connected to_ or being.part-of the second chamber. for 

·separating at least partially the dibasic acid.from the iiibcture. 
. . : . . 

Ii may further comprise: . 

a second intermediate chamber connected to the first intermediate ·. 

l 0 chamber and the second chamber; 
. . 

. second intermediate external cooling means for re~oving thermal energy. . 
. . . 

. from matter inside the second in~ermediatechamber; · 

A second phase control -means may be connected to the $econd ·chamber 

· for ensuring the existence of one single liquid phase _in the 'second chamber. Also, a 

l_S _catalyst precipitation control means- may be connected tc;> the second chamber for 

ensuring the absence of precipitated catalyst in the secpnd chamber. · 
. : ' . 

Under certain circumstances, at least two of the chambers m:ay. be. one 

and •the same ullit. . 

One or more ofthe reactj.on chambers or oth~r chambe:rs, may be of the 

20 atomization or the stirred-reactor type~. 

25 

• · In any of the above described chalilbers, qieans for adding heat · by 
. ·. ·. . . 

. . ·internal or external means, removing heat by intenial or external means, adding volatile 

. . . matter, removing volatile matter, . controlling temperature, controlling press~e •. etc., 

may be incorporaied .. 

In the· embodiments described herein, the amount of water presen~ 

. includes amounts of water introduced by other means, such as the. crystalline water ~f 

. cobalt(II) acetate tetrahy<lrate, for example, unless Otherwise. spec~fied .. In the case that 
. . . . . 

the water, such_ as crystalline water for example, is not accounted for as being_ part of the . 

· water· le:vel, then it is accounted for as b~ing part of the entity that it introduces it, s~ch 

.· 3-o . as catalyst· for example. This_ invention encompasses both cases. Control may be . 
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· · achieved· by either ~ng into acco1Jnt additional water, such as for example ~e 

crystalline water of tJ1e c~talyst," or by. not accountirig for such additional water, 
. . . 

depending on the partiCular situation.··· 

: By the t¢rm i•steady state" it is meant tliat ·the ~tion has·· reached an 

. 5 . eq1Jilibrium, which equilibrium, however, may be adjusted periooi~lly or contm~ously 
irl order to achieve a desired result. If for exampie more. Water is needed in the reaction 

·.: zone· _to avoid catalyst precipitation, "the: water feed rate to the reaction zone. may be 

.. increased_ appropriately, and still the reaction may· be considered to be ·at· a "steady 

. state11
_. Similarly, if less \vater is needed to avoid formation of two phases. the water . 

10 . feed rate to the reaction zone may be.dec~ed appropriately, and still the reacti~n may 

. be·consid~dtQ be at a 11steady sta,te'' .. 

Th~ teitris "substantiaJ.Iy single-phase liquid'\ 11supstantiaHy~iI1gle liquid 

phase11 ''single ·liquid· phaSe", and:"single phase11 are for all praetical purposes 

syllon)'mous for the p~oses of _this invention ... They all intep.d to, indicate that there is 

15 · . no second liquid phase ~sent, while ~ solid phase may or may not be. present. The . 

:terms ,jsecond phase. formation" or. "formation _of a second phase" refer to: a second 

liquid Phase, arid not .to ~ solid phase, ~ess o~erwise _specified. · ... 

The term "le_vel" ofanmgfedieni (reactani, re.action product, inert matter, . 
. . 

or any other type· of.matter present}..includes both" 11relaiive· level" "apd "percentage 

· 20 · level"·. Acco_rding to·the.instant:invention, both methods ~d devfoes may perform by· 

using either oile or the other type of "levets". In some occasions it may be easier to use 

one type·ratherthan the other. "Relative I~vel'' of an ingredient denotes the amount of· . . ·. . .. . . . 

·· the· ingredient. present in. ~eight 1lruts or .in volume miits, in a reaction zone or in. a ~ell 
~or exampl.e, as comp~d to H>O .units, in wdghtunits or: involwne ~ts, respectively, 

. . 

. 25 of the ·rest of the ingredients pi"ese~t, or the restofthe :ingredients under consideration. 

The rest of the ingredients present or the rest of the ingredients ·under consideration~ . iii 

this case~. have a. constant -ratio with respect to.· ea~h -other.· . On. the·· other. hand, 

itpercentage l~vel II is the level expressed• as a p~entage based on total amount of all or 

·.· of a de$ired number ofspecific ingredients. The percentages m~y be expressed· also 

30 either by.weight:or by volume. 
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A controller, preferably a cc)mputetize(i controller, may handle with eas~ 
.. and accuracy either type of"level'.-.. Pro~Iig a com~uterlzed c~ntroller to perform . 

such_functlons is a_routine ~ce~s, well known to th~ art. According to this invention; . 
a ·co~troller, based on information receiyed, from a reaction zone for example, controls . 

· 5 feed rates, temperaiures, pressure.~,. a,nd .other parameters in order· to _achie:ve the . . . . . ·' 

. ~sirable results. Since the niw results regarding the point . of a second liquid phase 
.. formation (Which.results .are "received from a cell, such as the cells shown in Fi~es 2, 

-2A, and 2:8, which will be discussed. in detail· at a later ~ection) are. obtained in relative . · . 
. le~els, . maintenance or. adjtistments in. the re3.ction ·._zone·. are :inore . accurate when. 

. . . . . . 
l 0 "relative levels" are used. The· controller may also be programmed~ by well known to · 

. the art techniques, to include flow Sheet shnulatic;)n~ which may account for vapor/liquid : . . . 

eqllilibriu,m and energy bal~ce effects. 

· BRIEF DESCRIPUON OF THE DRAWINGS 
. . 

The · reader's understiuiding of this invention . will . be enhanced. by · . . . . . 

15 reference fo the following detailed description take11 in comblluition with the dniwing 
. . ·figures,. wherein: 

FIGURE l illustrates schematicmly a preferred embodiment o°f. the 
. present inveriiion.. · 

FIGURE 2 illustrates schematically ·a phase analyzer, Which may be 
20. utilized according to the present invention .. · 

. . FIGURE 3 illUstrates the response ofthe phase analyzer of Figure 2, 

when _the detector scans the analyzer's cell, which contains two liquid phases. 

FIGURE 4 sh~ws the elements related to the pressure and the g~eous 
oxidant flow rate contrOls. 

25 FIGURE 5 sho_ws a . ternary phase diagram of. (Acetic Acid) I 
(Cyclohexane) I (Water) at 100° C at6% level of cobalt(II) acetate tetrahydrate. . . 

. . .. FIGURE 6 show8 · a. ternary. phase . diagram . of . (Acetic Acid) I , 
{Cyclohexane) I (Water) at 100° C af4% lev~l of cobalt(II}acetate tetrahydrate, . ·. ' .. . 
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FIGURE 7 illustrates a·bfock diagraln of~other preferred embodiinent 
·of the present invention. 

FIGURE s·111ustrates·schematically an upper.water level.monitor, which 
may· be utilized in· the embodim~t >of Figme 7, and which: may also be utilized for . .. .. . ' 

5. determining conditions .for. maintaining. a. substantially sillgle liquid phase ··dunng 
· oxidation ·of a hydrocarbon. 

• FIGURE 8A illustrates schematically a.ti upper water level monitor, . . .. : . . . . . 

based on . eonduetivlty. measurements,. Which may ·be utilized in the embodiment. of· 
Fi~e l, and which:m~y also be utilized foi"detmtlining conditions for.maintaining~ 

lO substantial.ly singleliqwd ph~e during ~xidation "of a ·hydrocarbon. The monitor· is - . .. . . 

sho\vn under co11ditions ofa supstanti.aily singJe liquid. phase~ . 

· . ·•.FIGURE ·8B ·.illustrates schematically the. same upper · water level 
monitor, based on conductiyity measurements, as shown in Figure 8A under conditions 

·.of a second liquid phase fomiation. 

15 . FIGURE 9 illustrates the reSponse · of the phase ·analyzer of Figure 8, 

20 

.when the detector s~ the analy~s :cell, whi~h containstwo-liqUid phases .. -

FIGURE IO illustrates schematically a lower Water level monitor, which . . . . . 

includes a second cell, -before catalyst precipitation after a piedete~ined rise in · 
temperature .. 

-FIGURE.11.·mustrates schematically the same lower water level monitor. 
.··ofFigute 10, after catalyst precipitation . 

. FIGURE 12 shows a chart~ which illustrates an example. oir how the · 
' . . : . 

predetermined rise: in temperature in. the. seeond cell of the monitor. of Figure 1 O may be 
determined ... -

- FIGURE 13 ill~trates ·a block diagram of another preferred embodiment --
of the· present invention, comprishig a fust reaction chamber and a second chamber. 

FIG~ 14 illustrates· a block diagram -pf still. :another· preferred 
. ·. ·eJI1bodiment of the -present : inv~ti~n, - \Vherein external·. heating means : have been 
· · . provided between the firsfl-eaction chamber and the second chainber. 
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. FIGURE .15 illustrates a ·block . diagram of stiH another preferred ·. . . . . 

. embodiment· of the present invention, Wherein both external heating means and external 
cooling -means have be.~n provided betWeen th~ first ~tion chmllber and the. second · 

chamber.· 

5 . BESTMODE OF CARRYING OUT THE INVENTION.· 

.· As. mentioned earlier,, _this invention· ·relates to methods of inaking 
· intermediate oxidation products, su~h 8$ acids, for example, by oxidizing a hydrowbon. · .. ·· 

with a gas oontaining an oxidant, preferably oxygen. 

·. ·'· 

A tubular rockirig mini-reactor containing s~l balls Was used: for a ... · 
l 0. . . series' of experiments. The steel· balls were added· to provide highly enhanced surfaee · 

. factor by means. of ~stributing ·a thin film ori the surf~ of the ~el ball~. . Slirface . . . . . . . . 

· faetor is defined iri this case as the.ratio of the surface oftJie liquid/gas interface per unit . 
vol~e of the liqiiid. The mini-reactor comprised a tubular staillless steel body having . . . . . . 

an inside diameter of.23/32", an outside diameter of 2 ~", an outside length of ab.out 11 · · 
15 ~", and an inside length of about 9 ~". The total Capacity of the mini-reactor was 

J5 cc. ~pproximately 890 st8inless Steel balls having a diameter of 11~" were used h1 
·the ln.ini..;reactor as agitation and mixing means, along With a rocking action or'± 33 · ·. . . . ' ·. 

degrees from horizontal at. a frequency of 10 cycles per nim'ilte, uilless otherwise stated. · . . . . . . .· . . 

The· mini-reactor ·had a screw cap top, a nmnber of thermocouples inside and_ outside for· 
20 . meas1J!ing and controlling the. temperature. It was surrounded· by. heating tape,. ~ 

insrilated by glass fiber. It had ports for feeding gasesandliqllids. It was also provided 
. . 

with a pressure transducer. Both tem~ature and pressure· were reoorded and controlled 
through· a ·computer .using supervisor}" control _software. 

. . .. 

. In operation of the mini•reactor~ the following.procedure ·wasfoHowed, . . . - . . .. . . . 

25 unless otherwise stated. The system· was _initially plirged with nitrogen, the ·feed was . . . - . . . . 

. added, while purging ~th rutrog~ through .the top of.the mini-reactor which was in an . . . ~ . . . 

: uncapped position, the -ntlni-reactor was ·capped and purged again with nitrogen to a . . . . . 

pressme ofabout50 psig, the temperature ~.raised to a desired d~gree (usually 100-. . . . . . . . . . . .. . 

i 05 _° C), the pressure was b~ught to about 100 psig with nitroien, and the oxygen wa8 : • 

·:. 
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·introduced to a pressure. or" an additional 100 psig, thus bringing the total pressure to 
about 200 psig .. ·The pressure (P) and the. rate of pressure ·drop (dP/dt), among other 

. · Variables were then recorded~ Unless· no substantial re~on- takes place, the dP/dt goes 
froni s~bstantially zero rate to. a maxi~um, and then it drops off again to substantlally 

.· . 

5 zero rate. In the ·different plots or Tables, wb,en the terms "reaction rate" and 
"~activitY" are used, they c~rrespond to the 1llaximum ciP/dt in each particular. case, . . 

. unless otherWise. stated. An initial sharp pea.k preceding the maxiinum. is disregarded; . . . . as it is.believed tO correspond. to a fast oxidation of the initiator, such as accialdehyde 
for exampl~. In. the case thatcyciohexanone is used as initiator; such a preceding peak 

· IO is not as sharp or pronounced. Although "the terms "promoter" and 11initiator11 are many 
times lised in the literature and in• this. work interchangeably to .mean "initiator"," the . . . . .· ·. . . . . . . . 

ttiore strict m~g of ·ti:ie term "~tiator" ·should be used for a substatice which . . . 

decreases the . reaction initiation period, such as acetaldehyde or cyclohexanone, .or 

methylethylketone~. for example, and the term "promoter" should be used for a substance 
15 that promotes the reaction, such l:lS brom_ide ions iii. the. case of producing terephihalic 

.acid from p-xylene, for example. · 

. 20 

The inventors also used .a high pressure, agitated, gla8s tube to determine 
phase relationships under conditions of actual reaction temperature~ pressure, and 

. composition. , 
. . .. .. . . 

. Arialysis of .the products. of reaction was ~onducte<f .. by HPLC and GC, .. 
. both being well 'kno'Wn to the art techniques. 

. . . .. . . . 

· After a reaction has taken pl~e in the Direct Synthesis of cyclohexane to . 
. adipic acid,· a ~xiure of two liquid phases is present at ambient" temperature, along with 
a solid phase. mainly consistlng. ~f 8.dipic acid; The tWo liquid· phases have been called 

25 the "Polar Phase'' and the "Non-Polar" ~hase. However~. no attention has been paid so . 
far· to the iinportance of the two Phase~~ except for sep~ting th~ adipi~ ·acid from the · 

. "Polar Phase" and recycling these phases to the reaetor partially or totally with or 
· . without further h:eatment. · 

. . 

The invent<>rs of the · instant invention, using . th_e •above apparatils, 
·•3o unexpectedly .discovered that·· both _the compo~ition and a number of relationships· 
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· bet:Weeii the "Polar'' and the "Non-Polar'i. pha8es_ 8re of utmost hnportance for the 
. reaetion8 takhig ,place dUring the DkectSynthesis. They also found ~ut that not only th~ 
·relationship of the phases at· reaction. temperature are importan~ but also even data on . . . . . . -~ 

the relationship of the pha8es at room temperature may be utilized to control the 
s· . reaction at reaction. temperatures, which is :totally unexpected, since the. phase 

relationship may change drastically With ~emperature~ .• 

Acoording to the present fu~ention, "Polar Phase'i is aUquid phase: which. · 
· ~ontaiJ:i~ predmninantly polar components, while "Non-Polar Ph8se11 is a liquid phase . 
which Contains predominantly .non~polar components.. In additi~n; when two· 1iquid 

10· phases are present, the one whlch is more polarthan·the other is the."Polar Phase". while '· 
. the . one which is less·· polar ·is · the "Non-Polar Phase". . Under ·certain controlled 
circumstances, as explained in more ~etail belOw,· the two phases may m~ge into one ·. . . . . . ·' . . . 

-phitse, which is called."Single Pruise", according to thls inventiQn. ··The "Single Phase" . . ·. . . 

·· :tnaY be a ·"Single Polar Phasei• if it .contains predominantly polar components, or a 
15 ''Smgle Non-Polar Phase" ifitoontains.predominantly non-polar components. Further; 

a~ the temperature increases, one ~f the two phases may increa~ ~d the other de~e~ 
If the "Polar P~e" decreases iil a manner to finally be absorbed by -~~ "Non-Polar . 
Phase"·, then the ''Shlgle Phase" formed is a i'Sfugle Non-Polar Phase" .. Similarly, If the . · 
"Non,;,Polar.Phase" decreases in .. a manner to finally be absorbed.by the "-Polar Phase", 

20 then the i'Single Phase" formed is a"Singie Pol~ Phase". ·· Regardless of the type of the· 
phase, "RT" phase is a: phase as it exists at ambient or room temperature; •i75° C" phase 

. is a phaSe as it exists at 75° C; "100° C" phase is a phase as it e~ists at l 00° C, and so ~n 
and so fo~. Ainbient or Room Temperature is .about 20° C. When.mentioning phases . . . . . . 

in this discussion, implied reference is made to liquid phases, uriless solid phases .are. 
25 specific3.lly cited and stated as such .. 

For_ purposes of clarlty and .brevify, the most· preferred coristitiients may 
. be used ~.exemplify the methods of the present invention,. instead of mo~. geQ.eric ·. ·. .. . . 
terms. For example "acetic acid" may be used instead of''solvent", but it should be ·· 
understood tlult_ any· other suitable ~olvelit(s) may· be use_d iri said methods .. Examples of · · 

30 less ·:Preferred solvents are butyrlc acid~ propiOnic acid~ etc. · In a. similar 'manner, 
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. "aCetaldehyde" may be used instead of the more generic name "promoter'', and "cobalt 
acetate tetrahydrate'i, or "cob~t acetate_".cboth .meaning "oobaltou8 acetate tetrahydrate". . . . . . . . .. . . . 

unless otherwise specified) may often. be used instead ·of the more generic term . 
"catalyst".· .. 

In addition to the formation of adipic acid, the methods :of the p~ent 
invention may also be ~pPlied to other monobasic ·or dibasic acids from ·the 

. ·corresponding ~yclic ·aliphatic hydrocarbons ·or aromatic .hydrocarbo~. Examples are . 
· formation of glutarlc acid . from . cycfopentane, formation of pimelic. acid from 
cycloheptane, and the like.. FUrtherthe tea~hlngs of this invention may be used for the: .. 

10 formation of. benzoic acid from tol~ene, formation of phthalic. acid from o;.~ylene, 
fonnation of isophthalic acid from .m~xylene, formation of terephthalic acid from p-. . : . . . . . . 

··xylene, and i:he ·like. 
. . . . ·. . . . . . 

·. Sinc;e ql.Wltity•wise, th~ major pola:r component in.the. reaction mixiUre 
. is acetic acid having a sp~ific gravity slightly higher than 1 glee, and the major non.; . . . . . . . . . ' 

· 15 ·polar component is cyclohexaiie having a ~J>ecific gravity slightly lower ~ 0.8 glee, 
·· .. · . the polar phase. is .heayier· than the non-polar phase, and if both are present~. the non- · . 

~ . . - . 

polar phase tends to .move tow~d the. tOp, while the polar phase tends to move toward 
. the bottQm." Thus, in a test tube ita sample has a polar phase and a non;. po far phase, the •. 
polar phase will reside at the bottom of ·di~ tube, and. the n~n-polar phase. will reside .at .. 

20 the top· of the.tube . 

. It was observed by the inventOrs that ~ddition of very small amounts of_ 
water, as well as small changes in the amount of cobalt(JI) acetate teirahydrate,' have a 

. substantial eff~ on the relationshlp of the· two phases.·. It is specmated that this occurs . . . . 

because Wat~r and cobalt(II) acetate tetrahydrate are very pol~ compounds ... . . .. . . . . . . . . 

· .25 For example, the composition ofTable lwas found to.be in the form of . . . . . . . . . . . 

two phases at room temperature. . Tue bottom. phase, which i~ the RT polar phase· 
Constituted only about 3% (by volunie) of' the total, while the. RT non"".polar phase . . . . . 

· constituted ab~~t 97%(byvolume).oft4e totaI.··At this p9hitit is very Important to note 
that substantially the total ·amount •of the catal}rst, ·as det~ed co!Orlmetrically, .· 
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· ··resided· in. the bottom polar phase:·· For -~pie, in this instance, the ·top phase was. 
colorless and clear~ while th~ bottom phase had a dense :magenta coloration~ . . 

As shown in Tables 2 and 3, ~er adding ·about only 0.4% (by weight) · 
water to the ooinpositlon represented in Table I, the volume of the RT_ polar phase·greW 

5 to. about l.'1°/o (by. v~lume ).· ··As more _and II)ore water was ·.added~ the RT. polar phase 
. increased further,. and at about 6% (by ·weight) water, the RT. polar phase ~onstituted _ 
· about 30% (by volume) pf the total .• The initial addition: of waterhad collSiderably 
. higher effeCt in the ·increase . of RT polar. phase than the addition of further amounts: of . . ·. .. . . . . ... 

water. However, at lo~ coneentrations of cyclohexaile a.rid higher. concentrations of . 
I 0- . acetic acid, the water bas a considerably ~ower ~ on the ·ratio· of the two phases. 

During the reaction or' cyclohexane with oxygen, a oonsid~able amount of water ·is · 
produced, and th~efore, the presence of water is a fact, ·and not a matter of choice; · 

By adding a small amount (about 0.4 to about I% by weight)· of water an · · 
appreciable ·amount of RT polar phase :was formed (about 20% by volume} Then, by 

· 15 separating the two phases, and re-nllxing them in different ·pfoportions··to. form· the_·· 
.. ·.totality Of a reaction feed miiture, _it was t:01ind uneXpectedly ··that,_ in the case of the 

mini..:reactor,: tlie reactivity of the ·mixture .was proportional to ~e amoiint of the RT. 
polar.phase Present, to. a certain p~intand th~ it dropped. This drop in.the batch--type 

20 

. . . . 
. mini-reactor may be due to cyclo,hexane sta.rvati~rt. 

INGREDIENTS · 

· Cobalt(II) Acetate 
Tetrahydrate · .. 

Acetic.Acid 

Acetal<iehyde 

· Cyclohexane 

Total 

TABLE I 

CoMPOsmoN OF STOCK SOLUTION 

GRAMS. WT%·· 

0.34 0.71 

14;68 30.58 

0.34 0.71 

. 32.64 68.QO 

47.00 

.. 

MOLE% 

0.21 

38.09 

1.20 

60.49 



W0-97149485 PCT/US97/10830 

21 

TABLE2 
.. 

FEED SOLUTIONS CONTAINING DIFFERENT AMOUNTS OF WATER 

. Graduated cylinder # i ii iii iv v vi 
Wt of Empty Cylinder ·· gm 5.2.34 34.59 34.26 :35.60 39.03 34.94 ·,· 

· · Wt of Cylinder+Stoc~ 
Solution· 

gm 57.39 39.74 39.44. 40~97. . 44.49 40J3 

'Wt of the feed solution gm . 5.06' 5.15 5.18 5.36 5.46 . 5.19 
Wfof CylindeT+Feed gm 57.39 . 39.76 39.49 41.07 . 44.68 40.48 Soln. + Water · 

Wt of Water added gm ·0.00 0.02 0.05 .· 0.11 0.19 . 0.35. 

Wt% ofWatei added . 0.00 0.41 .0.94 ·. l.92 3.36 633 

TABLE3 
VOLUME OF RT POLAA(BotioM) PHASE AS COMPMmn rci RTNoN-POLAA (roP). l>HAsE.·· . . . . . . . ' .. . . . 

Graduated·· i· ii iii iv v vi Cylinder# 

Volwrie (ml) before Top Phase 6.3 6.2 6.2.· ·6.4 6.3 6.4''. adding water 
" Bottom 0.2 0.2 0.2 0.3 0.3 .• 0.3 Phase. 

. . 

Volum~ (nll) after· Top Phase 6;3 . 5.3 5.1 5.3 5.0 4,8 ·adding water 
Bottom 0.2 i. l L3 1.4 .. J.8 2;0 Phase· 

· Vorume% of the Before 
bottom Phase Water 

3:1 3.1 JJ ·4.5 4.6' .. 4.5 addition 

After 
·Water 3.1. 17;} 20.31 .. 20.9 .. . 26.5 29.4 
addition· 
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It was also. observed that :at· a level of about 20% RT polar phase, . 
. 

. . . 

specifically iri case iii of Table 3, as the temperature increased, the polar phase 
. progressively shrank to a very smallvolµme, and finally it disappeared into the non-polat 
phase at a temperature of about ·100° c .. The consequence of this was that. aS the polar · 

5 ' phase (which. as m~tioned' before . containS most if not substantially an the catalyst) 
· shrank beiween 80° and 100° C, at ~onie point it became over'.'"saturated with catalyst, 
. which resulted ~ ·cataiyst precipitation. · This is highly undesirable not only because of 

'' the highly 'decreaSed availability of ~atalyst,. but also because pr~pitated 'matter in a' •, .. 
reactor causes ·loss of ~eactor and plant . utility; and .. high ·maintenance ·cost due to 

10 . plugging of lines, etc. Upon fiirther heating ofthe· solution under vigorous agitation, at 
about 100° C, a single non~polarp~e was.fonned, and most of the precipita~ed catalyst·· 
re-dissolved in· the. single_ non'.'"polar ph~e, while some· remained still in· the. precipitated .form: Thus, in thiS particular case, although a: reaction of .cyclohexane with oxygen may · 
proceed at temperatures lower than 100 °. C, the reaction rate and reactivity would be 

15 . considerably red\lced, since the .dissoived. catalyst level has been .reduced, because the 
.. catalyst · was either dissolved in a very small . polar . phase;. or precipitated. . Another 

consequence ; of.this is that unless. on~ uses· a. iemperaiure . of 100°. c, ·or· higher, in this 
particular case~ it is very difficult to bring in contact the buik of the material, which is the 
non-polar phaSe, contalliing substantially all the' cyclohexane available, with the Catalyst~ 

· 20 all of ·which subStimtiallY. resides in the very s.titall amount· of the polar phase, ·and with · 
the gaseous phase of oxygen. Water concentration in the .reactor, due to water ' . 

' 

· fon:Dation, ·greater than the one· represented by cases· ii ·and iii in Table 3, will 
significamly worsen the· aforementioned deleteriou~ effects... Higher. temperatures may . 
not always be a practical remedy for these .proble.ms, becarise in order· to improve 

25. chemical ·yield. it may_ be advantag~()uS to run the reaction at lower temperatures .. 
At differt}nt relatively low .proportions of RT polar phase to· RT non-polar 

. phase {about less than 30% or.40% polar phase, in·this particular case), there is a: phase- . 
critical or phase. tra.n.Sition temperature; belo~ which two liqwd phases are formed, . and . ; 
the polar p~, 'containing most, if not substantially all' the catalyst' present,' causing ihe ' . . .· . 

' ' 30 reaction rate and reactivity to suffer considerably~ It is therefore important. to run the 
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· reaction at or above that temperature. . It is more preferable to riui the reaction at 
temperatures at ~east 5° C $ove · the phase-critical temperature. or phase· transition. . . . . . . . . 

·temperature. ·For diffeient compositions, the.phase-critical temperatl.lrewill vary, but.it 
is very 'easy to be deterlniried by using a high;;.pressure, agitated, tran8parent giass vial, in . . - . . . . . . . . . . . 

5 · which the · sample i~ introduced, and the temperature is .raised ·with simultaneous 
observation of the phase cruuiges. . . 

· It sh~uld be. stressed that a8 .the amount of Water present in the 
·comp~sitj.on in.crease~, ihe shrinkage •. upon heating of the p~lar phase decreases,· and 
firuiny the two phases do not become a sillgl.e phase, even ai elevated temperatures, even 

. IO. at temperatures higher than tlie desirable reaction .temperatUres. Thus, in order to a~ain 
a single phase, it is preferable that water aildlor hydrocarbon are controlled by r~oval 
(water and hycftocarbon-·increase the _:phase-critical temperature), O'r the amount of .·. . . . . . . . . 

solvent increased. (solvent. deCJ:"eases the phase-critical·· temperature).·. As the ·amount of 
acetic acid.increases in a composition (including-both polar an<f non-polar.ph2lges)~ the 

' 15 composition can withstand the pres~nce of more water without formation of two liqilid. 
phases withiil. the range of deSirabie reaction tem~eratures . 

. It was ···also· observed that at about 6~% . RT. ·polar . phase, as ihe • 
temperature fucreased, .the non-polar pbaSe shi-~ and at a temperature of 97° C, it was. 
comple~ly ab~~rb~d by the polar phase to form a single polar phase, as defined.earlier: 

·. 20 .Further, it was 6bserved.that at highetamaunts of water pr~s~nt (about '7o/Q by weight ·of'· · 
the' total compositic>n), the pres~ce of two liquid phases Persisted everi' at 120 "0 c 
Thus, it is· preferable that .the reaction is _run in a manner that the·:amount of water 
remains . adequately·· low (or. rem~ved), so that the· fo~tion · of 'two · phases at the-

. operating temperature is avoided. 
' 

. 25 As mentioned above, it was also ·observed thatthe larger the amount of· 
~e RT· polaf ph8se, the faster- the reaction up to a certain point. A similar relationship 
between the · niaximum pressure drop rate (representing: the reaction rate) · and the . . . - . , .. 

absolute amount ~f catalyst in the mini-reactorwas~also observed. . . ; . . . . . . . .. . 
· It~was also eritifely uneX}>ected to find out that the mole.% selectivity.to .. 

·· 30 .adiptc acid did .not change with wV>/O. RT po~ar p~se preserit ~r with the amount of 
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.. catalyst present~ It remained substantially ·constant . The mole. % seleetivity to adipic 
acid is defined as th~ moles of adipfo acid formed in th~ reaction, m~tiplied by 100, and 
divided by the sum of moles formed of adipic, gl~taric and succinic acids. 

· It was also found that; within the limits examined, .the s~lectivity to adipic 
5 acid was independe~t .of the amount. of acetaldehyde present. or tlJ.e mola:r ratio of 

· acet81dehyde to• cobalt(II) acetate. · 

Regarding the RT andpther temperafute polar and non-polar phaseS; it.· . 
should be pointed· out ·that their compoSitions may vary considerably depending. oii the . . . 

' amount. and nature of cataiyst,· water~ solvent, hydrocarbo~ initiator~ etc. Thus. different . . 
l 0 conclusions stated hereinbelow are relative to polar . and non-polar . pfu!ses made as . 

: described in each particUlar case. However;. a person of ordinar}r. skill in. the art, based · 
. on the teaching of this itivention, inay find desiredtelati~~s ofotherpolar and non polar - . . 

. 

phases in other oceasions with only a minima.I effort. 
. . ... 

The implications of these finding· have an enormous iriipact in a large 
is· number of aspects regarding the direct synthesis of adipfo acid. by oxidation o~ . 

cyclohexane With oxygen. These findings indicate· the following important process steps, · · ·. 
among others, :Which. may be perform~ to ctra8tically improve and• c~ntrol the oxidation 

. process.· These steps. may be performed individually or in any combination, depending 
on the cirCwristances, mcluding but .. ilot limi.ted . to .reactor design, reactor-peripherals' . . . ., 

·20 design, pre-exiSting.or new-rea.Ctor, pai-amet.er limitations, etc . 
. (1). Since the reactiVity shows a maXimu~ ata~ range of about 65% . 

. · RT· polar phas~ (as m8.de in composition m of Table 2) and higher, especially Without . . . . . .. · .. 

sacrificing sCieCtivity, the reaction should .be driven toward that range· of RT polar ph~e 
(nevertheless, increase of total caWyst level with increase· in RT polar phase should be 

25 kept in mind); . . 

(2) · Since the reactivity{ the amount" of reaction taking place in a given 
reaction volume) shows .a similar behavior regarding. catalyst . level, especially ·without .· · 
Sacrificing· selectivity, the reaction.· shQuld be ·driven toward. higher catalyst . leveL . 

· prefer8bly under .the precipitati~n point at which the ~atalyst starts precipitating;· 
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(3} Smee .cyclohexane is tlteniain contributor to the formation .of th~ 
non-polar phase~ the reaction· ~h~uld prefer~bly be driven. toward the minimum ~ount. . . . 
of cyclohexane in such a .inanner that there is always an adequate. amount of cyclohexane 

. in the liquid and vapor fonns in. order to ·avoid starvation of the reaction because of laek 
. 

. ·. . . . . .· . ." . . . . ·. of cyclohexane; in ~ instancies it is preferable- to be controlled below"~ amount which 
causes a second phase to forni at reaction oonditio:D.si minimization o( cyclohexane in the 
reactor has a very ~portant additional beneficial .effect, which. is. related to safety; in 
case of accidental· _ignition in the .reactor, there · Will be . ~onsiderably ·_.less fuel 
( cyclohexane) to promote ·an explo~on; · 

. . . . . ' . . . . . . . . . . (4) Since acetic acid is a main contributor to the formation of the . .. 
. . . 

· polar phas~. the reaction sho\lld be driven tovvard the ~mum am,ount of acetic acid in 
sUCh a manner that excessive dilution. is· avbided Of prevented; thi~ ~~-. should preferably 
be coordinated with ~ep (3) so that the amount of acetic acid does not cause lowering of .· 
the amount of cyclohexane tQ cause in turn starvation of ihe reaction because oflack of 

15 .•.. cyclohexane; J>rclerably, the amount of aceticacid used $hould be silch as to produce a .·· 
-ratio of_RT polar ~ha8e to RT non-polar phase in the range·· of overabout 65% RT polar . 
. phase' Combined· With an 'adequate amount ' of cyclohexane . to avoid _eyclohexane 
starvation of the reaCtlon; 

(5) In order to operate with a singl~phase system~. which is highly" 
·. · 20 _preferable for niultiple reasons, tbe reaction should be m8inUuned at a temperature equal · · · · · · to or higher than the phase-criti~al temperature (as defined earlier) within limits to 

ensure that selectivity and yield do not suffer Wiacceptably; 
· ( 6) · ~ Since water is ~ strong contributor t~ the formation of two phases 

· .from a single phase, which is undesirable, but since it is believed to help. the hydrolysis of 
25 undeSirable ester by-products· formed during the reaction, and because it is also believed . 

~o. increase yield· and selectivify of adipic acid, its content in the reaction miXture should 
be driven toward the. maximum amount of water which do~~ not C"8U$~ the formation of a . 
tWo-phase system from the single phase. at· least at the reaction tempeianiie, unless 
downStream separations bec~me ad~ersely affected_ in so doing. 
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(7) . .· in order to avoid or. prevent precipitation of cataiyst at room or 
. lower temperatures at Which the adlpic acid is ctyst8llized~ the amount of catalyst in the 
mixture should be dnven toward 8: region belo:.v. th~ precipitation point of the catalyst in · 
the reacted and cooled mixtUre; 

. . 
· · A preferred embodiment of this invention is illustra~ed in Figure I. Iri . , 

. . . . . , . . . Figure. I, there is depicted .a device or ccmtiltuous·re8ct~r-system 10 ·coinprismg .a· 
. .. . . . . . . . . . 

·, . . . . . . reaction chamber 12. A recycle reeding or inlet line 14, a new raw material feeding or 
·inlet line 16, a gaseous oxidant feeding or inlet line IS, a.gas outlet line 19; a sampliµg .. 
line 20~ a predominantly non-gaseous outlef line 2 I, ~d means for measuring 

10· temperature, such. as thermocouples 22 ,8.lid 24 "for example, .aie connected to the 
.. reaction chainber 12: Other elements, _commonly used with reaction chamb~s, such ·as . 

. . . . pressi.lre monitors and oontrollers for example, and the like, although preferably utilized 
aceording io the instant invention, ate not shown in Figure l for "prirposes of clarity. . . . .. . ·Also, optioDal ~eans. for conducting chemical analysis of the. contents of the· re~ction 

15 ·chamber .12 .are not sh~ also fo~ purposes of clarity .. 
. . . . . . The. sampling line 20 leads to .a phase· analyzer 26, wlµch. provides· liquid 

· . phase infon_nation tO a ·computeriZed c~ntroller 28 through input ~e 26i. ·An example of' 
phase analyzer will be .described at :a later point. The optional means (not shown) for 
conducting ~hemical anaiysis of the contents of the reaction chamber 12, preferably, also . . . . . .·. . . 20 . provide ingredient .content iriformation to the "computerized controller 28. : The inlet, . . . . 

.. . outlet,· input or output lines may be positioned in any ·suitable location of the reaction· . . . . chain.her 12~ The words "inlet" and "outlet;, ate used for lilles which feed or withdra"W 
. . . 

. . . . . . . . 

materials, respectively, while the WOrdS "input" and 110UtpUtH ate USed for lines Which 
provide information to the computerized controller 2~, or ate utilized by the controller 

. 25 to control other elements of the device, respectively. 
The·predominantly non,.gas outlet iine 21 leads to a material-management 

station· 30, at .which the products ?f reactio~ any by-produCt:s, non:..converted raw 
materials, ·etc., ate separated by well known to_ the art techniques: Sucb techniques may 

.. involve. filtr~tion, distillation, cryst~ation; oiher types oCseparation, ·evaporation, . . . . . . : . . . . .· .. 30 . coolinS, heating, ·.storage, decontw$ation, incineration, disposal, etc. .· 
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·21. 

The· desired· product of reaction .follows. product path 32, the •non~ 
recyclable by~products follow non-recycl~bles path 34, white recyclable materials follow_ ·. 
recyclables Hn:e 36, which line 36 leads to an analytical apparatus 38 for analysis of_the 
contenis of the recyclables; The ~ytical apparatus . 38 sample~ the . recyclable~ for . 

. 
5 . analysis and allows the major portion of said recyclables to enter line _36ii. Line 36 may 

10 

.. 15 

. . 

comprise one or 11 plurality of lines, depending of.the nature of the recyclables. Some of. 
these lines may even circumvent the analytical app&;ratus 38, if so desired.(iffor eX&mple 
the content Qf the recyclable material under . consideration is known or previously 

.· de~ed by ~y of well known to the ~ te~hniques) . 
.. The recyclables follow line 36ii, which leads to a three way valve 39, in a 

manner that the.recyclables· may follow line 40 or 42 or both h1_atiy·desired ratio. _Line 
42 leads back tothe material management station 30 for-storage or retention o~ re-work, 

, or the_ like, while lin~ 40 leads to a first ·heat exchanger (including cooler or heater or the . 
like)·44. 

The 3 way valve 3.9 is contr~Hed by the . computerized controll~r · 28 . 
through output line. 3811

• · Siniilarly, the heat exchanger 44 is- controlled by the. 
· computerize(f controllet 28 through output tfue ~411 • Preferably One. or more input lines. . . . . . . . . . . (not shown for purposes of clarity) provide iemperature inforipation to the computerized . . . ~ . . 

. . . controller 28 r~garding the recyclables as ihey enier ena exit the heat exchanger 44. . 
. 20 . · . The ~ecyclables · enter "the reaction chamber 12 after they. pass through . · 

tlowmeter 46, which gives recyclables flow . data. to the c~mputerized controller 28 
through input line 46'. 

. . lnpUt · lines 22' and . 24' . feed . the computerized controller 28 with . 
· . temperature h~form.ation ~thin ~e reaction chamber 28 .. Both lines may be.necessary. 

25 or oDiy one, or more than two,'depending on the information reqwred in each particular 
case. 

. Flow regulation valves 50~. 52, 54, 56, and 58 are connected to .inlet line$ · . .. . . . . ' . . .· . . SOi, · 52~ 54~ 56i, .and 58i, which provide. hydrocamon, solvent, catalyst, promoter, and 
other adjuncts, respectively, Jo a pre~niixing vessel 48. The premixing vessel 48 is 

3.0 preferably of. small size amd positioned in a way that all.its ·contents are mC>ving out of it . 
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. . .. 
and through line l 6, $0 ~t if more .than one phase is present, . the~ is no· accumulation.· 

. of a particular phase in the pre-mixhig vessel. · Pre'."mixing vessel 48 is connected with. a 
second heat exchanger (including cooler or heater or the like) 60, which .in turn is .. . . 

~onnected to the reaction chaniber 12.. The irilet lines 50~ 52i, 54i, . 56i, and 58i, may 
5 . however be directly .connected to the ·second heat exchanger 60 or to the reaction· 

· chamber -12. 

Flo~ regulation valves 50~ 52, 54, 56, and 58 are controlled by._ the 
·computerized controller 28 ·through ·output lines SO'', ·52", 54", 56"; and 58", · ·. . . . . . . 

respectively. A number ~fflo~eters (not shown for purposes of clarity) connected to 
10· . lines 50i, 52i, 54i, 56i, and S8i, providt? flow information. regarding .hydrocarbon, 

solvent, catalyst, promoter, and other adjuncts; to the computerlzed co.Qtroller 28 
through multiple iriput lirie 62 .. 

The .reaction· chamber 12 may be heated or· cooled by: heating or cooling . . 
. 

means (not shown) well known t<rthe art. . . 
15 .. The lines .14 and 16 truly merge together into a. single line (not shown),. 

and· feed the r~action chamber through said smgle line .. The ph~e _analyzer 26, or an 
additional phase analyzer (not.shoWn) ~ay al~o be connected to this single line, 'so ~tit 
detecis .the presence of a second . phase qualitatively· or quantitativ~y, ~en before the 
liquid enters the reaction ch~bet, and. before the oxidation starts taking place: 

20 ·Preferably, the .. detenimtatio~. of the . s~ond phase . takes .place under· the· same·. 
temp~ture and pressure of the reaction (if the pressure is no~ excessive). 

One eXa.mple of the phase allalyzer 26 is· better illustrated in Figure 2. It 
may comprise an at leaSt partially ~parent cell 6l for accepting liquid from. the 

· reaction chamber 12, ·and a detector 66 adapted to move ·up and do'Wn the height of the 
25 .cell 62, ~order to detect the presence of more than one liquid phases 64. The nature of . 

the cell 62 is preferably . such as to ·accept high pressures, preferably simil~ to the 
reaction pressures. The .detector 66 can be a color detector; a refractive index detector, 
.an ultrasomc detector,. or in ~enerai; any. type. of detector that can distillguish and 

· differentiate between liquids by usirig a property of the two liq~(is; which property may . 
·30 .. differentiate one ·from.the other. 
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If the phases separate to. a .lower pmi.se having a height "a", and ·to 8!1 ·· 
upper phase having a height "b;',· th~ diffe~ential of the detected property per scanned · . 

. distance dp/ds ( 11p ,; being the property, such as color for exa.mple, and •is" being the 
scannmg distance as shown by the arrows A) will give a graph as shown in Fi~e 3, 

5 wherein a'/b' = alb; from which . the degree of second phase formation may. be 
determined. 

10 

If the phases are diffiCult to ·separate into distinct portions, additional 
technique~ to_· aid such sepat1ltion ~Y be utilized; . Centrifuging, ultr.a-centrifuging, 

. addition of flocculation .agents,· and the like.,. are example of such techniques. 
Although in Figure 2 the detector 66 .is shown to reside outside the. cell, it .. .. . . . may very. well reside inside th~ cell 62: A conductivity·· detector is an . example. of a 

detector that ·should· come in con~ with the· uquid phases and preferably. be inside· the 
cell, 

. The detector iµay be a single ·detector traveling up and do.wn th~ _height of 
15 the- cell, or otherwise scanning the cell, or it. may .be two or more detectors_ located. 

steady at different posi~ons of .the cell. · In the case of using two detectorS, it is .. . . . . preferable to arratige ·one detector in the vicirlity of the bottom of the cell and ·one 
. detector in the. vicinity of the top of the cetl. It is· obvious ·that in the ease of relative 
movement of the detector with respect to the cell, the. cell may be the moving ~lement 

·. . 20. . . and the detector the steady element . Instead of utilizing a detector, an _observer may: .. 
. visually detect. the levels of the two liquids and provid~ this information to the 
computerized controller 28. 

. 
. 

· The phase d~ector may also be based ~n ineasuririg or detecting ·the· . 
· . turbidity (cloudiness) of the mixture ·of one phase dispersed in the other phase, since the . . 

.. , . . . . . . 25 two phases,. for all practical. purposes and substantially always, Wi.Ii 1-ve different indices . 
. . of refraction. A. sillgle liquid phase will be _clear, bQt a second phase: dispersed. in another . 

phBse willproduce a turbid mixture .. Care will_ bave to be takCn in this case to·filter out_· 
·any solid Di(ltter before determiriation of the turbidity. Light scattering may also be used. . 
for detec_tion of a fuiely emulsified second liquid phase into. a. first liquid phase~ 
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. . . . . . . . ., 

·. 

The temperature at which the· cell 62 and its contents are subjected to, 
may be ambient temperature in the ·range of 20 to ~5 °c, any· other temperature, or 
. preferably the same temperature as · ~e · first • temper~ture, . which . is ·the reaction· 
temperature in the reaction chamber. 12 ·. m a zone. that the reaction OCCurS (reaction 

5 tone). Depenmng on the temperature at which the cell 62 oper~te~ it may· have to also .. . 

be under pressurized conditions and ~losed to maintain its contents in the liquid state ... . . . .. ·. .· ·, : . In operation of.this embodiment (see Figure· 1), hydrocarbon, solvent, . ·. . . . . . ' 

catalyst, promoter• and any other desired ad]uncts are added to ihe pr~mixing vessel 48, .... -
where they are mixed together. The pr~mi.Xing vessel is ~matl enough and positioned in . 

IO a riwmet that if there is phase sl'.Paration, no particular phase remains behind, bµt all 
· phases are com.niingled ·and they proceed through· the· second heat eX'.changer 60 and ··to 

the reaction cruilnber·12through line 1_6. The.feed rates of the neW raw .materials fed 
thfough lines 50i, 52i, 54i, 56i, and 58i depend on the feed rates of the recyclables fed to .. -
the· reaction chamber ·12 through recycle·feeding iine.14 ..• Information regarding the 

15 analytical results from .ihe analytical ~ppatatus 3 8 Is provided to the oompite_rized 
c~ntroller 28, which· combines. this "information with th~. information from the flowmeter ' . 

. . . 
46 and the.information from the flowmeiers(not shown) of Iinl'S 50i,52i, 54i, 56i~ an.d 
58i, and calculates the total feed .r:aie. of each indiVidual ingredient entering the reaction -
chamber 12 .. -

20 ·The ·oorilputerizeci controller.-. preferably.· ·gives precedence to ·the · . 
-· recyclables, and then it itdjus~s. each of the valves 50, 52, 54~ 56~ and 58 through outP\Jt 

lines 50", 52", 54", 5.611
", and 5811,·respectively, in a manner· that the total feed rate of each 

Of oourse; when the operation starts, there are no recyclable materials~ so . 
that only .new raw materials swt entermg ihe system through one or more of lin~s 50i, _ · 
· 5Zi, 54i, 56i •. and. 58i, and finally enter the reaction chamber· 12 ~ough line·· 16; . During_ -

30 -starting the operation, the different feed rates ofriew raw materials are "arranged so that 
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a sfugl~ phase exists. at the fifst temperature~ As 8lready me~tione<f earlier, when talking · . . . . . . . - . . . . 
about a·single ot multipie phase in.this descrlption, the inventors mean single or multiple ....• 

. ·liquid phases.·· When the inventors want to refer to a solid phase,. they. specifically refer . . . . . . . . 

. to ·a solid phase. 

The balance of materials is also preferably arranged to ~e. silch that when 
water· starts.being formed during th~ oxidation, no second p~ase is forined. The amouni 

. of water· formed_ depends on the .. conversion taking place when ·the system attains· a 
steady state~ . The more solvent, acetic acid for example, is present at this steady state, 

. the more water may be. withstood by tlie" ~ystem ~thout- formati~n of a second phase; 
· .. I 0 Since the formation of . w~ter is · sub~ally unavoidable whe~ a . hydrocarbon is 

oxidized, and ·in. some respects_ its p_reseiice may e~en ·be ·desirable (for at least partial 
hydrolysis of undesirable es~er by-products, for example), it is pref~ble to work at a 

·.steady state which ~ ·contain at ieast a predeteriliined content of water without the .. . . , . . . . . . . 

formation of a second pfulse. Removal of water in any step of the process; if necessary . 
15 . or desired, may. be achie~ed by a number of ways~ incfoding for example ctlstillatio~ 

· addition of acid anhydrid~s, and other well known to the art methods. · . . . . . . . . : 

. The mote hydrocarbon, cyclohexane foi:. example, ·is present in the 
. reaction c~ber the higher the potCii,tial of formation of a second phase. At the same . . : . 
time, if too little ·. hydrocarbon is presen~ the reacti,qn starts stmving from lack of 

· . 20 · _hydrocarbon. · Accorrung. to· the instant invention, the· amo~t -of hydrocarbon present in · · · 
the steady state is preferably just above the point at which s~ation is observed. "Just 
above" starvation means preferably ·between 0 to 20% above· star\ratioii, ·.and more 
preferably 5 to 200A. ·above st~ation. 

At the same time that the above mentioned ingredients enter the. reaction 
25 . cbariilier 12, a gas containing an oxidant; preferably··oxygen, ~terS the reaction chamber. . ·. 

through the ~us .oxidant feeding line 18, and it comes .in contact· with the mixture . . . . . . . . . . 

containing the hydrocarbon 

The reaction. temperature or ·first· temperature' is monitored by one or 
more th~rmocouples, such·· as thetmocouples 22 ·.and 24, for example, which provide 

30·· temperature information to.the controller ~8. 
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The compuierized controller. 28, based on this temperatUre infomuition 
adjusts the fust and sec<>nd heat exchangers through output lines 4411 and 60", . . .. . . . . 
respectively,· in a.manner that.in combination with the heat released ·by the reaction, and 
the :thermal cluiracteristics of the reaction chamber 12, the first temperaniie attains arid . . . . 

5 . maintains. a desiied vatlue. Iii order to lower the temperatui-e in th~ reaction chamber, the· 
.. heat ~changers are adjusted to lower. the temperatures in lines 14 and 16. In addition to· 
or instead of this, the reaetiori chamber · itself may be provided With heating and/or . . . . . . . 

· cooling means (noi Shown for pUrposes of clarity, but well known to the art), controlled · .. 
by the computerized co~tioller 28, so that the· tempera~re attains and rilairitains the . . ' . . . . 

I 0 desired value. The desired value may, of oourse, be a desired range of values. 
·As the reaction or first temperature is raised, the potential for formation ·· 

o( a :single phaSe is .increased,·· and the rate of reaction is increased ... However, the · · · · 
selectivity to the· d~ed final product may suffer .. therefore, a balanee among rate of 
reaction, selectivity~ anci reaction temperature (first temperature) has to be decided.· This 

15 ' decision may depend on the partirular circumstances, and may be ba8ed on economical,, ' ' 
' ' 

safety' environmental, and other considerations. ' 
' 

' ' 

Thus, . the temperatur~ may. be adjusted · through the .. computemed . . 
. . . . ·. . . . controller 28 within the desired range in a nianner to promote the formation and/or 

maintenance of a single phase; . If a single phase already exists~ the temperature may 
20 prererably be reduced to the minimum limit of the .desi~ range,. and maintairied there, if ' 

this decrease in temperaiure does not cause the fotmatlon ofa second phase. ' 
. Lowering the pressure within the. reaction cliamber 1.2 moves· the systeni . . : . . 

toward . a single phase ·formation· since more hydtocafbon, cyclohexane for example, 
' . evaporates . and the oonteD.t of hydrocarbon in the liquid decreases.· If inert gases are· . 

' 
' 

25 present in the gaseous oxidant ·(if the gaseous oxidant is predominantly a mixture of . . .. oxygen arid nitrogen, for example), .it is preferable· that ·the. parti.al pressure of oxidant, 
o-xygen for exam.pie,· is maintamed. constant dunng lowering the total pres8Ufe. 

Increasing gas sparging. iri .the· ea8e of a stirre4~tank reaction chamber, ·or . 
. · ·in general ·ihe flow of the gaseous oxidant in the case of an atomization !eactor · 

·,·:. 
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(described . for ex.ample in our aforementioned patent .. and . patent applications) has . a 
similar _effect. as lowering the pressure. 

· Lowering the conversfon, or hold'."up time i_n the reaction chamber 12, 
·. decreases. the amount. of water formed, :whicli has as an effect• to promote the. formation . 

. . 5 ·of a single phase. · Lower conversion decreases the amount" of acid formed, 
predoininailtly adipic -acid for. example, in the oxidation ofcyclohexane, which has little . . 
or no effect on. second phase formation'. Lower oo~v~sion also mcreases the amount of 
Ul1reacted hyd(ocarbon,· cyclohexane for .example,. present. in the reaction ·zone,· which 
. promotes the formation of two liquid phas~s. but.this effect is rather smallas. compared 

.JO · to _the stronger effect of water. The· n~ result is . believed to be that lower conversion 
promotes formation of a single liquid phase. 

·, · . Lowering the amount · of catalyst,.· _cobalt(II) acetate : tetr8.b.ydrate for 
example, also promQt~s the formation of a single phase. It Should be notedhere that 
when coba}t(II) tetrahydi"ate is used, water is necessarily iiltroduced, . correspcmding to . 

15 the water of hydration of the cobaltous acetate salt. · 
lf tJie formation· of a. second· phase is dete~ted by the phUe detector 26, 

the detector 26 transfers such· information to the· compu,teriZed . controller 28 thiough . . . . . . . input line 26'. The computerized controller 2S in turn takes :steps toward reformation . 
_again of a singl~ phase in the reaction· chamber ·12, by -ordering one or more:of·the· 

. 20 · _elements that it· controls to function fo a manner directed toward the iefonnation of the : 
single phase, as described above. Although, depending on th~ particular· circumstarices, 
the functioning· or activation. of the miscellaneous . elements · controlled· by ·the · 
computerized •. contioller 28 ~y . be arranged·. in. any d~sired precectence order, it.· is 
,preferable iti most occasions, according to the present. invention, to be ai"rangecl· as 

· 25 follows: 

For stirred-tank. reactors;· wJ:ien formation of a seeond _phase is detected at 
. . the same . ~perature · as . the· temperature . prevailing in · the . reaction zane, . the . · 

computerized controller gives precedence to decreasing the.feed.•rate <>fthe.hydrocarbon 
by stepwise ~osing ~alve 50 thr~ugh output line 50". The steps are preferably between . 

30 .. I to 60% of. the feed rate ·at the time that ·.the formation o{the second p~ Was 
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. detected,. more· preferably 1 to 30%, and even more preferably 2 to 10%. At a 
predetermined time (preferably 1/2 to IO ·minutes, ~d. more preferably l to 2 minutes) . 

. ·after each step, a sample is t~en again throu~ lirie 20 •to the phase analyzer, where it is 
examined; and· the results ate provided to the computerized controll~r 28. If a single 
. .. 

. . 
. . . 5 phase has been reformed, no further ~ctiori is taken. If a. single pha,se ha8 not been 

. formed the same. process may be repeated_. . · . . .· . 
If for .some reason W2'.ter is fed to th.e system through· line 58i, the · 

. computerized controller 28 gives sec~nd precedence to valve 58 through output line SIJ'i, · . . 
.. . 

. . .. and -a sllnilar procedure . as ~hove is followed. This. step, .ho~ever, may assume first 
IO precede.nee in ca8e that the am~t of cyclohexanefed to the reaction chamber 12 moves 

below a point at which the ·.reaction starts stal-Ving because . of· tack .of adequate . 
hydrocarbon, such as cyclohexane ·ror example. . . . . . 

. . The next or third precedence is given to the rate of gaseous.oxidant flow 
through line 18, which- is also regUlated (not shown in Figure 1 foi purposes of clarity) 

15 by the computerized controller 28, as better shown in Figure 4, wherein the· najority of . 
the elementS is not. shown. Figure 4. shows the .elemeriis related to. the pressure and the 
gaseous oxidant flow rate controls. _The reaction ·chainber 12 is provided with a pressure 

· monitor 68, which transmits pressilre inform:ation to the computerized· .. controller 28 . 
· ... through inp~t line 68'. The gaseous· oxidant. feeding line is proVided With a floWmeter 

20 .. 70, Which provides floW rate information tO the computerized c~ntroller 12 through. 
input line 70'. The comj>uterized controller 28 controls.va1ve 72.onthe gaseous oxidant" 
feeding line· and valve 14 on the gas outl~ line 19 thr~ugh outpui lines 72" and 74''. . . . . . .·. . . If the above described steps. are not adequate to eliminate the second 
phase~ and provide a single phase, the computerized controller 28 opens the valve 72 in a 

25 manner that the flow increases stepWise ·_from the va1ue that· it had to a higher value, 
which causes removal of hydrocarbon and water~ ·The steps or incremen~ of increase 
ar'e preferably between 1. to. 60%. of_ the feed rate at the time ~t the .fo~tion of the 

. . second plllise was detected, more prefenµ,ly -~ to 30%, and even more preferably 2 to 
. -100/o. As in·the previous cases, a predetermiriedtiine (preferably 1/2 to 10 minutes, and 

. . . . . . 
., . 30 more preferably 1 to 2 minutes) aftE9" each step, a sample is taken agairi. through line 20 
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to the phase ~yzer, where _if is examined, and the:' results. are· provided to the 
computerized ~oniroller 28. If a single phase has been reformed, no further action is. . . . . . . . . 
taken. If a single phase has not been formed the same process may be repeated: In 
order to keep the pres8ure witllin the reaction chalnber constatt~ va}ve 74 is aiso op~ed 

5 . · accordingly, so that. the pressure as deteci:ed by .the pressure mo~tor 68 does not 
increase. 

·. The next or foUrth precedence is gi~en to pressure .within the reaction 
chamber 12 .. 1i the above described steps are not adequate .to elimiriate the second · 
phase, iµid provi4e a single phase, the c_omputeriZed· colitroller 28 .· closes further the . 

l 0 Valve 72 and opens further the valve 74 in a manner. that the pressure decreases Stepwise 
from the value that it had to a lower value. The. steps or irierements of pressure decrease 
are preferably. between 5 to 30% of.the pressure at. the time that the· formation of the . 

. second phase .was· d~ected, ,more preferably 5 to 200/o,. and even ·more _preferably 1 O to· 
· 20%. As_ in the ·previous cas.es, a predeterlDined· time cPreferably 112 to 1 O minutes~. and 

15 · more preferably 1 to 2 minutes) after each step, a sample is t&ken again through line 20 .. 
·.· to ·the phase analyzer,· where ff is ~ed, . and th~ ·results are provided to the . 
. compllterlzed controller 28 .. 1£ a single phase ""has been .reformed, no further action is . 
taken. · If.a single phase has not been forinCd ·the same process .is. rep~ed .. In order to .. 
keep the partial pressure of the oxidant constant, which is ll preferred mode of operatio~ 

. 20 oxidant, such as oxygen for example, may be added. through an additional port (not· 
shown). 

. . 

The computeriied controlle~ gives: fifth precedence to increasing th~ feed 
rate of the solvent, acetic aci~ for ~ample, by-stepwise o~ening_ ~er valve 5~ through . 

. output line 52". The .steps are preferably between l to 60% of the initial feed rate, more 
25 · preferably l to 30%, and even more preferably 2 to· 10%~ .· A .predeteimined time 

_(preferably 1/2 to IO minutes, and more _preferably 1 to 2 minutes)after· each step, a . . . . 

sainple is taken again through line 20 to the phase analyzer, where it is exa.tDined, and. 
the results are p~ovided to· the compu~erized controller 28: ·· Ifa siligle phase bas been 
reformed, no further action is· taken. ·If a single _phase has not been formed the same 

30 ... process may .be repeated. 
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The computenze<f controller gives sixth precedence. to decreasing . . . . . . . .. 

conversfon or increasing the feed rate of all entering raw materials, excluding catalyst, 

and the rate of the outgoing products throu~ the predominantly non~gas outlet line 21, 

all in a propo~onal manner. This increase is conducted stepwise by further opening all 
. . . . 

5 involved.· valv¢s,. hi a manner to .. increase all feeds and outgoing product flows 

· prop~rtionallyto each other. The steps are preferably as in other cases between 1 to . · . 

60% ·of the. initial feed rates and· outgoing flows, more preferably· 1 to 30%, and even·. 

more preferably 2 ·to 10%. A predetermined time (preferably 1/2 ·to 10 minutes, and 

more preferably 1 to 2 mmutes) aft~r eaclr-step; a sample is takenagain through line.20 

lO to. the· phase anBiyzer, wh~re it .is examined, and the ~suits are provided to the. · 

computeriZe<i controller 28. · If a singl~· phase ·has been. reformed~ no further· action is 

ta1cen. If a single phas~ ~not ·been formed the. same J>I"9cess may be repeated. · 

. Seventh precedence is given to the temperature, with increases allowed 
. . . . 

·only w1thin a predetermined regio~ as .described eE¢lier. . 

15 Eighth precedence is given to decreasing the fe.ed rate of catalyst. 

In· the aboye description of precedence for attalliing and maintaiiiing .a . . . . .. 

· single phase within· the reaction .zOne; mentlon was !llade only to. the valves for 

· introducing new .raw materials~ It should be understOod, however, that this wollld be. 

preferably· conducted. in combination with the control of the ~cyclables from· 

20 iiiformation received from the analytical a,pparatus 38 through input line .38', and from 

the floWmeter 4.6, by ·adjusting tiow through valve 39 and the ,temperature through heat 

exchanger 44. 

25 

. . . 

In ·the. case of atomization. reaCtors, temperature control for attaining and . . . 

· maintaining a single phase would take at least thild precedence. 

. It should also be pointed out that a: combination from different preference 

levels may be utilized before . a multi..;step process at each level of precedence. For. . . . . . 

. example; the computetj.zed controller may be programmed to perform only on~. step or a . 

· predetenniD.ed number of steps in ·each precedence level, the. number of steps being the. ·. · 
~ . . . . . . . 

same or diffe~ent at each partieul~ level.. . Also, the computerized controller may be ·. 
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programriied to change the ·precedence levels, · ~epending on any particular 

circumstances . 

. A preferable type .of computerized . eontroller comi>rlses a "learning 

computer". or a "neuro-computer'\ th~ functionality. of which is known to the art, and . 

5 which collects information from different places of the device (for example pre~sure, 
temperatUre, chemical. or other analysis, etc.), stores this information along with the 

result (~tionrate, :for example)~ andit,is·programmed to use this information in the. . . . . . . . 

. · future, along· With other data if applicable, to make decisfons regarding the. action to. be · ·. 

taken (for example regarding precedence, steps within precedence, etc.) at each 

10 instance. 
. . ·. . . 

Although the . miscellaneous functions aie preferably controlled by the ·· 

. computerized controller 28, it is possible, according to this invention, to utilize manual 

controls for controlling one or more. functions. 

If the phase analyzer is at ambient temperature, correlations can be. made · . . .· : 

,· 15 ·.:between the anal~cal results anci. the ratio·ofRTp()lar phasetoRT non-polar phiise. If · 
. . . . . . . 

the ~atio is smal~ With :substantiaily-all catalyst in the RT. polar phase, solvent. should be 

. added in adequate amounts to a ratio of solvent to hydrocarbon of preferably higher than . . ·. . 

0.5, and more pr_eferably between 05 and i ·at water levels preferably lower than 5% . . 

· All ratfos in ~s discussio~ are by weight, unless'. oth~rwise stated. 
. . . .. ·. 

20 .. As aforementioned, the methods ·of the instant.i1rvention may also . 

comprise a: step of correlating phase diagram data with vanables selected from a group_ 

consisting ofteniperature in the reaction· zone, pressure in the -reaction zone, rate of· . 

. gaseous oxidant flow, wa~ feed rate, catalyst feed rate, hydrocarbon feed, rate, solvent . 
·.· . . . 

feed rate, and a oombination thereof, in order to control · the oxidation of the . . 

· 25 hydrocarbon by preferably controlling . in . the reaction zon:e a varrabie selected from . a . . . ·' 

. group. consisting of temperature in ·the reaction zone, pressure in.:the reaction zC>ne~ rate 

of gaseous oxidant flow, water feed rate,· catalyst feed rate, hy4!'ocarbon feed rate, . . . 

solvent feed ~ate, and a combination. thereof . 

. An exahtple of such a ternary phase diagram of (Acetic Acid) I 

30 · (Cyclohexane) I (Water) at -100° C, at a catalyst level~f0%, is shown 1n Figure 5, 
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wherein the one phase R1 ·and two phase R.i regions are separated by the transition line . . ·. . .. 

· To. The one phase regfon ·R1 is above the transition line T 0, while the two phase region 

R2 is under the transition line T 0• · Another example of such a ternary phase diagram of· . . . . . . 

(Acetic Acid) I (Cyclohexane)/ {Water}at 100° C, ata level of 4% catalystis ·shownin . . . 

5 Figure. 6, wherein the one .phase .R1. and two .phase R2 re~ons are separated. by. the 

. · transition Hne T 4• The one phase region R1 is above the transition lin~ T4, while the. two 

. phase region R2 is under the transition line T 4. 

As it can be seen, the.preseilce·of catalyst, cobalt(iI) acetate.tetrah;y:drate ·. 
. . 

in this·case,·suppresses.the one phase region to a·certain degree; Presence of adipic acid 

10. in the mixture of components does not substantially move th~transition curve. Ternary 

. diagrams. for different levels of c~talyst, temperature, and/or other components, which · · 

·~y have infltience on the transition c~es· may be Created very easily, preferably 

. experimentally. . . Thermodynamic . data bases and computer flow-sheet simulation 

programs, for example~ may be. used as guidelines to detelmine the approximate 

15 position of the transition curve, which ·can then be refined and defined more accurately . 

. by limited.experimentation. One easy Wa.y to construct an experlmental ternary diagr~ 
I ' ' • ' • 

for a given catalyst level, temperature, etc., is for example, to select different positions 

·in the one phase region of the theoretical diagram close to the the6retical ~sition · . . 

. curve; ·and start. adding water \Jntil. a second· phase is formed. . Thi~ will ·define an 

20 experimental point on. the experimental transition ctlrve . for the given eatalysi level, .. 

temperature,. etc. . The exact. compositions of the different experimental points in the 

diagrams shown in.Figures 5 and 6 are listed inTables 4 and 5, respectively. Points to 

the left of point 1 are omitted because the amount of cycI6hexane ·involved· is too small 

for most practical purposes. 

25 
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- TABLE 4 
-_COMPoSITIONS nEFININo 1'RANSITION CURVE To iN F!Gl.J.RE 5 

Components 

- - Acetic-Acid -
Water -­
CyclOhexane· __ 
Total 

Acetic J\.cid 
Water 

-Cyclohexane 
Total ---

Acetic Acid 
Water 
Cyclohexane 

.Total-

. . . . . 

_E::l:Derimental Data c ·0% Catalyst> 

5 

-Amolint-
- (grams)_ 
- - 15;105 

_3;750 
1.099 

19.954. 

-15.124 
L762 
3.207_ 

·20.093 

-- 9.859 
0.537-

10.018 
20.411 

-- wt% 

- 75.70 - 2 
18.79-
5.51 

-15.21 4 
- 8.77 
15:96 

48.30 6 
2.63" 

49.08 

AmoWit -
{grams) 
15.586 
--2.646 

l.768 .­
-- --- 20~000 

12.005 
0.895 

_- 6.408 
19.308 

_6.550 
0:140 

13.310 -_ 

20.000 

wt%'' 

77;93 
13.23 
. 8.84 

62.18 
4;64 

33.19· 

32.75 
0.70 

66.55 
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.TABLE 5: . COMPOSriibNSDEFINING:n.ANsmoNCuRvE T4 IN FIGURE 6 

· With 4 Wt% Catal!st · · Catal!st free basis 
l Components Amount wt% Amount• 

··(grams) ·(grams) 
Acetic Acid · 15.198 72;88 15.198 . . 

Cyclohexane 1.000 ·. 4.80 · LOOO 
Catalyst 0.844· 4.05 0~000 
Water* 3.812. 18;28. l.812 
Total .20.854 20.010 

2 Components ·Amount·. wt%•' Amount 
Acetic Acid .. 17.000 76.08 . 17.000 
Cyclohexane 2.000 8.95. ·2.000 

·Catalyst. 0.844 ··3;78 0;000 Water*. ... 2;500 11.19 :2.500 ·Total 22.344· 21.500 

3 Components · ·Amount·· wt% Amount .. Acetic Acid 14.762. 72.56 .. . 14:762 , Cyclohexane 3.129 15.38. •• 3~129 
Catalyst 0.8~2. 3.99 0.000'. Water* 1.261 6.20 ·l.261 · Total .. 

20.344 19.152 

·• 4 Components · Amount Wt% Amount .. Acetic Acid 12.603 ·69.46 12.603 cYclohexane l~843 2Ll8 3.843 Catalyst '0.799 4.40 ·o.ooo Water*· . 0.899 . 4.95 0.899 Total 18.144 17.345 

5 Components. Amount wt%·· Amount Acetic Acid· 13.606 67.68 13.606 CycloheXa.ne 4.807 23.91 . 4.807 Catalyst 0:798 l.97 o.ooo Water 0;893 4:44 0.893· Total 20.104 . 19.306 

· 6 Components Amount wt % Amount 
ACeticAcid 9.799 47.25 · 9.799 · Cyclohexane ·. 10.004 48.24 ·. J0.004. 
Catalyst 0.831 4;01 0.000 
Water•· 0:106 o~·51· 0.106 

. Total. . . . . . 20.740 . . 19.909 · * The crystalline water of cobalt(//)- acetate tetrahydrate is not included 

wt% 

75.95 
5.00 

.0.00 
19.05 

wt%• 
19:01 

9.30 
0.00 

11.63 

wt% 
77.08 
16.34 
0.-00 
6.59 

wt% 
72.66 
22.16 

0.00 
. 5.18 . 

wt% 
70.48. 
24.90 . 
0.00 
4.63 

wt% 
49:22. 
50.25 
Q.00 
0.53 .· 

.. 
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Wh~n such diaw.ams are u~ by the controller to operate the system ·and 

·ensure .that the reaction is conducted iii one phase,. allalysis of the contents of the . . . . . 

teactio~ cha1Itber inay be. peffonned, Preferably by Gas an4 Liquid Chromatography, 
. . .. . . ., 

and the. flow rates ·of the different. fe.ecis · (including recycled matter) may be changed · 

. 5 accordingly to produce mixtures characterized by one phase. A simil&- procedure may . 

be followed :from diagrams produced af. different. temp~ratures, so that temperature 
. . . . . . . ·. . ,· . . 

.manipul~tiolls .may· produce· the. desired. resuits'. · Tuns, for ·example, nliscellaneous · 

.. parameters niay be changed to achieve ihe: ~ne p~se desired conditi~n, including but 

not limited to temperature in· the .reacti<>n · zone,. pressme in the reaction zone, rate of , . . . .. 

· 10 · gaseous oxidant flow, water feed rate, catalyst feed rate, hydrocarbon feed rate, solvent 

feed rate, and a combination thereof. .. 

·We have discovered that the unexpected combinati~_n· of two. critical 

phenomena is of utmost importance in. the successful oxi<fation. of a hydrocarbo~, snch . . 

as cyclohexane for example, to an acid, such as ·adipic acid for example . 

. 15 ·.· The· first· of the .two critic8J··phenom~na, as· discussed above, .. ·is· the 

fo~tiOn of a second liquid phase dl,lling· the time that the reaeti~n is takmg place. . . 

. . · If a second : liquid phase. is foimed during the time that the reaction. is 

taldng place, the reaction·rate drops to- ~acceptable l~v~ls, followed~b~ unacceptably. . . . . : . 

. slow.convers~on rates, poor·YieldS, and resulting in a _totally ·unecon~mica1 op~tionfor 
20. ·all praCticaj. purposes. 

. . 
. . ·.· .. The second of the two critical phenomena is cat8J.yst precipitation during 

the time thatthe reaction is taldng pl~.·. ·catatyst precipitation during the-time thatthe .. 

·.reaction is taldng place ~.similar results as the formation of a second liquid. phase. 

Even in a case that only partial precipitation of catalyst talces place, this precipitation 

· · · 25 ·results-in catalyst deposition· o~ different parts ,of the ~ior system, plugging of pipes 
. . .. . 

.· and valves, etc. Reaction -rate and reactivity atso suffer upon catalyst precipitation. 

Thus, there is· a severe :probielll in the state of the present art, when the · 

reaction .conditions pemrit either-catalyst:precipitation or formation of a second liquid 

phase. 
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We have found that under a given scl of conditions, the amotint of wat~ 
_ in a liquid reaction mixture duruig a steady state _oxidation of -a hydrocarbon to a -

respective acid, has to.be controlled within_-critical-limits defined by the point_ of a . . .. . . . 

-second Iiqtlid phase formation . and th~ point of catalyst precipitation. we have also -. . . . - . -

5 found that under -a -given Set of conditions, there -is a minimum level -of_ water under - . 

- which the catalyst; cobait(II) acetate -tetrahydrate -for example, -precipitates, --and over 

- _ which the catalyst remains-in solution. _-By the same taken, we have fotJnd that there is-a -

maximum level of°water over which. a second liquid"phase-is fo~ed, and under which -­

the substantially single--phaSe liquid is maintained ... Therefore, for a given ~et .of 

10. conditions,· it is imperative that the water -level, in a -liquid mixture undergoing. 

·oxidatio~ is controlled between a ma~dmUin level of water. over which maximum level 

the -substantially" -- single-phase liquid is transformed to- -two• liquid phases, 8I)d a 

- -- • minimum level, -under which -minimuni level, catalyst -iS precipi~ted. The problem -

-- becomes more severe as the catalyst, cobalt(II) acetate tetrahycbte for example, content 

15 increa8es, and also as the hydrocarbon," cyclohexane for example, con~nt increases. 

We aI8o unexpectedly found that the catalyst, su~h as cobalt(II) aeetate -·. . . . . 

·tetrahydrate ot-cobalt(ll) 2-ethyl h~x~oate for eXaniple, has a tendency.to.precipitate at 

· higher temperatures.-. 

- This ·unexpected fmding is extremely important becau8e it may be. used . ·. .. . . . . . 

20_ to detect a level· of ·water at which the ·point of cataly8t -·J>recipitation is· being 

approached, and tha~ additional_ water should be-added to avoid catalyst" precipitation, as 

- · Will be described in dewl hereinbelow. 

Refemng now to Figure 7, there is depicted a reactor system or device 
- -

110, comprising a -reaction chamber 112 containing· a reaction zone 114. The reactor 

25 --system. 110 -i~ only ~artially ·shown. for- demons~ating the components -necessary to 

exemplify the present invention. Miscellaneous treatment, product or by-product -

separation, recycling, etc. devices~_ well-known to the art, a.re· not. shown for PWJ10Ses of . 

clarity and brevity. 

:The reaction chamber 112 encloses a reaction zoi;ie 114. Liquid feeding 

30. means 115 ending to a liquids f~ding line 116-and gase~us feeding means 117 ending: -
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. to an oxidant fe(filing line i 18, are connected to the reaction chamber 112 for pr9vidin~ 

liquid feed and gaseous oxidant, respectively, to the reaction zone l 14 .. 
. . 

.The reaction chamber.112· may be a stirred-tank reactor, atomization. 

reacnor, re,.citculation.1'eactor, or any ~ther type of reactor, known to the art.·.· . . . . . . .. 

. The liquids. feeding line 116 may be a· single line or a mUitiple line: The 

·liquid feeding means 115 m~y m:clude heat exchangers, pre-ririxing vessels, flowmeters, 

thermoc~uples,. etC., and they . are. connected (not shown . for . purposes of clarity .. and 

b~ty) to one or more of.inputs 120 of a controller ..122 .. In turn the controller 122is 

connected to the liquid feeding means qs~ through one of its outputs 124, and controls 

· 10 its operation by methods well known !o the art. 
Jn a similar manner, the gaseoµsfeeding.meailS l l7 ~e ·connected (not .· . . . . . .· . . . 

. . shown for purposes of clarity and· bii'.vity) to one or more of·inputS 120 of a controller 

122. In turn the oontroller 122 is connected to the liquiq gas~ou~ oxidant means i 17, 
. through. one of its outputs· 124, and. controls its operation by methods well kno'Wn.to the 

15 . art. 

Furilier,. temperature monitor 126 and pressure monitor. 128 are 
conn~ted to the reaction chamber 112 for monitoring the temperature and the pressure 

in the reaction zone .114. They give relevant infonnati~n to the controller 122 thi-ough . . . 

input lines (liot shown) connected to respective mp~ts 120 of the controller 122,so that 

20 the controller 122 adjusts the temperature and preSsui'e of the reaction zone 114 in tlie 

reaction chamber 112, according to a predetermmed way Programmed. in the coritroller 

122, by well known to the art techniques. · 

.A condenser 130 is alsooomiected to the reaction chamber 112. One of 

the inain.purposes of the conderuier 130 is to remove.heat from the reaction zone 114. 

· 25 ·Vapors.of condensibles, such·as for example hydrocarbon~ solvent; vvater, and-the like·.· 

.. may be refluxed directly to the reaqtion zone 114 of th~ reaction cruilnber 112, or they 

·may be directed to a decanter 132, where they may l>e separated to .an upper phase 134 

and .a lower phase 136 .. Off gases follow line 38 for.preferably being scrubbed in order 

to remov:e eseaping condensibies, and in turn they are usually {reed to the atmosphere. 

30 Of course, in cemtin occasions, preferably before scrubbing; they are ·at least partially 
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.· ·recyCICd to the· reaction ·zone 114 ofthe reaction chamber 112. When recycled to the 

reaction zorie, they may be introduced, partially. or totally, under the liquid surface for. 

supplemental sparging arid/or retiction. ·. 

the decanter 132 is connected to line 140; which in turn cominunicates 

5 totally or paitiaily With lines 142 an4 144 through fust valve 143. Thus, upper phase 

134 liquids are partjally or totally ~cycled to the reaCtion chamber .112~ and/or partially 

· ... or totally removed through line 144, usually for further treatinent. The decanter 132 is 
. . . 

· also connected to ·line 146; which in turn communicates totally. or partially with lines · 

14·8 and 150 through ~conc:l'valve 149.· J'hus, lower.phase· 136 liquids are partially or · 
. . . 

10 totally recycled· to the reactio~ chamber 112, and/or partially or totally removed through 

· line.150, usually for further treatment. The first valve 143 and the .second valve 149· are 

preferably controlled by controller 122, so that desired feeding rates of each phase· are 

... either recycled to. the reaction chamber 112 or they are directed for treatment ~d/or 
·disposal .. 

15 Instead of the condenser 130 and the.decanter 132,.a distillation column. 
. . 

. ··. . . (not :sh~vrn) may be used for considerably better separation of the different condensible 

. ·components, such aS for example:hydrocarbo~, solvent, water, by-prod:ucts, etc. Thus, 

. the distillati()n column may be: lised in the sm.ne manner aS the . combiiiation .of the 

condenser and the decanter for· both removing h~at and for separation .of the individual . 

20 condeilsible components. · 

An an8J.ytical app3!8:tus 152 is also conilected: to the reaction chamber · 

112 through line 152'. The analytical apparatus 152 is programmed by the controller 
. . 

122 to take samples from the reaction chamber 112. and 'analyze them. This' maiytical 
. . . . . . . . . 

apparatus preferably comprises HPLC ~d GC eqllipment, well known to the art,. and. it 

25 may be used to determine Water,· solvent, hydfocarbort, .. catalyst, oxidation products, .. 

oxidation by-products, etc. Of co~se, sampling .of the contents of the reaction chamber · 

. 112. niay. be manual~ . with subsequent fee~ng to the analytical . apparatus and then 

·· feeding the anal)7SlS resultS ·to the controller .122 for further processing. . 

: In addition to or in place ~fthe ahBlytical apparatus· 152 there is an upper · .. 

30 · .. wa~er level monitor 154-(or 15S)and a lower Water level monitor 156 connected to the.· 
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reaction chamber.112. Sampl~s from the contents of.the reaction Chamber 112 are 

·provided to the monitors 154 and.156through lines J54'.and 156\ respectively. As 

above; this operation may also be manual and/or be based on vi~ observations, as it . . . .. . : . 

. Willbe explained in ~ore detail later._ Further; the results from the two monitors 154 

5 · (~r 155) and 156 may be fed automatically or manually to the controller l22. It is worth 
notirig that the upper watet lev~l monitor 154. (or 155)_ may also serve as . a mote 

·versatile monitc>r·for detecting the level ofhydIOcarbon, and/of the level of catalyst, in 

addition to or instead of the level of water, _at which level, a second liquid phase is 

. forme& It may also serve to deterinitie a high~r second solvent· level at or ~ver which 

. 10 the substantially single-phase liqUid is. mainutlned or re-established in the reaetioit zone, 

despite rise in ·hydrocarbon levei · and/or catalyst level and/or Water level, which rise 

\\Tould have resulted in formation o~ a: ~cond liquid phase if the. solvent had remained at . 

its initial level. 
. . ' . 

An example of an upper water level moitltor 154 is better shown in 

·15. Figure 8. The upper lhnit wat~r level monitor· may comprise an at least partially 

transparent first _cell · H)2 for accepting liquid from ·the reac~on chamber 112 through 

line j 54', and a first detector 166 adapted to move up ~d d~w.tl the height of the. first 

cell 162, in order to detect the presence of more than one.liquid phases 164. The 

monitor 154is also supplied with line 154", thrOugh which .plafn 'Water or water from. 

20 line 148 containing solvent, may· be intl"od~d to the monitor ~54 "in predetermined .. 

amounts (the amount of solvent is usually higher _than the am~unt of water in the lower. 
. . . . 

. phase, and weight ratios of solvent to water of about 75 to 25 are within reaJ.ity). An 

exit line 158 is used to remove the liquids from the first cell 162 ·after a determination 

has been inade, and a new dete~ation is due .. The monitor 154 may also be provided 

· 25 with a mixing mechanism (not ·sho\Vn for purposes of clarlty), which may be ba8ed on· . . . . 

. stirring, shaking, mixing; and any ·other techniques well knowii to the ·art. Vigorous 

inixing is preferred. . . . 

The nature of the first c~ll. 162. of monitor 154 is preferably .such as to .· . 

accept. high pressures, preferably similar to the reaction pressures. However,- low 

. 30. ·pfess~-~also acceptable, a8long-as the.contents (except(or gases) of the cell do not 
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-substantially volatilize. For this purpose, it is highly preferable that the cell is as full as 

- possible with ~ample durlng its ope~tion, which will be- discussed in detail later~ The . . . . . . . . 

first detector 166 can be a C()lor detector, a. r:efractiveindex detector, an ultrasonic 
- . . 

. detector, or in general, any type of_ detector that . can distinguiSh and differentiate 

5 between liquids by using a property of the two liquids, which property_ J:llay differentiate· 

· one from the other. 

If the phases.16lsq>arate to a lower phBse having a height -"a", and to an 

upper phase havmg. a height "b;', the. differential of the detected property per scaqned _- · 
. . . . . . . . . . . 

distance dp/ds ( 11p II being the property, such ElS color .for example, and HSll. being the 

10 scanning distance as shown by the arrows_,A.) will give a graph as shown in Figure 9·, 

wherein a'/b' = alb;· from whichthe creation or presence and -the degree of seco~d liquid ·. · 

phase formation may be determined. 

If the phases are "dif:f:icult to separate. into distinct. portions, additi()nal· . 

·techniques· to aid such separation: may be utilized. ·- Centrifugmg, ultra-centrifuging, 

15 addition. of flocculation agents, and the like," are examples of such techniqµes. --

_Although-in Figure 8 the firstdetecto~ 1.66isshown to reside ol,ltside the 

20 

. . 

firsi cell, it may very well reside inside the flrSf cell 162. A conductivity detector is an 

example of a detector that should. come in contact ~th the liquid. and preferabiy be 
. . . . . . . . 

inside; and morepreferablyafthe botto1n ofthefirst cell 162 .. 

The first . detector may be a sirigle detector travelu'.ig . up and doWn ihe· 

height of the first cell,° or otherwise _scaJining the fir8t cell, otit may be two or more 

. detectors focated steady at different positions of the first cell. In the case of using two 

detectors, it is preferable to arrange one detectorin the vicinity of the bottom of the first 

cell--and one detectorin the vicinity-of the top ofthe first. celL--lt is obvious that.i~-the 
25. case of ~lative movement of the detector with respect to the: fust cell, th~ first ·cell may 

be the moving element and the detector -the steady element. Instead ·of utilizing a 

. detector, an observer inay visually detect the creation ·or presence and the levels of the 
. . . . . . . . . . . . . . . 

- two liquid phaSes and provide this iriform.8tion to the controller 122 .. 
. . . : .. . . : . . . 

When two liquid phases are formed· and are difficult to_ separate, the first 

30 . dete~tor 166 may also be ·based on meas~ or detectlng ~e mrbidity (~loudfness) of· 
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the mixture, if one liquid phase is dispersed or emulsified in the other liquid phase, 

. since the two phases,.· for all practical. p~oses and substantially. always, . will have 

different indices of refraction.·. A substantially single"."phase iiqujd will be clear, but a 
. . . . . . . . .· . . .. 

second liquid. phase dispersed or ~mulsified in the ·first liquid phase will .produce a 

5 . turbid mixture. Care will have to be taken in this case to filter out any solid matter 

beforedetermination of the fin.bidity. Light scattenng may also be u~ for detection of 

a finely emulsified ·second liquid phase in a first phase. 

·Another· example of an upper water ·1evel monitor 155,. based on 

. conductivity detection, is sho~· in Figures 8A an.d 8B, artd comprises a cell 163 similar ·. 

10 to cell 162 of monitor· 154 (Figure 8). Jn the vicinity of the bottom of eell .163, there are 

located conductivity leads, which. measure conductivltjr, by well known to the art .· . . . . . . . . 

techniques~ The cell 163 is also Co~ected to a line 155' from' which it may accept a 
. . 

sample from the reaction zone 114. It is further connected.to line 155" through which 

. water Diay be introdueed; . Of course, : if appropriate, · line 155" . may be used for· 

15 . .introduction of other· liquids, such as for example hydrocarbon, catalyst,. soivent, a 
mixture thereof, and the like. Lille 159, oonnected to celll63, is used as an eXitline for 

the c~ntents of cell 162, when they~ not needed any _further~. . . . 

Figure· 8A shows one pha8e in the cell· 163~ while Figtire ·sa shoWs a . . . . . . . -~· . . . 

· second iiquid phase forination, which· niay be detected very easily .by the conductivity .. 
. . . . '• . 

: , I , , , .· •. 

20 probe 167,.since the newly .formed phase will have a highly different conductivity as. 
. . 

compared to the one liquid phase system. Since the hydrocarbon, such a8 cyclohexane . 

· for example, with a small amount of dissol~~ solvent,· is lighter-than water with a large 

amount of dissolved solv~nt,. 8uch as· acetic acid for eX3mp1e, the · seci>nd liquid· phase, 
.· . . . . . 

which ~ll be the polar phase, wilLieside at the b~ttom of the cell 163, and itwill give a 

. -25 highly increased conductivity; Thus, it will be detected very easily. More conductivity.· 

. . pr~b~s may b~ placed at different positions of ·the cell to detect the ratio of the two · . . . . 

phases if so desired .. In a case where the second liqwd phase is expected to take place in 

·the vicinity of.the top· of the cell l63., the .. conductivity. probe may be placed in an 

accordingly appropr1ate position. 
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. . .. 

A low water level monitor 156, to detect catalyst precipitation, is better . . . . . . . . 

illustrated in Fi~s IO and 1 L Monitor 156 comprises an at least semitransparent, and . 
. . . . · .. 

preferal?ly transparent, second cell 164; which is provided with heating means, such as a · 

. heating coil 160 for example, and a second detector .168, which is ·caJ>able. of measuring 

5 light (preferably visible iii this particular case) absorption, or turbidity~ and the like, . . . 

through a medium. The second cell-164 is also proVided with a thermocouple 170 for 

monitoring the temperature of the contents o_f the second cell 164. 

Tiie second cell 164 Js connected to line J 56' from Which it is proyided ·. 

with liquid mixture from the.reaction zone 114ofthe reaction chamber 112. An exit · 
. . . . . . 

10. lllie 172 is used to remove the.liquids from the secqnd cell 164 after a determination has" 
been 'made, and a new detei'mination'is due. The monitor.156 is preferably provided 

with a mixing mechanism {not ·shown for PurPOses of ~larity), whlch may be based on 

. stirring, shaking, mixing, and ariy other techniques. well known to tlie art . . . ·. . . . . . 

The ·se~nd cell 164 is preferably slich ·as to accept elevated pressures 

1 S and temperatures. as the case is for the first cell 162. 

The analytical apparatus ,152, shown i~ Figure 7, may _comprise tine or 

· · more devices .or one or more sets of devic~s for analyzing not oDly the comp~sition of · 

· the reaction zone. 114; but also the composition of miscellaneous ~ains~ 
. . -
· A liquid transfer line 17 4_ is connected to the reaction. chamber 112 for 

20 remoVing flowa,hle matter froin the reactiQn· ione 114 for removal of oxidation product, 

such ,.as ~pie. acid .for example, :further treatment- for.· removal of undesirable by­

. products;· recyCling of other matter, etc. 

In operation of this. embodiment, hydrocarbon,_ such as cyclohex.ane for 

example, .·solvent,. such as acetic acid for .example, .·catalyst,· such· as cobalt .acetate 

25 tetrahydrate for example,- and inltiator such as cyclohexanone or acetaldehyde for . 

example, are initially charged in the reaction zone 114 of the reaction chamber 112 

through line 116. ·.As mentioned earlier, line 116 may be a single line ora multiple line .. 

. for introducing niw materials as a tOtalitY or as indiVidual streams, or as combination of 

streams~ · /\ smatl amount of water (for example· 0.2. to i~ by weight ba8ed on total · 

·30' c~ge~ depending on individual ~ircumstances) may also be added to the rea.Ction zone 
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. . ·. . . . 

· ·114. The ·raw materials may be :introdueed at .reaction temperature, which reactim1 

temperatllre ·in the case of preparation of adipic acid from cycloh~xane is preferably in . .. 
. . 

the range· of 60 to 160 °C, more preferably in the range of 80 tci 120 °C, and even more 

prefei~bly in the i'ange of 90 .t~ 1 lQ °C. Alternatively, tlle raw materials may be. 

5 introduced at ·a different temperature than the reaction temperature, preferably· l~wer 
temperature, and then be br~ught to the reaction temperature by means of heating or 

cooling e.lements, aecordingly, inside or o_utside the reaction chamber 112. In the case 

. ~fa stirred-tank reactor, the reac~on. chamber .. is filled to a predetermined degree, 

. preferably larger than halfthe _capacity of the reaction chamber .. 112. In: the case of an .• · 

. 10. atOmization reactor, preferably, . a. sin~l charge at the bottom of th~ reaction chamber 

112 is introduced, which is recircu}ateci from upp~ levels of the reaction c~ber H 2 

toward the bottom of the reaction cJ:ianiber 112, in the form of a spray, as discussed in 
. . . . 

our aforementioned patents and applications dealing with atonlization reactors. For 

. purposes of simplicity, the foliowing discussion "Will· be p~ominantly. directed to 

. 15 . stirred-tank reactors. . . 

The temperature· is monitored by the temperature monitor 126, : and the 

pressure by the pressure monitor 128. Temperature monitors, such as thermocouples 

for example,. and pre_ssure monitoci, ·such as strain. gauges, or eoil gauges for example~ . 

are :devi~s w~ll knowri to the art. Information receiyed froll1 the temperature. monitor . 

20. 126 and the pressure moliitor 128· is fed to the controller.122 through inputs 120. The ... 

monitor 122 adjusts in turn the temperature and the pressure in the reaction zone 114 in_ 
. . 

the reaction chamber 112 to stay within desired limits, by well known to the . art .. · . 

. techniques. 

. The pressure in. the reaction zone 114 is preferably adjusted to be such 
. . . 

· 25 that a large part of the hydrocarbon and of the solvent remain a8 liquids at the operation· 

. temperature.· In the case ofthe·directoxidation of cyclohexaile to adipic acid, pressures . . . . . -

. between 10 and 500 p~sJ.g. are preferable, although they may range from a few p.s.i.g. 

to· thousat1ds of p.s.i.g. under certain circumstances. 

· During charging. the raw materials, or after the desired· cruirge. has been 

30 completed, a gaseous oxidant starts being introduced through the oxidant feeding line 
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ll8. The gaseous oxidarit .is preferably either oxygen, or a mixture of oxygen with a 

substantially inert gas, such· as nitrogen, carbon dioxide~ noble gas,. and· the like. The 
. . .· . . . .. . . . 

partial pressure of oxygen is. preferably 10 to:. 500 p.s.i.g., although it may vary .broadly 

. outside this .range, depending .. on the individual circumstances.. The flow rate of the. 
. . 

5 gaseous oxidant through line 118· is preferably adeqriately high in a inanner to avoid· 

oxidant starvation in the reaction zone 114. · 

As the . grui~ous oxidmit is·. introduced, . the hydrocarbon starts being . 

· oxidized, liberatfug heat. The liberated_ heat may be removed by one or mc:>re cob ling ··... · .. 

means, such as' cooling coiis inside the reactor for exartiple. ariwever, it is highly 

· 10 preferable to remove the heat of reaction by evaporating condensible matter fr9m the · 

. . liquids. in the reaction zone · 1j4.. . Thus, hydrocarbon, cyclohexan~ . for example,. along 

with ·solvent, ~etic . acid for example, and Water with : minor .·amounts of. other . 
. . 

condensibles, fonned during the oxidation proces$, are evaporated and condensed in the 

oondenser 130; The ·~ondensed matter is then refluxed directly into .the reaction zone . 
. . '· 

15 ~14, ·Or more preferabiy is introduced to a .decanter 132 .. In tl_te decant~r ·132, the.· 

·.hydrocarbon with some solvent (and a minor amount~fwater) is separated· in an.upper 

.··.·liquid ·phase. 134, and the water With a· considerable ~o\lnt .of .solvent, as 

aforementioned, ~d a minimal ainount of hydrocarbon, is separat~d in a lower. liquid 

phase 136. No~ eonderisible. gases(non-condensible in the condens°er. 130), such as · 
. . . . . . . 

20 some oxygen, nitrogen, carbon dioxide, ~d the like, carrying along some hydrocarbon, 

··some ·solvent, ~me \\rater, etc., leaves the system fot further ttea~eni ~d/or disposal. 

Nevertheless, at least partial gas recycling of non-condenslble gases, sub-smface to. the 

liquid mixture in the reaction chamber i 12, may aiso .take place, if so desired. ·. 

Ill the place of c1:>ndenser 130 and_ decanter 132, .a distillation column 

25 may b~ u8ed, directly conneCted io the reaction chamber 112. With. the distillation·. 

column, the individual components of the condensible matter may be. separated very 

efficiently. 

. The upper phase is. ·preferably recycled ·to·· the rea.Ction z<>ne 114, 

preferably in its totality via lines 140 and 142. · However, ~l or part of the upper phase 

· 30 134 may be removed through line 144' for further treatment.·· The flow rat~s through. 
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these lineS is controlied by the first vaive 143, which in turn is controlled by the . . . . . . . . . . ,· 

controller 122, through outputs 124: 

The lower phase 136, containing Water with solvent,. may be pa,:tially or 

totally.recycled to ·the ·reaction chamb~ 112 through Imes 146 and.148. It may also be · 

5 . removed t~tally or partially' through line 1 so for further treatnientand/or disposal and or 

recyCiing to some stage of the system; The second valve ~49, which ~ontrols the flow 

· throughlµies.146, 148, and 150 is in turD. controlled by controller 122 through· inputs 

124. 

After. the· oxidation has reached· a. desired ·point . of oonversion of the · · 

10 hydrocarbon, as determined by the ~a.lyt~cal app_aratus .152, which samples the reaction. 

zone 114 through line 152, a stream offlowable matter Starts leaving the re~tion ·zone · 

114 of the reaction chamber 112tbr~ugh the flowable matter transfer line '174.· The . . . . 

flow.rate of the flowable matter leaving the·reacti~n chamberll2 through. line 174 is 

controlled by the controller 122 through outputs 124. A flow of replehlshing matter 

. · 15 enters the reaction zone 114 of :the reaction chaliiber 112 through· the liquids feeding 

lme 116 to ·replenish ·materials oonsw.ned during the_ oxidation~ : The average flow rates 

of liquid matter, entering and exiting tlie rea.Ctor devfoe 110, should be equal to each 

other volume-wise, so that the average volwne of matter in the reaction chamber 112 

nm.ains substantially constant. The flo~ble matter leaving the reaction ch~ber 112 . 
: . . ·. 

20 through line 174 is transferred to other stages of the reactor device·· 110 (not sho\vn for 

. purposes of clanty) for separation .of the product of oxidation, such as .adipic aCid for. 

· example, recyclable matter, by-products, etc .. 

· Equilibrium ~d a.· steady ·state are. achieved ·as the oxidation ptoc~ . . . . . . . . . . . . . . 

. and is controlled·. by controller l 22. Keeping the .. ·. rest of . oonditions substantially . . . . - . 

. · 25 · constant, the degree of conversion m~y be increased . or ·decreased by deereasirig or 

·increasing respectively the flow rates through lin_es 116 anct 174. 

·· According to the Prese~t invention a steady State 118$ to be maintained fu 
. the presence of a substantially single-phase liquid; m additio~ . to other requirements; . . . . . 

Orie wayto achieve a sub~tially single liquid phase i~ to pIUgram the controller in a . 

. 30. manner that it takes the information from .the analytical ~pparatus, compares· it with a 
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' . . . . 

phase diagram, as explained below, arid · causes·. changes which · Will ensure a 

·substantially single-pli~e liquid in the contents of th~· reaction chamber 112. 

The variables which are important fQr maintenanee of a substantially 
. . 

single liqwd . phase may be selected, among others, from . ~ . group consisting of 

5 temperature in the. reaction zone, pressure iri the· reaction zone, rate of gaseous oxidant 

·· flow, water feed rate,. catalyst feed. rate, hydi'oearbon .feed ~te, solvent feed rate, and a· 
. . . ·. ~ 

· combination thereof. Under steady statC? ·.conditions, and . substantially .. oonstant 
. . . . 

temperature in the reaction zone, pressrire in the reaction Zone, rate of gaseous oxidarit . 

flow, catalyst feed rate, hydro~arbon feed rate, and solvent feed rate, the water feed rate 

10 . may be used and adjusted· in a manner to ensure a substantially :single-phase liqwd. . . . . . 

Under: the above stated conditions,. there is a maximum feed rate of water, over which a .. 

second liqwd phase is produced. Thus, the water feed rate has to "be' lower thari this 

· maximum in order to ensure the presence of just one substaiitially single-phase liqwd. 

. Althou8h pha8e diagrams may be multi-dimensional,. terilary diagrams, 

15 which correlate three componentS, may .be also used, if all. othei: parame~ remain 

constant~ -Also .for different sets of specific parameters, respective ternary phase 

diagrams may be used according to the present invention. Exam~les ·of s.uch parameters 

. may be temperature, catalyst leve~, etc. 
. . . 

Exaniples of s\lch tertiary phase diagrams, shown· in Figlires 5 ·and 6 have 

20 been discussed earlier. . . 

In general~ according to· this invention, . when. s11ch computer flow-sheet 

: systems and/or diagrams and/or catalyst precipitation data, are used by the cpntroller to 

()perate the system and ensure that. the reaction. is conducted. in one phase, . analysis of 
. .. . . . 

the Composition of the reaction chamber may.be performed, as described above, and the 

25 flow rates of the differ~nt feeds (mcluding recycled matter· and/or operating pressure) 

may be changed aceordingly to produce mixtures containing· a substantially single-phase . . . . . . . . 

· Iiqwd. · A similar procedure may be followed from.· diagrams prQduced at different 
. . . . 

iempe"'-tures, so tl.iat temperature ~anipu1ations may produce the desired results; Thus, 

for example, miscellaneous "parameters may be .. changed" to achieve the one phase 

30 . desked Condition, mcluding but n~t limited to temperature in the reaction Zone, pressure 
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'in the reaction zone, rate of ~eous oxidant flow, \\Tater feed rate, catalyst feed rate~ 
hydrocarbon feed rate, ~olventfeed rate, and ~ combination thereof. However, ifall th~ .. . . .· 

parameters are kept constant, then the wateJ;" feed rate. becomes the· critical parameter for 

ensuririg olie substantially single liquid phase. The water is preferably initially provided 
.5 ·from the decanter 132, and secondarily by addition of non-recycled \vater~ through line 

116 for example. 
. . . ·. .· . . . . . . . 

In order to determine the maximum amount of. water . allowed "in .the . . . . . 

reaction zone-ll4, or the maximum flowra~ ofwater-enteririg:the reaction z.o~e. 114, a 
different technique than the on~· described ab_~ve may also be used. According to this 

10 technique, the upper water le~el momtor is utilized. As aforementioned, a sampie of the 
oontents of the reaction zone 114 of the. ~ti on chamber· 112 is· transferred to the first 

cell 162 (Figure 8) through line 154' .. Preferably the sample fills_ the·major part of the 

first cell, so that "the~ is only a ~mall. free space abo~e the liquid. This is. importallt . . . . . . 

because only limited amounts of vapors may occupy the small space,thus preventing 
.15 . alteration of the composition of the underl~g sample. The temperature ofthe sample 

in. the first cell 162 is preferably maintained .the same as the t¢mperature. wj.thln the 

reaction zone 114. Since. the equilibrl~ steady- state in: the reaction z0ne 114 has been · · · 
selected -such as· to contain only a ~ubstanrlally single liquid. phase (regardless of the· . . . ·:' . . . ... 

. existence or.not of solid or gaseous· phases), the _sample in. the first cell 162. also .. . . . . . 

20 . . contains. a substantially single~phase liquid. However, .if. for any reason at . all, two 

phases are observed in the samp~e of the fi~t reaction zon~· 114 contained in the first 

cell 162, the flow rate of water to the reaction zone U4 is stepwise decrea8ed witii a . · . . .. 

sample taken from the reaction zone indicates existence of only·~ substantially .single . . . ·. . . . . . . . 

·liquid phase. As aforementioned," the source of water is preferably the decanter. 132, 
. 25. and only if the decanter 132 cannot provide adequate amounts of water to the re8.ction · . ·. . . . . 

zone 114; a different or additional supply of water may be used. 

Nominally,. in an example concerning the case ofaPlant which makes 
. . . . . 

about 200 million poundS of adipic acid per Year, with a ·cyclohexane_ feed of about 
40%, a ~talyst: (cobalt(II) ~te· tetrahydrate) feed of about0.5 to .1%, and a 

30 . ·cyclohexane conversion to dibasic. acids ( ad_ipic, glutaric, and succinic) of about 30%, a 
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· water feed of about .1% (~ addition to the crystalline water of the cobalt(II) acetate· . 

. tetrahydrate), a reactio~ zone presstire of 40 p;s.i.a~~ a 4/1 recycled gas to purged gas 

ratio, .the water (in excess to the crystailine water of the. cobalt(ll) acetate tetrahydrate} · 
. . . . . ~ . . . 

in the rea:cti~n zone 114 may v~ roughly from .about 0.5% at 0% recycle of the lower 

5 phase in the decanter.132 to about 4% by ~eight at fuUrecycle ofth~ lower phase in the 

decanter 13~. Water· content in the ·reaction zone · 114 rises moderately with. increasing 

recycle of the. lower phase until about 70-80% recycle~ at which point water content in 

the reaction zone . 14 starts to s~ly rise with further increases in lower phase . . 
.. . . : . . . . ··. .. . .. . 

condensate· recycle. Although the water· iii the feed is 1 %, . a high enough amount of 

10 · water·evaporates azeotropically with cyclo~exane tQ bnng the \Vaterlevel in the reaction· 

zone 114 to a level of about 0.5%, when no recycled water is used. If no water at all 

(recycled or not).is fed to the reaction chamber ·112, the l~vel of water (in addition to the . 

. . crYstalline water of the cob~t(ll) acetate tetrahydlate). m the reaction zone 114 . is .. 

15 

dropped to about 0.2 to 0.3%. by weight. .. . 

The fitst .detector 166, ~oving up and down in.the direction of 8n1>ws A·. 
. . . 

may detect a second liquid phase as described earli~, and as shown in _Figure 9. 

Initially, s~ce: a· substantially. single liquid phase· only exists; no. peak, such as peak.176 

is present in the graph of Figure _9 •. At this point~ a small amount .Qf ~ter is added to 

the contents of the first cell ·162 through_ line 154". The added water may be comilig · 
. . . . 

20 · either from the lower phase 136 of th~ decmi~ 132, ·containing. considerable amounts . · 
. . 

of solvent, or .as sub~tantially Pure water. The contents of the first cell 162 ~e 
preferably mamtained ·at substantially. the . same· temperature as the operation 

temperature in the reaetion zone i_ 14. 

In sequence, the contents of the first. cell 162 are thoroughly mixed With 
. . . . . . . . 

25 the added water, preferably by vigoroll$·mixing or shaking the firstceil 162. After each 

increment of water has been added and mixed, the first cell ·162 is alloWed to stand still . 
.. . 

· for a short period of time, prefera~ly Y2 tO lminute. _The first detector 166 scans then · 

the first cell 162, as described above, t<»determine whether a· secoµd iiquid phase has 

been forined. If ·the first detector 166 doeS not detect the formation of a second liquid 

30 p~e, a new small portion of water (preferably having th~ lower phase 136 of the 
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decanter 132 as S()urce) is added.to:the cell 162 through line l54". The contents ()fthe 

first •. cell .162 are -again thoroughly mixed wi~ the added water'. preferably by vigorous . 

. mixing. or shaking, the. first cell l 62. ]be. first detector 166 . scans. agmn the. first cell 

·. 162,_ a8 described above, to deten$e whether a second liquid phase has been fonried. 

5 This procedure i~: rep.eated ~til a second liquid phase is detected by_ th~ presence ~fa 
peak,. such as peak 176 in the graph of Figure 9. At this point, the total amount of water 

. ·. (calculated as -the % water by weight) present in the ~omposition of the first cell 162, at . . . . .. 

the ope~tion. temperature, represents. the maximum water level. In the cell,. anci in the 

re~on zone 114 ·for all practical purposes,. at which and over which the substantially 

· 10 single liquid phase is transformed to two liquid Phases~ It is· obvious that the smaller the 

amounts of ~ter .·per addition, qie ~ore accurately the ·niaximum level may . be 

determined. · Additions· of water, which. in~ease the level of water in. the fil'st c~n · -~Y · 
0.2% by weight per addition are preferable in many' occasiOns. However, this 

incremental increase per addition.nta.Y be decided ba8ed on the.particular circumstances. 

15 If for example there is a relatively large gap between the maximtJm level of water, over 

whlch maximum level the substantially single liquid phaSe is transformed to two liquid 

phases, and the· minimum level under which minimum)evel catitlySt: precipitates, then 

the additions may b.e rather large as compared to additions when said gap is relatively . 
. . . : . 

small.. if the ~ded water necessary for: formation of a secon~ liquid phm;e is less. th8.n . 
. . . . . . 

20 . 10% by weight of the total water contained in the cell, then the maxim\Jm level of water 

is. being approached and water· is •preferably removed. P~eferably, the added water . 

.. necessary for formation of a second liquid' phase should be controlled to be more than 
20% by weight of the total water c~ntained in the cell. Tins is true,· not only witlr regard . . ' . . . . . . . . . 

to the above. referenced cell; b~t 8iso to . any type of technique used to· determine the 
"25 maximum water level necessary .above which formation. a .second .liquid pluise occms... . . 

. Such teehniques include, but are not limited to, computer calculations using phase 

diagrams, .flow sheets, flow sheet simulations, energy balances,· etc., well ktiown to the 

art. Reg8rding the term. "approach~·, similar principles apply to. other ingredients, such· 

·as hy~carbon and/or . catalyst, for example, ~garding percentages of additional 
. . 

30 . iiJ.gredient ·required. for a second liquid phase to be formed .or cataly8t to precipitate; 



5 

W097/49485 PCT/US'7/10830 

56 .· 

Thus; the level of bydro~bon and/or catal)'$t {at which a Sec()nd liquid phase is formed. 

·or catalyst precipitates) is b~ing appi-oached if an additional 10% of hydrocarbon and/or 
. . . . . 

catalyst _is required, at .or over which, a second liqwd phase is formed or catalyst 

precipitates. · 

· Ill order to determine the · minimtim -level of water level· in the reaction­

. zone 114, under which minimum level catalyst precipitates, a number of techniques may 
. . . . . . . · .. · .· . . . 

be used, such as for example taking a . sampfo frmn the reaction Zone, and removing 

water by azeotropic distillation alo~g . with solvent arid hydro~arbon, recycling:· the.· 

solvent and hydrocarbon ·baek to the sample ·at th~ . operational temperature·. of the . 

10 .• reaction zone, continuing this· process to the point of catalyst precipitation, and 

·analyzing the composition of the sample. Although this proeess is capable -of 

determining.the minimum level of water, under which ~um le~elofwater.catalyst 
. . 

. . . . . . . . . . 

· preeipitates, it is somewhat cumbersome and complicated. . 

·According to this· invention, a substantially bette(and faster process is 

15 one which utilizes the monitqr 1 S6, better shown in Figures 10 and 11. 

20 

A . sample of flowable. matter. taken· .from· the . reaction.· zon_e ·114 ·is 

introduced into the second cell 164 of monitor·156 through line 156'~ iJ;l an amount to 

occupy most of the volume .of ~e second. cell 164 for the same reasons given earlier . 

regarding the ·first cell i 62. 

Ai. the operation temperatrire ·in the reaetion :Zone 114, an adequate 

amount of water is present $0 that no precipitation of catalyst occurs, and therefore,. the. 
. . 

sample received in the second cell 164 is clear (Figure 10). ·. This fact -is detected by the 

second detector 16S. if for any ·reason at all, cauilyst has precipitated in the r~aetion 

zone 114~ it is desirable to filter out .the catalystprecipitate and/or increase the feed rate. 

25 of the ~ater. (provided that second liqµid phase. formation does not occur with such 
. . . 

increase in the feed of the water), preferably from the lower phase 136 of the d_ecanter 

· i 32 to avoid further precipitation. 

A~ aforementioned, · it bas been found that there is·. an ll.ne:;cpected . ·.· 

. _precipitation .of catalyst at elevated .temperatures at low water leyels and relatively high 
. . . . 

30 . levels of hydrocarbon and catalyst in a single liquid phase region .. It has. aiso been 
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. found that-there is a correlation between the temperatufe._at and over which the catalyst. 
. . . 

undergoes precipitation; and the water level at and wider which: the· catalyst undergoes · 
. . 

. . 

precipitation.· Thus, observation of temperature at which the cat8.Iyst ·precipitates may 
. . . . . . . .· 

be used as a guide to judge whether.or not the water level has:to be adjusted in order to 

5 avoid catalyst precipitation. 

The temperature in the second cell 164 is imtially ma.lntained the same· as 

. in the reaction zone 114. Then, it .is gradually raised, preferabiy at a rate of about 1 ° c 

per. minute. .· ·. If precipitation ·of catalyst occurs within· a predetermined rise in 

temperature (the predetermined. rise depending on the· nature .of the reaction zone, 

. 10 awroximate composition at vvhich the reaction is _being conducted, the degree of control 
. . . 

~n the water level, and other pai:ameters. which can . easily _be determined in . each 

partlcuiar case), the minimum water level under which catalyst precipitates" has been 

approached clo~ely, and the . water feed has. to be increased . to avoid catalyst 

preCipitation in. case even minor spontaneous decrea8e in the water leveI ·or increase in 
. 

. 

.15 · .temperature occurs in· the reaction zone, The amount of increa8e is·detennined by also 
. . 

considering the maximum level° bf water In the re~ction_ :lone, determined by the upper 

water level monitor .154. Preferably the feed of water should be ir).creased in a ma.Iiiler 

.· that the water level in the reaction zone 114 reaches and is maintained close to a middle 
. . . 

·level -b~een the Ill8Ximum and. minimum ·water. _levels. However, under certain. 

20· circumstances, it may be desirable that the water.level is closer to.the maximum level, 

or under other circumstances it may be preferable that tJ:ie water level is maintained . 

closer to the minimum level. In the case that the rise in temperature. is higher tfuui 20° 
. . . . . 

C for catal~t~cipitation, no. correction in water :level is usually required. For .iri-

between temperature· rises, careful watch is requireq~ and the water level may be raised 

. 25 somewhat, if this raising of the watei- level· does not come close··to the maximum Wa.ter · 
. . ·. . : ... 

.-level over which a second liquid phase is formed. The catalyst precipitation renders the · 

contents of the second cell 164 ·at least turbid, If not substantially non-transparent, 

which is detect~d by the second .detector 168 (Figure 11). In case of turbidity or light 
. . .. . 

. absorbency_ measurements, the. catalyst precipitation. may be differentiated. from second 

.· 30 liquid pbaSe formation (~d ~bable emulsification of one liqwd phase Withln"the other. 
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liquid phase) by the fact ~t the .cataiyst riiay precipitate. upon raising the temperature, 

. while.a second liquid phase niay be .formed upon lo~e~g the temperature ... Thus, in the 

former c~e, clear contents of the cell may become· turbid or light-absorbent upon 

.raising the temperature; while. in the: latter cas'e, clel:U' contents. of the. ceu · niay become 
. . 

5 turbid or absorbent upon lowering the temperature. · 
. . 

A method by which · the· aforementioned predetermined rise in 

·. ·temperature may . be . determined is exemplified· and ·illustrated in· Figure i 2,: which . 

· represents a c~ th~ X axis of ~hich is water level at or under which catitlyst · 
. . . . ·. 

·. precipitated, · and . the Y axis is temperature at which the catalyst precipitated~ in . . . . ·. . 

10. experiments described below and Perromiedin a cell similar to the.second cell. i()4. ·In 

this particular case; the amount of catalyst ( cobalt(ll) acetate tetrahydrate) present was . 

4%, the water aS indicated on .. the x axis, and the· soivent. (glacial acetic acid) plus . 

· hydrocarbon (cycl~hexane) constituted -the rest of the composition. The. crystalline 

water of cobalt(ll)· aeetate tetrahydrate; was notincluded ill: the amount of water . . . .. 

15 indicated by the X .axis: The crysullline water is accounted for .as part of the cobalt(II) . 

acetate tetrmydrate. All percentages are by weight. and are based on .the total of 

hydrocarbon ~lus solvent plus catalYst · plus water. Line. A corresponds to a ratio . (by 

weight).of acetic acid to cyclohexane of60:40, while.line B"·corres~n~s to a ratio (by 

. weight) of acetic acid to cyclohexane of 5o:so. Although in this exmnple only 4 . 

20 components were present-and- were considered, products, by-products of oxidation, as .. -. 

well as other additional components: may be present, without changmg the method; .. for 

· ·all. practical purposes. 

If now~ for the purposes of an exampfo,. "1e assume that the concentration 

-of Water in the reaction zone 114. is 1 % (excluding the. crystalline water of the ·cobalt(II) 

25 acetate tetrahydrate) in a given situation, and the possible control of water level, or 

maximum deviation, is ± 0.15%, the variation in· water level may be at most from 

0.85% to l .15%. This. variation of water level, corresponds to about ·4° :c variation in . 
the case· of line.A (acetic acid to cyclohexane weight ratio of 60:40) or to about 6.5°. C. 

. . . 
variation ·in the· case of line B (aeetic acid to cyclohexane weight ratio of 50:50). 

30 The~efore, if the operator (or the controller) obtains inforniatiori from cell 164 of 
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monitor 156 ·(Figures · l 0 and 11} that it takes more than about 4° ·c over the first 

temperature (tempe~ture in the reaction zone 114 and of the contents of cell 164) to 

. cause. precipitation of catalySt. in cell 164, in the case that the sol~ent to hydrocarbon . 
. . . 

. . . . . 

ratio is about60:40, then·no addition of water in the reactic>n zone is necessary to ensme 

5 · that the ·catalyst will femain in solution .. Similarly, in the -case of line B, where the 

solvent t~ hydrocarbon rati~ is about 50:50,: if the operator (or the .controller). obtains . 

information from. cell' 164 of monitor 156. that it tak~s more than about 6.5° c over ihe . . ,· . . . . . 

first' temperatUre to cause precipitation of catalyst in cell 164, theri no addition of wa,ter 

in. the reaction zone is necessary to ensure that the catalyst. will. remain in solution. If 

10 the temperature rises are smaller than the temperature. variations mentioned above for 
.. . . . . . 

catalyst to. be precipitated~ then th~ -minimum level of water,. under which catalyst is 

precipitated,is being approached and.the water content in the reaction: zone has to be 

increased. 

Thus, the eonttoller · 122 receives· respective infonnation from the. first 

. 15 · , monitor 154 and the ·second monitor 156~· ·and after processing it· according to · a ·. 

20' 

. . .· .. 

predeterinined program, it causes appropriate adjustments to th~ water feed (recycle or 

fresh feed) so that the w~ter level in the reaction zone 114 is cc>ntrolled to be within a 

range between the .desired .· max:imum .. and minimum 'limits, as already ' disctissed. 

· Prog:rmiumng of controllers is very welfknown to the _art. 

It is possible- that in some occasions, espeeiatly in the case of excessive 

amounts of . hydrocarbon, such : as 'cyclohexane for example, and catalyst, such as 

cobalt(II) acetate tetrahydrate for example~ fue "maximum" level -Of water over which a .· . 

. ·s~ond liquid phase is formed ~t operatio_n temperature,_ is actUally lower ·tbat .the . 

"minimum" water level under which· catalyst precipitates -at operating temperature.· In 
. . . 

· 25 · such occasions, the operation of the reaction zone· may only be conducted at a· water· 

.·level . lower than the maximum level of water over ~hich a s~cond liquid phaSe is· 

formed in the presence of precipitated· catalyst. Otherwise, if it is desirable, either. the 

hydrocarbon level is· decreased or the .catalyst· level· is ·decreased,. or both,· so ·that the 
. . .. . . 

level of water at which. the precipitation of cat8J.yst OCCUrS decreases and the level at 
' . 

30 which a se.cond liquid p~e is fo~ed increases. 
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.. In any case~ when under a :given set of conditions, the level of water at. 

which or lJelow .which the catitlystprecipitates is higher tlum the level of water at which 

or over which a second liquid phase is form~<J, there is no single liquid phase range 
within which a sing~e liquid ·phase without pre~ipi~ted catalyst exists. .· . . 

5 The instant · invention . applies particuiarly . well to ca8es where the 

· hydrocarbon is cyclohexane; the solvent is · aCetic .acid· and ·the catal:Yst is cobalt(II) . . . . . . 

· acetate tetrahydrate. The. ·Water level at which catalyst precipitation• occurs· decreases as 

. the cyclohexane coD.tent and/or the ca.taiyst content decrease~ The ~ter level atwhi:ch a · ·. . . 

second liqUid phase formatiort occ\Jrs increases as the. cyciohexane content and/or the 

· 10 . catalyst. content decrease. Thus, with decrease iri cyclohexane content and the catalyst 

content, the gap between the maximm:n level of water, over which maximum level the . 
substantially siiigle ·liquid phase is transforriled to two liquid phases, and the minimum 

· level under which millimum level catalist ·precipitates, is broadened ·and the control of 
. . . .. 

the water level adjustments is faeilitated .. aowever, at the sanie time.the reaction rate : . : . . 

15 and reactivity (reaction rate is deflneci ~the molar oxidation ofhydfocarbon per llmt of ·. 

time, and the reactiVity defined as .the reaction. rate per total volume of mixture involved . , . . . . . . . 

in the reaction) decre~e. Thu8, a eomproinise has to be made depending on the 
·.particular circumstances. · 

The ·most vulnerable region, which may greatly benefit from the 

20 . teachings of the' instant invention . corresponds to cases wherein the cyClohexane to 

acetic acid ratio.is in th,e·rimge of about 30170 to about 60/40: This is a very impo~t 

range for the direct oxidation. of cyclohexane to adipic acid in an operation temperature 

range of80° to 120° C . 

. At a· cobalt(ll). acetate tetrahydrate level. of about 4%, the folloWing have . 
25 been vi~ually observed.in a cell siniilar to the fir8t cell 162.and second cell .164~ shown 

in Figures 8 and . SA, ·respectively,. ~ut lacking . the first detector 166 arid the second 

deteCtor 168, respectively. It should be noted that in-_all three cases (A}, (B), and (C), . 

the level of catalyst was 4%by weight' based on the sum of catalyst.plus solvent (acetic . 

. acid) plus·hydroearbon (cyclohexane) plus water (excluding the .crystallipe water of the 
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eobalt(II) acetate tetrahydrate, which crystalline water was ~en as part of the catalyst 

All levels in these cases were also calculated ~e sanie way. -

-(Al - ·at 90° c: 
(1) _·.at a cyclohexane to acetic acid ratio of 60 to .40, ~second liquid 

-5 - phase was formed at about arid over o~ 1 % water level; and c.atalyst precipitated at about - -

and under the. same 'Water l~el; therefore, there is no practical.range within which a 

single liquid phase without precipitated catalyst exists; •· - -

(2) · at a cyCiohexane -to acetic acid ratio · of so· t0: -50, catalyst 

precipitation occurred_ at a w~ter level Qfabout and undet_0.25%,•while a second Hqwd 

10 phase was formed -~t a water _level of about and over 1%; "therefor~ the water .level m. a 

reaction zone would have to be controlled at a higher level than about.0.25% to prevent· 

catalyst precipitation and-a lower level -than about 1 % ·to prevent formation of a second 

-liquid phaSe; -- · . . 
. . . . . . 

(3)" at a cyclohexane -to ·acetic acid ratio of 40 to 60, no catalySt -
- - -

15 -· precipitation occ~ even at a Water level of 0%,. while a ~cond liquid ph,ase was . 

. -formed at a water level of about and over 2%; therefoJ.'.C the· wa:ter ·in a reaction zone-_ 

- wowd have to be controlled at .a l~el low~ than about 2%. t~ prevent formation of a -

·second' liquid phase without ~y problem.ofcata1yst Precipitatlon; 
. - -

(4) . at a cycfohexane to acetic acid ratio of 30 to 7_0, no catalyst 

20 precipitation occurred even at -~- water level of 0%, while a second liquid phase was 

25 

-- formed at a Water leyel of about. and over 3%;' therefore the water fu. a .reaction :Zone ' 

would have to be,controll~ at a level lower than-about 3% to--preventformation ofa 

second liqllid phase without any.problem of catalyst precipitation; 

(B) · -at 100° C: 

(1) -at a cycloheXane ·to acetic acid ratio of 60 t(> 40, a second liquid 

- phase was formed at about and over 0.15.% water level, while catalyst precipitated at 
about and under 0.6% wa~rfrom a two liquid phase system; therefore, there is no range 

within which a single liquid phas~. without precipitated catal)ist exists); 
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(2) . at a cyclohex:ane to acetic .acid ratio of 50 fo 50, catalyst 

. precipitation occurred at a water level of about and under 0.9%, while a secondJiquid 

phase was formed at a water level of.about and over 1.4%; therefore the water level in a 

reaction zone would have. to be controlled at a ·higher level than. about 0.9% to prevent 
. . . . 

5 catalyst Precipitation and aJower level than about 1.4% to prevent formation of a 

second liquid phase; · 

(3) at a· cyClohexane to acetic aeid ratio of 40 to 60, catalyst 

precipitation occurred at a water level of about and under 0.1 %, while a second liqriid .. 

· phase was formed at a water level of about ·and over 2.3%; therefore the water level in a 

10 . reaction zone would have to be controlled ata higher level than about 0.1 % to prevent 

catalyst precipitation and. a lowerJeyel than about 2.3% to prevent formation of a 

s.econd liquid pluise; · 

(4) ·at a cyclohexane ·to. acetic acid ratio of 30 to 70, no catalyst 

precipitation occmred even at a Water level of 0%, while a second liquid phase was 
. . 

15 formed at a water level.of aboutand·over 4.1%; therefore.the waterin a reaction.zone· 

would ha~e to be controlled at a l~el lower than about 4.1 % to prevent formation of a 

·second liquid phase Without any pl'()blem of catalyst precipitation; 

CC) ·.at 110°C: 

(1) at a cyclohexane to .acetic acid ratio of60 to 40, a second liquid 

20 . phase ·was formed at. ·about and over 0.2% water level~ while catalyst precipitated. at 
. . . 

· about and· under 0.8% water from a two liquid phase system; therefore, there. is no range 

within which a single liquid phase withbut precipitated catalyst exists); · 
. . . 

(2) · at a .· cyclohexane to . acetic acid ratfo of 50 to · 50, catalyst. 

precipitation occurred at a·water l~vel ·of about and under .1.4%, while a Second liquid · 

25 phase was formed at a water levelofabout and over 1.9%; therefore the waterlevel in a 

reaction zone would have to he. oontrolled at a higher level than a~ut 1.4% to .. prevent . 

catalyst precipifa.tion and a lowe~ · level than about 1.9% to. prevent. formation of a 

·.·second liq~d phase;. 

/ 
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. . 

(3} at a cyclohexane to acetic acid ra,tio of 40 ·· to 60, catalyst 
·. . 

precipitati0n occurred at a water lev~l of ab~ut and under 0.8%,. while a second liquid 

phase was formed at a \\Tater le\rel of about and over 3 .2%; therefore "the water level in a 
· reaction zone would uve to be controlled at a higher l~vel than about 0.8% to prevent 

.. 
5 catalyst precipitation and a lower level than about 3.2% to prevent formation of a 

. . 

second liqUid pha8e; . 

( 4) . at a cyclohexane to . acetic acid . ratio "of 30 to 70,. catalyst 

precipitation oecurred at.a water level of abcn~t-and under 02o/o, while a second liquid.· 

phase was form~d at a water level of about and ()V~r S.6%; therefore the water level in a . 

· 10 reaction zone would uve to ·be controlled at a higher level than about0.2%· to· PI-event 
. . . 

. ·catalyst precipitation and a lowerJevel than .about 5.6% to prevent formation_ of a 

second liquid phase; 

· (5) at a cydohexmie to acetic acid ratio of 20 to 80, no catalyst 

precipitation occurred even at a . water .level of 0%; "while a secorid liquid phase was 

15 .formed at a water level of aboutand over 8%; therefore the water· iii a reactionzone 

·.· would have to be controlled at a lev~l lower than about "8% to prevent formatfon of 8: 
. . . 

second liquid phase without ·any problen:i. of catalyst precipitation; 

·. It should be understood;· hoW'ever, ·that in either case of the determination 

. of the nlaximum or minimum levels of ·water descri~ed above, ·samples ~y be taken . . . 

· 20 · . manually andior examined visually to detect two liquid phase formation and/o~ catalyst. . . . .. . . . . 

precipitation, and the results of such. determination be fed to the controller 122, or the 

feeds Changed manually. 

Going bac~ to Figure 8, the monitor 154.may be used for other ptirposes 

in. addition to. determining· the. m8ximum level . of water over which a second liquid 

· 25 phase is .formed~ 

. As aforementioned, the monitor 154 may be used for detenriining the 

maxi¢um level of wate(e>ver which a second liquid phase is formed. However, it may 

. also be used to · predict formation of a . second liqwd phase under. many oth~r 
circumstances involving ingredients other than water. 
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. . . .··· . . . 

. ·. Thus, .in a different .embodiment o~ the present inventioll, a sample of 

flowable material from the reaction zone 114 is transferred to the first. cell 162,. and it is 

maintaitl,ed at the same ·temperature· as. the operation temperature of the reaction zone · 
. . . . 

. J 14. ·In sequence, small amounts of hydrocarbon, ~ycloh¢xane for e~ample, are added 

5 incrementally to fue first ·cell· 162, and ·mixed well with its contents. After each 

increment o~ hydrocarbon is· added and inixed, .the· first cell 162 is allowed to stand still 

· ·for a Short period of time, preferably ~ to . l minute, alid the first detector scans the cell 

. · as previously des~ribed to detect ·whether a second liquid phase· has been formed. · · 

· Depending on the amount of added hydrocarbon for a second· liquid phase to be formed, 

10 · the operator, or the program of the . co.ntroller may decide whether to make any 
. adjustments to the . feed of hydrocarbon, or even other feeds, or other conditions,- In . 
order to ensure the maintenance of a substantially single liquid phase in the reaction 

zone 114.· Preferably,· if less than 3% by. weight increase in hydrocarbon. concentration. 

(based on total contentS. of the first· cell 162) causes _formation of~ second liquici. phase, . . 

15. immediate action.ispreferably utlcen t~ prevent possible eminent formation of a second. 
.. . '· . . 

liquid phase in the reaction zone. If, for ex~ple, the. total contents of :the first cell 162 

·•are X grams,. the preferable maximum addition of hydrocarbon cEt,using formation ·of a 

second liquid phase (before actio~· should be taken) would be 3X/(l OO~J) = 3X/97~ · The· 
. . . 

type of action may be, for example, .decrease of hydrocarbon,· such as cyclohexane for · 

20. example, in the reaction zone, decrease of water ievei· in the reaction zone;. dectease of 

catalyst, such .as. cobalt(II) .acetate. tetrahydrate for· exampl~, in the reaction· zone, 
. . . . . . . . . : 

increase o:f solvent, such as acetic acid for example;: in the reaction zone, increase of 

.operation temperature in the reaction zone, etc. 

. hi still a differen~ embodiment ·of the. present. invention, a sample of 

25 flowable material from. the.reaction.zone 114 i~ ~sferred.to the first ceil 162~ and it i~ 
maintained at the same temperature as the operation temperature of the reaction zone ·. 

114. · In sequence, small amounts of catalyst, cobalt(II) acetate tetrahydrate for e:xample, . 

are added incrementally to the first cell ·162, and inixed well· withits. ~ontents. After. 

·each increment of catalyst is add~d. and mix~d~ the ·first cel1. :162 is all~wed to stand still 

30. ·for .a short period of time~ preferably~ to. I minute, andthe first detector scans the cell .. 
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as previously described to detect whether a second. liquid pluise haS been formed. 

Depending ·on the amount of added catalyst for· a second liquid phase to· be formed,. the 

operator, or the program ofthe. controller may decide whether_to make any adjustments . 

to the feed of hydrocarbon, ot even other feeds, or .other conditiomi, in order to ensure 

5 the maintenance of a substantially single liquid phase. Preferably, ifless than 0.5% by 

weight inerease ·in catalyst· (based on total: contents of :the first ·.cell 162) . causes 

formation of a seci>nd liquid phase, immediate acti.on is preferably taken to prevent 

possible eminent formation of a second liqwd p~e ... The type of action mar be, :for 

· example, decrease, of hydrocarbon, such _as cy~lohexane for example, in the reaction . 

1 O ·zone_, decrease of water level in the rea<mon z0ne,. decrease of catal)rst; such as cobalt(II) 

acetate tetrahydrate for example, in the reaction zone, increase of solvent, such as acetic 
. . . . . . . 

acid for example,. in the re~ction zone, _increase of operation temperature "in ~e reaction.· 

zone, etc. 
. . 

Further, in another einbodimeni of the present irivention, a sample of 

15 · ·. flowable material from the reactio11 zcine 114 i.s trari.sferred to tlle first cell 162, and it is 

initially maintained at the same temperature as the operation temperature of the reaction . 

zone i 14. In sequence, the temperature of the contents of the fitst_ cell 162 is dropped 

gradually, preferably at a rate of aboUt 1° C per mmtite. . If fonrtation of a second lfquid · 

phase . occurs within a: predetermined decrease in temperature, preferably 5° c, 
· 20 immediate ~tion is preferably taken to prevent possible ·emment.fonnation of a second. ·. 

liquid phase. The type of action may be, for example, decrease of hydrocarbon, such as 

. cyclohexane for example, in the reaction i()ne, decrease of water le~el iri the reaction 

zone, decrease of catalyst, such as cobalt(II) acetate tetrahydrate for example, ~ the 
. . . . . . . . 

reaction :zOne, increase of solvent, 8uch as acetic acid for example, in the reaction zone, 

25 increase of operation temperature in the reaction_ zone, etc. in the case that the decrease·· 

.·in temperature. is higher than 20° C for.second liquid plulse fomuition, no correction is ·.· 

usually .required. · For ·in-between ·teniperature decreases for s~cond liquid phase 

· · formation,_ careful watch is required ... 
In another embodiment, the effect of addition of more than one of water, 

. . . . . . . ~ . . 

.· 30 hydrocarbo11, catalyst, and. solvent, in desired q-i~antities · t11I'oUgh line 154 ''; may also be 
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determined and the information used, if so desired, to be fed to the controller 122 for 
. processing and further ~on. Mo~e thari one cells ofthe type of cell 162 may be used 
so that ·the effect of additional water; hydro~bon, catalyst, etc., on formation of a 
.second liquid phase may be determined faster; The effect of $Olvent in. one or more · ... 

5 cells may be determined, if the solvent is added before or after the second liquid phase 
formation· in the cell. Similar results may be achieved by changing the temperature· up . 

and/or down . 

. Of course, any ·combination of one· or more of.hydrocarbon, solvent,·· 

catalyst, water, Initiator, other matter, etc. (without coming from .a reaction zone) may 
10. be used in the first cell 162 ()f Figure 8, at a desired temperature, for detection of a . . . . 

· second liquid pliase presence. Further, formation of a second liquid phase, at a desired 
"temperature, by .addition of any combination of one or .more .of hydrocarbon, solvent, . 

catalyst, water, initiator, other matter, futo the first cell 162, conWn.illg a pre-existing 
. single liquid phase mixture of components (for example. hydrocarbon, solvent catalyst, 

15 water, initiator, other matter, etc'.), may.be observed and/or studied. In addition, any. 
such combination may be examined for the temperature at which a secc>nd liquid phase 
may be formed~ by varying the temperature. of the fust cell. Similarly, by raising the . . . . . . 

temperature in cell 163 from a lower temperature at which the catalyst is soluble; to a . 

desired higher temperature, ·a catalyst. precipitation temperature may be .determined, ·if · 
20 sucli a temperatln"e exiSts within the range 9f the lower temperature to the desired higher 

temperature. 

As 8.forementioned, ·the ·instant invention also pertains a method of · ~ 

. . 

.maintaining in a re8ction zone, reacti~n zone 114. for example, ~ s~bstantially single-
·. phase liquid mixture comprising .a hy~ocarbon at a first hydrocarbon level, a catalyst at 

25 a first ~atalYst level, a solvent" at a first solvent level, and water at a firSt ~ter level, the· 
method comprising the steps of: 

· (a) contacting the liquid mixture, at least part of which enters the. 
reaction· zone, re.action. zane 114 for· example, through line 116 for example~ with a 

. gaseous o:xida,Dt entering the reaction zone 114 through line 118 . for example, the. 
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. . . 

temperature in the reaction zone 'being a first temperature, adequately high for the 

oxidation· to proceed; . 

{b) taking a sample from the: reaction zone 114 into a cell 162 for 

example; 
. . . 

5 (c) _ ·_ lowering the "temperature of ·the sample fo. a predetermined 

Second temperatUre, ·and if a seco~d liquid phase is formed. (as. detected by the scanning 
. . . .· .. ., . . 

. . . 

detector 166 for· example) at a ·critical temperatme in the range. between· the first and 
. . 

second temperatures,· 

either decrease hi the reaction zon~, reaction zone 114 for example, the 

10· first level-of one component selected from a group consisting of hydrocarbon,_ water, . . . .. . . . . . .. 

catalyst, and a mixture thereof to a de~e that in a new ·sampie, a second iiquid phase . . . . . . . . . . . . . 

does not forin in the range between the first and second temperatures, or · 

htcrease in the reaction zone the first solvent level to a degree that in a 

new sample a second liquid phase does not form iii the range between the first and 

15 · . second temperatures, or 

20 

. . . . . 

increase.in:the reaction zone the first.temperature to a third temperature 

by at least-the difference between the critical temperature and the second temperature, 

or 

a combitiation thereof. · ·. 

In one exalnpte, if the first temperature in the reaction zone is 100° C, 

the second predetermined temperature is 95° C, and the seoond liquid phase foniiation _ 

occ1Jrred at a· critical temperature of 98° C, the.• first temperature should be raised to· be 

higher than 103 ° C (100 + 98 - · 95). 
. . . 

. Raising the first .temperature to the third_ temperature is undesirable in the 

·25 case that catalySt: precipitates inthe range between the first.and the third temperatures .. · 

It should be understood that according to the present invention, any ·. 

liquids or.gases or off-gases may be recycled totally or partially from any section· to any 

other section. 
. . . . . 

· According "tQ the present state of the art,_ after a reaction has taken place 

30. iri the DirC.ct Synthesis of cyclohexane to· adipic acid, a mixfute of two liquid phases ate 
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present at ambient or fower temperatures, along with a solid phase inainiy consistirig of 

adipic acid. ··The two liquid phBses have been· called the "Polar· Phase" and the "Non­

Polar Phase". The. two ph&ses are decanted, andthe adipic acid is further crystallized 
. . . .· 

and separated frOm the "Polar PhBse" ·: . · 

5 . The presenc·e of two liquid· phases mixed with. a solid phaSe and the 

precipitating acid from the "Polar Phase" along with ·the. required filtration of the solid .· . 

phase cause a. very undesirable situation. Decantj.ng ·itself is an undesirable additional · 

step in a process," even if i( is p~rformed in the absence . of a solid phase. . The . . . . . . 

siniultaneOUS presence ~fa solid phase, especiaily if part _Of the solid fs dissolved in one 
. . . 

10 oithe liquid phases, and apt to pr~cipitate upon any lowering of the temperature, or with. 

· · ti.rite, brings about serious ·complications . 

. The inventors of the instant inventi.o~ have discovered that they can 

. avoid the formation of a two;.phase Iiqllid system, and maintain a single. liquid phase 
. . . . .. 

oontaillirig the solid phase, eveli at ambient or lower temperature using the techniques 

.15 and deVices described in detail herefubelow. The absence ofa seeond liquid phase, not 

only eliminates a decanting step, but also simplifies the whole process of sep@rathlg the . . 

solid phase from the single liqwd phase. 

In addition to the. fonnation of adipic acid, the methods of the present 
. . . : . 

invention may also be applied to other: dibasic . aeids from the corresponding cyclic . 

20 aliphatic· hydrocarbons. Examples are formation of gh1tal"ic acid from cyclopentane, .. 
. . . . 

formatl~n of pimelic ~id fro~ cyclOheptane, aI1d the like .. ·.· . 
. .. . . 

Referring now to Figure 13, there is depicted a device or reactor system 

. 210 according to a preferred embodiment of the instant invention. · The device or reactor 

system 210 comprises a firstreaction chamber 212;. 

25 The first reaction chamber 212 · is connected to a first condenser 211, 
. .' .. .· . . . ·. . . 

which in turn js preferably connected. to a first tetaining chamber .213. The first 

retaining chamber 213 .may also play the role.ofa de~ter, for separating, for example,. 

water of reaction and/or. solvent. frOm m8.inly hydrocarbon tlm>u~· lines 215 and 217 ,· 

. respectively, for example~ 
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Any type of condenser may be used with the miscellatioous chambers o~ 

the instant invention, including. but not limited to spray condens~s, shell and. tube heat 

exchangers, etc~. 

· A mun.her ·of c0ntrolled .feeding liiies or feeding means. are connected to 
. - . 

5 .. the. first reaction chamber 212 .. These controlled feeding lines ot" m~ans are a 'rirst 

hyclr0carb6n feeding line 214i, a first gaseous oxidant feeding line 214ii, a first.solvent 

feeding line 214iii, a first catalyst.feeding line 2l4iv, and a first initiator feeding line . 

214v. Feeding the re~pective materials ·throu~ these controlled feeding lines ~r feeding 

. means, is controlled by a contrOiler 216, 1,lavinginputs218 and _outputs 220. Flow rate. 

· 10 information from each feeding line is provided~ the controller 216 by flowmeters (not 

shown for purposes of clarity) c~nnected to inputs 218 by well knoWn to the art 

techniques~ ·Valves or puDlps . or a _combination of both (not shown·. for ptirposes of 

clarity) are co~ected to respective (,utputs 220, through which the controller 2i6 .. 

controls . the feed rates of the. different streams after Pr<?cessing · the flow . rates 

15 information as· wen as additional information, such as temperatiJre, ·pre~sure, analytical 

· · · dRta, etc., accof!iing-to a desired J>rogram. ·The aforementioned feeding lines may merge 

individuallY. or together, .in part. or totally, to pre-reactj.on chambei'(s) (not shown). or · . 

. vessels {not shown),. or heat exchangers. (not shown), all w~ll known to the art, before . 

· they enter the_first reaction-chainber 212~ Such arrangements may be also controlled by_ .. 

· · 20 the controller 216 through output lines 220. 

Connected to the first-reaction .chaniber 212, th~re are also a temperature . 

monitor 222, ·and a pressure monitor 224; both connected (not shown) in turn to input 

lines 218 of the. controller 216. 

The temperature mput obtained by. the controller 216 is useful for 

-25 . miscellaneous heat exchangers_ (not shown), su~h as hea~ alid/or coolers (incfoding ' . . . . . . . . . . . 

-condenser$) for example, either directly_conneCted to the-first reaction chamber 212, or 

tmotigh line 230, or through any arrarigementof the feeding lines 2 l 4i to 2 l 4v, to be 

controlled by the controller 216 through outputs 220 and thus. adjt1St the temperature in 
. .. . . . . 

the tu:st ~tioil chamber ... 'This combination provides an example of a first temperature 

30 rontrol means for eontrolling·th~ temperature inside the firsfreactiori chamber 212. 
. . ' . 
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The presstire input obtairied by the controller 216 ·is useful for 

. miscellaneou~ valves, artd/or pump~, etc. ·(not shown}, t~ be controlled by the ·controller . 

216 through outputs 220 and thus adjust the pressure in the first reaction · chamber 

.. accorcting to a pledetermined manner. .This combination provides an example of a first 
. . 

5 pressme control means for controlling the pressure inside. the first reaction chamber 

.. 

212. 

Preferably, a chemical analytical monitor 226 is also connected to the 

·first reaction chainber 212 for receivitig samples ofthe.contents of said first reaction . 

chainber 212, analyzing theni, and providing the analysis inforination·to the controller 

10 2.16, again-through input lines 218. ·The chemical analyzer 226 preferably comprises 

GC and HPLC instrumentatio~ and more prefelllbly GC/MS, GC/FID, HP~C/UV and . 

HPLC/MS, for obtainiiig fast and accurate chemical ·balances ·io be provided tO the 
. . . 

controller 216 for being used for further. processing, and finally to be used for the . 

control of the mi~cellaneous parameters and. conditions involved in the operation of the 

15 first reaction chamber 212. 

. . Also preferably, a phase anajyzer or momtor 228, as.described.earlier; is 

· eonnected tO the first re8ction chatnber 412 for receiving ~samples of the. c~ntents of said . 

first reaction chalDber ·212, phaSe-analyzing them, and providfug the analysis. 

information to the eontroller· 216, again throu~h input Jines 2 lK The results are then 

20 provided to the controller 216 for being used for further pr0cesshlg, and' finally to be 

used :for the CQntrol ofthe liquid pb.aSe conditions inside the firSt reaction chamber 212; 

An off-gas outlet 230• is further connected to the first retaining.chamber 

or decanter 213 for removing off~g&S~s by well known to the art techniques. 

The first reaction. chamber 212 communicates with a second· chamber 

25 232 through.a first transfer line 234, which first transfer line 2.34 comprises a valve 235. . . . . ·. . . . . 

Preferably, connected to the second vessel 232~ there are a second temperature monitor 

236, a· second pressure monitor 238, a seco11d ·chemical analyzer. 241, ·and a_ second 
. : . . . . 

phase aiial.yzer. 2.43.. In a similar manner· as in the case ·of monitoring the different . 

. parameters of the first reaction ehainber 212, the second te1Dperature monitor 236, the 

30. second pressure monitOr:238, the_ second chemical anal~r 241, and· the second phase · 
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analyzer 243 are connected to inputs 218 to provide information and enable the 

controHer 216 to control respective pmiunet~rs and conditions of the contents of the. 
second 'chamber 232. Thus, they provide·me~s for controlling the second temperature 

arid the second pressure in the second chamber 232, ·while maintaining a single liquid 

5 phase. 

10 

Although for. confuiuous ~tor systems the first re8.ction chamber 212 . : . . . . . . 
. . . . 

. and the second chamber 232 should be individUal units, in the case of batch reactors . . . . . . . . . . . 

they• may be oomb~ed in one and the same uriit,. preferably utilizing only. o~e Set .of 

·· monitors a.p.d analyzers. · 
. . . . . . 

The sCC<>nd chamber ·232 is also connected to a second condenser 240, 

which in turn is· preferably connected iO a second retainiilg chamber 242. The second 

retaining chamber 242 may also play the ~ole of a deeanter, for separating, for. example, . . . . . 

water' of reaction' and/or solvent from' mainly hydrocarbon through lines 244 and 246, 

respectively, for e,{ample. A vacuum ge~erator V2 may piefer~bly be also connected to 

. 15 ·. the second retaining ch8niber242, 

The second chamber 232 is preferably further co~ected to s~parating 
means, such aS a solids separator 248, for exa.lnple, for. separating at least partialiy the . 

dibasic acid. Such solids separators ·may be for example pressure-filtering devices,' 

centrifugal. devices, etc.· The solids may be transferred oUt of the solids .separator 248 

20· .. thrOugh a solids line 250, and the liquids may be transferred out of the solids separator· 

248 through a liquids line 252. 

·A second ·hydrocarbon feeding line 254 is preferably provided with a 

flowmeter which gives flow. information· to input · 18 . of the· controller 216, arid i~ is 

connected to the second chamber 232. It pref~rably originates from a hydrocarbon 

25 · supply ·vessel (not shown) through pumps and/or ~ves (not.· 8hown), which are 

connected to output lines 220 and' are controlled by the controller 21()~ The' . . . ,. 

hydrocarbon, such as cyclohexane for exampl~, may be provided 'to line 254 from line 

·. 246, or any oth~ appropriate line or sourc~. 
' ' 

' 

'in operation' of this embodiment, hydrocarbon, sue~ as cycl~hexane ·for 

30. example epters the first reaction chamber 212 .through .the hydrocarbon feeding line 
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214i. Gaseous oxidant, such as oxygen or a mixture of oxygen with an inert gas for .. 

example enters the reaction chamber 212 through. the gaseous oxidant feeding line 

214ii. Solvent, such as acetic a<:id for examp.e, enters the first reaction chamber 212 · 

through the solvent feedirig line . 2 l 4iii. Catalyst, such as a cobalt. compound for 
. . 

5 example, enters the first reaction chamber 212 through the catalyst feeding line 214iv. . . . . 

Initiator, such as acetaldehyde or cyclohexanone for: example, enters· the first reaction · 

chamber 212 throUgh the.hntiatOr feeding line 214v. As aforementioned, the feeding of 

the above raw materials does not have to take place directly to the reaction chariiber· . . . . . .· ~ .· 

212. Some or aU of the· raw materials may be premixed, ·pre-heated, .pre-cooled, or 

10 otherwise treated before entering the reaction chamber 212, by techniques well ki1oW11 · · · 

to . the art," or as described iii our aforementioned patents and patent application. 

Mixtures .of re-cycled produ~. and/or by'."pioducts ~y. lliso be· iritroduced to the 
. . . . . 

~ 

reaction chamber 212, individually. or oombined . with orie or more of the fresh raw . . . . . . 

materials. If the recyCling process proVides adequate amounts of any of the . raw 

15 materials, then no additional feed is necessary. The first temperature •and the first 

pressure are arranged by the controller to be such that ~ reaction of hydrocarbon, 

. cyclohexane for example, and· oxidant, oxyg~ for example, takes place: in a controlled 

manner. Preferable partial first ~res~ures of oxida.nt are in the range of lO to SOQ psig, . 

. and first temperatures in the range of 60° c . to 160° c. . These j>referable ranges, . 

20 however' depend on the natlire of hydrocarbon and oxidant. hi. the case that the 

hydrocarbon is· cyclohexane and the oxidant is oxygen, .~e preferable range of first 

temperatures is 80° C to 120° C. ·An even more preferable range is 90° C to 1.10° C. 

It is highly .. preferable that the contents of the reaction . chamber 212 . ·. . . . . . .. . . 

comprise· just a single liqUid phase. The .chemical analyzer" 226 and/or the. phase. 
. . . 

25 analyzer 228 give information to the controller· 216, which is utilized t~ ensure the 

single ·liquid phase condition,· if so desired. · Although it is preferable not to have 

suspended solids at this stage, the existence of a solid phase Suspended within the single 

or even double liquid phase is not eX:cluded. 

Preferably; part of the contents ofthe first reaction chamber 212 is being 

30 tranSferi"ed to the second chamber 232 through first transfer .line 234; where it is being 
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. cooled to a second temperature, lower than the first temperature of the first reaction 

chamber ·.212. At th~ second temperahu-e, preferably. precipi~tion of product of 

oxidation, such . as adipic acid for example, occurs. The second temperature is 

pi'efer~bly atlibient (about 20°C) or l~wer, butnot lower thai1 the freezing point of the . . 

s liquid contents of the second chamber 232. The second temperatllre· is monitored by the . . . 

. second temperature monito~ 236, and the. temperature information is provided to the 

controller 216 (or further processing. 

. In some occasions, such mdii. the case of atQmization reaction chaniber8 

for example, it is 8.lso : preferable . that" _anoth~ p3rt . of the contents of. the. reaction. 

10 chamber 212 are recirculated (not s:h.o'Wn) froi:n line 234. back to the. first reaction 

chamber 212, preferably through atomi:Zation nozzles .. . . . . . . .· 

According tO the present invention, it is also necessary that despite the 

fact that the seeond.teinperatUre is loWer, and preferably.considerably lower, than the 

first temperature, no second liqwd phase is allowed· to be fol1Iled• . By not allowing a 
. . . . 

~ . 
· 1 S · .· second phase to be formed,· an· undesirable decanting step,· espeCially iri. the _presence of 

a ·solid precipitat~d phase, and itS con.sequences are c_ompletely eliminated. 
The second teriiperatllre may be controlle_d in a number ofdifferent "ways. 

A highly preferable way is· by controllably reducing: the pre~sure in the s~ond chaniber . 

. 232 to attain a value preferably considerably lower than ·the value of th~ first pressure. 

20 . prevailing- in the first reaction chamber 212. By doing ·this, two very desirable 

phenomena take place. First, the temperaiure is being lowered ·by evaporation of 
. . ., 

volatiles, such as cyclohexane or other hydrocarbon for example, due to the reduction of .. 
. . 

pressure. . Second, evaporation of · hydfocarbon results ·.in · lowering the content. .of 

hydrocarbon_ in the Iiiixture, whicli · favors a single·_ liqtiid phase.. The lowering of 

· 25 hydrocarbon content has to be high enotigh for maintaining .the Single ii quid phase· at the . 

. second temperature .. If the initial. content of the first reaction chamber 212 is low 

~notigh, and/or if the conversion· of hydrocarbon to .dibasic acid is high enough, then 

there is no need for large amounts of hydrocarbon tO be. reinoved. from •. the. contents ~f 
the second _chamber 232 in .Order to maintain a single liquid phase.. In such a case, ·even 

. 30. additional._cold hyctrOcarbon or other cold matter may be added to the second chamber 
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·232 through the second hydrocarbon feeding line 454 Without formation of a second 

liquid phase.· Such matter may preferably be solvent or hydrocarbon. . . . 

The hydrocarbon evaporated from the second ch~ber 232 along With . . . . . . . . . 

. solvent, water, ·and other gases and/or. vaporized liquids is condensed in ·the second . 

5 .. condenser 240,. and ~ollected in the seoond retaining chamber 242, where the water With . . . . . . . 

solvent may be separated ·from _the. hydrocarbon -With solvent and, either one or bo~; 
.recirculated (for exampl~·to the first reaction chanlber 212 or to the second chamber 

232) or otherwise treated through lID.es· 244 and 246 .. · 

Additio~ cooling may be. provided~ if necessary, .to the contents of the . 

JO second chamber 232, by well known to· the art techniques, · so that at least part, and · 

preferably the illajority of the dibasic acid, adipic. acid .for example, precipitates.·• In.· 

·turn, the dibaSic acid is. separated in solidssejlai'atoi' 248, .by .filtration for example, or 

any other method well known to the ~- .. The solids are transferred out of the solids· 

separator 248 thrOugh solids line .250, and ~e liqUids are tran~ferred out of the of the 
. . . .. 

15 solids swarator 248 through liquids Ihle 252 for further treatn'.lent and/or recycling .. 
. . . 

The temperature ·of the second chambc~r 232 may also. be managed by 
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-hydrocarbon or other matt~ haVing lower temperature than the temperature of the 

contents_ of the second chamber 232~ through _line 254, as -also mentlone<i e~lier. -

As aforementioned, in a_ similar manner as in the ca8e of monitoring the 

different paraID.etets of the fust. reactiQn chamber 212, the seeond temperature monitor 

5 · 236, the second pre~sure monitor 238, the second chemical analy2:er 241, the se~ond 
phase anaiyzer 243, and flowmeters in lines 234 and 254 are connected to inputs 218 to 

provide illformation and enable the contioUer 216 to control respecti~e panlln.eters and 

conditions ofthe co~tents of the second chamber 232. thus, they provide :means for 

controllmg the temperature and _the pressure- in the second chamber 232, while 

10 maintaining a single liquid phase; 

In_ a different prefe_l'red -em~odhnent of- the present invention; ~etter 
illustratecl"in Figure 14, th~ device or :reactor system 210_, compri_ses,: in -addition to the 

other chalnbers and their accessory elements, a first intermediate chamber 256, whic.h 

comrttUiiicates With the first reaction. chamber 212 through ~e -first -transfer line 234, . .· ·. ·. .· ,. 

- .15 -- and with the second chaniber 232 through a second. transfer line 258. 
. . .· . . . 

Tc;> the first intermediate chamber 256, there is also oonnected a first 
. . 

intermediate temperature monitor 260, which monitor is. also connected to inputs 218 of 
_- the controller 216 f~r providing·- tempera~ . information __ to · said _-controller, which _-_ 

controller in tµrii controls the tem.perattire. inside the chamber 256. This. arrangement --
. . . . .. 

20 - constitUtes: first intermediate temperature control means for controlling the temperature. _ --
- . -

in, said.first-intermediate chamber256. 

To the -first intermediate ·chRmber -256, there is- also connected ·first 

intermediate pressure moiµtor 262, which monito~ is als~ co:rinecte<l to inputs 218 ,of th~ 
controller.216for providing pressure ·information to said controller, which controller in 

_ -25 turn controls the pressure -inSide the chamber 256. ~s ~ement constitutes ·first­

.intermediate -pressure control means for controlling -the temperature in said -first· 

intermediate chamber 256; -

The intermediate_ chamber 256,· further comprises fir~t intermediate 

external heating· ~eans · 264-,- such as· a heating cojl-· for eX:ample, ~or providing therinal 

30 . ·energy to matter inside the first -intermediate chamber 256. · The intermediate· chamber 
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256. J.s also connected to ·an intermediate :condenser 266, which in tum is preferably 

connected to an intermediate retaining cham.ber268. .A~· in the case of the retainer 242, 

the retainer 268 may also serve as a simple <jecanter_for separating reaction water and · 

/or solvent . through line · 270, and mainly · hydrocarb_on through_ line 272. An 
. . . . . . 

5 intermediate vacu~. generator V3 may also be connected ·to the _intermediate retaining . · . 

chaniber268. 
. . .. . . 

. · .. Decanting. liquids in absence of a solid phases is substantially ·less 

· complicated than ·decanting in the Presence of said solid phases. 
. . . 

The operation.: of this embodinient is· similar to .the operation of the 
. ' . . . . 

10 previou8 embodiment with the exception that the first pressQ.re prevailing in the first · · 

. reaction chamber 2°12 is controllably dropped to a desired first intermediate pressure in . . . . 

the ·intermediate chamber 256, · forcing hydrocarbon and smaller ~ounts of· other 

volatile materials, such as for eXam.ple reaction water and/or solvent, to evaporate· and 

. · be c.ondensed by interlnediate condenser 266, thus lowering the content of hydrocarbon 

15 in the fir~t intermediate chamber 256, ~d also removing heat from the systelll, resulting . 

. in lowering the fir8t temperature to a first intermediate temperature. In a continuous 

. ·operation;. which is the preferred . tyJJe of operation,. a. stream of Iiqllid from the. first 

reaction chamber _212 is being transferred to the first intermediate chainber 256 through 

the firsttransfer line 234. ·. 

20 The first intermediate extenial heating means 264, provides a controlled . · 

and ciesired amount of heat to the con~ts of the first intermediate chamber 56, so that . 
. . 

· · further hydrocarbon evaporates. The temperature and the ·hydrocarbon content· of the 
. . . 

. first intermediate chamber 256 may be. maintmned at such levels so that preferably· no 

· substantial precipitation of· a solid phase .comprising dibasic acid occurs. . Higher 

25 temperatures and lower contents ofhydrocarbon favor the prevention of precipitation, .as 

well as the prevailing of a single liquid phase. · . 

A stream of liquid is also·being transferred to the second ch~ber 232 

through the secopd transfer line 258. -pie rest of the operation is substantially the same 

. as described in the previous embodiment, with the controller programmed to ensure that 

30. · at the second temperature prevailing in the s_econd ·chamber 232 and the ainount of 
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· -hydrocarbon are such that there is only a single liquid p~e oontaining the precipitated 

dibasic acid, adipic acid f9r.example. 

In· a still a_ different preferred embodiment of the present invention, better 
. . . . . . . 

illu8trated in Figure 15,.the device or~tor system 210,_coniprises, in addition to the . . . . . . . . . 

. 5 other chambers and. their accessory ·element_s, a second . interme~ate chamber . 274, 

which communicates with the first intermediate chamber 256 through the. second . . . . . . . . 

transfer lj,ne 258, and with .the second chamber 232 through a third transfer lme 276. 

Although, for p~oses of simplicity,· condensers, retaining ·chambers,. vacuum 

generators, etc., are not shown in all <:hambers, it. should. be. understood . that. such. 

10 elements may be connected to any one of the Chazn~rs. ···Jn addition, one or nlOte of the . . 

vacumn generators may be replace4 by let-down valves, open lines, etc. 

To the second· intermediate chamber 274, there_ is ·also connected a .· 

second intermediate teniperature monitor 278, which monitor is also· connected to 

. inputs· 218 ·of the c<>niroller 21.6 for providing ·temperature informJ1tion to. said 
. . 

. 15 controller, which controller in t1lm controls the tetnperature inside the chamber 274. 

This arrangement constitutes second intermediate temperature. control m,eans for 

contr~lling the temperature in said second intermediate ~hamber 274. 

To the second intermediate chamber 274, there. is also connected second 
. ·' . . . . . . . 

intermediate pressure monitor 280, which monitor is _also connected to inputs 218 of the · 

20 controller 216 for providiilgpressure information to said controller, which controller in 
. . . . . . 

tum controls the pressure inside the chamber 274~ This ammgelilent constitutes second 

intermediate pressure control means for. :controlling the temperature in said . seoond .. 

intermediate chamber 274. 

The second ·intermediate chamber 274, · further comprises second 

. -25 intermediate eXternal cooling mearis 282,. such as a co~ling eoil for example, fo~ 
. . , . . 

.. removing thermal energy from matter in~ide the second mtermediate chamber 274. 

. The operation of this embodiment is similar to ".the operation. of the 

previous emb~diments with the. exceptio~ that the ~t . intermediate . temperature 

prevailm~ ·in .the· first interniediate chamber 56 is reduc~d in the. second intermediate 

30. ·chamber to a second intermediate. temperature with substantially no solids precipitation~ 

.. 
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··. ·After addition of heat and removal of an ·:adequate amount of hydr9carbon in the first 

'' intermediate chamber 256,: heat is removed in the second intermediate chamber 274, so 

that when the second intermediate pressure,: which is preferably the same as the first 

' mtermediate pressure, is reduced in the second chamber 232 to·the second pressure, the ' 

. 5 .temperature drops ~equately for a substanti~ precipita~on of the dibasic acid, adipic · . 

acid for example, · to occur. Of cotirse, an adeqilate . amount of hydrocarbon, 

cyclohexane for example~is removed ·in the fi;rst mtermediate Chamber 256 :and the 

· second chamber ·232, so that no ~ond liquid phase is formed in the second chamber 

232. It is' highly preferable to avoid having cooling ele1:11ents, such as cooling' coils for ' 

10 example, in the chamber (in tJrls case second chamber 232) in .which the precipitation of 

· the ·solid.phase takes plaee, sillce deposits on the coils and plugging problems become a· 

· serious proble~. 

Chemical and/or· phase analysis may be coriductedon·the contents of any 

of the transfer lines or any of the chambers in any of the embodim.ents. ·.· .. 
' ' 

15 . It should be understood. that according to the p~sent inventi~n, . any . 

. ·. liqttjds or gases. or off-gases IIlay be recycled totally. or partially from ·any ·c~ber to 

·• any other chamber. · 

A preferable type 'of controller is a computerized controller, an<,i more . . . . . . . 
-~ . .. . . 

preferably a "learning compu~eri• or a "nemo-comptiter", the functionality of which. is 

20 kno\vn to·the art,. and which collects information from different :places of the device (for 

25 

" 
' ' ' ' 

'ex~ple pressure, temperature, chemical or other analysis; etc.); stores .this hiformaµon 

along with the reSult. (reaction rate, .for example), ·and· it is progrannned to use this 
. - . 

. infomiation in the ··future, alorig with other data·· if applicable, to make . decisions 

··regarding the action.to be taken at each installce'. . 
.. . •. . . 

. . . Although the -miscellaneous . functions are preferably co~trolled by a . 
·. . . . ... ·. ' 

c.omputerized controller, 1t is possible, according to this invention, to utilize a,ny other 

type of controller or even manual. controls for controlling one or more functions. · 

. . Oxidations· according to this invention, are. non"'.destructive oxidations, 

wherein the .olddation product is different than carbon monoxide, c~bon dioxide, and a 
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.. . . 

·i;niXture thereof. Of course; iilnail amoUllts of these. compoiinds .may be formed. along .. . . . . . . with the oxidation product, which may be .one: product or a mixture of products. : . 
' 

. . · · Examples include, but of course, are not limited to preparation of Cs - Cs 
aliphatic dibasic acids ·&om the corresponding .·saturated cycloaliphatic hydi-ocarb~ns, . 

. s . srich a8 . for example preparation of adipic acid ·from cyclohexane~ . Other examples 
iilclude, but are not liinited t~ formation of benzoic acid, phthalic acid, isophthalic acid, 
and terephtbalic acid from toluene, ortho-xylene, meta.;.xylerie, and para-xylene, 
respectively~ 

Regarding adipic a~id, the preparation of which is· ~specially suited to the.· . . 
.· . 

. IO methods and devices ·of this invention,. general information may be found in .a plethora of 

IS 

U.S. Patents, among. other r¢'ereiices; These, includ~, but are not limited to: · U.S; 
P-atents 2~223A93; 2,589,648; 2,285,91.4; 3,231,608; 3,234,271; 3,361,806; 3,390,174; 
3,530,185;· 3,649;685; 3,657,334; 3,957,876; 3,987,100; 4,032,569; 4~105,856; 
4,158, 739 (glritarie acid); 4,263,453; 4,331,608~ 4,606,863; 4,902~827; 5,221~800;· and 
5,321,157. 

. 
., . . 

. . . . 
Examples .demonstrating the ·operation of th.e instant invention hav~ been ~ 

.. . . . . ·given for illustration purposes only, and sh~uld not be construed a:s limiting the scope.of · 
this invention in any way. In ~dditio~ ft should be sti:e~sed thatthe prefei:red 
elllbodiments discussed in detail-. hereinabove, -as well .. as any other embodiments. : .· . . . . ... 20 encompassed within the limits oftheiilstant invention, may be practiced individually, or - . . 
in any combination thereof, according to common sense and/or expert opinion. 
Individual. sections of the embodiments ~y · also be practiced individually or in . 

. combination with other indiyidual sections of. embodiments or . embodiments in their 
totaµty, acoording to the presenti~ention. These combinatio~ also lie within the realm 

25 of th~ present invention~ Furthermore, ~y attempted explanations· in the discussion are · 
()nlY speculative and are not intended tO nat"fOW the limits of the ·clai111s of this invention, 
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· What is Claimed is: 

·1~ · A. method· of control.ling in a first reaction z0ne· the oxidation of ·a. · 

. hydrocarbon to form an acid in the presence of a catalyst; a· solvent; an optional initiator; . ·· 

water, and oxidation products;. fu.e hydiocarbon, the catalyst, the solvent, and at least part of . 

the oxidation products forming at lea8t partially a liquid mixture, -th~ method characterized by- . 

· the steps of: 
. . ·. 

(a) contacting the .liquid mbc~ ~th a gaseo~s .oxidant in the first· 

reaction· zone at a first 'temperature, .the first temperature being adequately high for the 

oxidation to proceed; . · 

(b) driving the oxidation to a steady state at a first hydrocarbon level, a 

· fust s·otvent level, a first catalyst level; and a first water level; 

( c) controlling at least orie of the first hydrocarbon level, the-- first ~olvent. 
level~ the first catalyst level, and the first water level, ina niannef to ca~se formation of 

and/or maintain a single liquid phase iii: the fitstre~tion zone, regardless of.the presence or 

absence of a solid phase, and ifnecessa.r}'; 
. . 

( d) · making phase~~lated. adjustments to. the· Ilquid mixture,· the phase-

related .adj~tments being at least partialiy bas~d·ori phaseformatioil relationships, when said 

liquid mix~e is _at a second temperature, _and wherein the phase -~lated adjustments are . 

directed toward formation and/or maintenance of a single liquid phase. 

2. A method as defined in cl~m. 1; wherein the second temperature is 

substantially .the same aS the firstteinperature. 

. . . . . . 

3. A method as defined in claim l,_ wherein. the s~ond temperature is·. 

different than the first t,einperature. · · 

, . ed 

li11ili1iii~1i1iif . 
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· 4. . A method as defmed. irt daim 1, 2, or- 3, wherein· the phase related . . . . . . . . 

adjustments to the liquid mixture in the first :~tion zone are conducted by ·a ~ariabl~ 
selected from a group. consisting of temperature in the first. reaction zone, pressure in the fir8t . . . 

. reactio~·zone, gaseous oxid3.ilt flow rate into.the first reaction zorie, water flow rate into the 
first reaction zone, water removal rate from the first re~ction zone, catalyst flow rate into. the 

first reaction zone, hydrocarbon flow rate into the first reaction_ zon,e, hydrocarbon removal 

. rate from the first reaction zone, solvent. flow rate into the first reactfon ~ne, solvent removal · 
-rate from the firSt reaction zone, recyCied off-gas . flow nite into.· the. first reaction. zone,. ari.4 a . . . . .. 

combination thereof. 

5. . A method: as defined in claim l, 2, 3, or 4, further compnsing a step ~f · 

determining, one or more of: . . 

a maxhnum hydrocarbon level, a maximum waterlevel, ·and a maxim~ 
catalyst level, at or over which, the sfugle liquid pmise is transformed to. two liquid :phases; 

.. and 

· a minimum · $olvent level, . at or under which, the single · liquid phase· is 

transformed to two liquid ph3ses;· 

under a set of conditions, · wherein levels not being detertnined remain · 
COI1$tant •. 

6. A method as defined in claini 5, wherein the step of determining one or . . . 

. · more of the levels, at or over which,· the shtgle liquid phase is transformed ·to two liqwd 

phases,. further comprises steps of: . 

obtaining a sample of~ liquid mixture from the first reaCtion zone; and 

.. adding to the sample; hydrocarbon, or water, or catalyst, or a combmation· 
thereof, until a second liquid is formed. 

. 7. . A meth()d as defined in. claim >6, wherein . at least one of the first 
· hydrocarbon level, the first waterlevel, and the first catalyst level is co.ntrolled to be under the 
maximUm. · hy<lrocarbon level,. the .maximum water level, and the· maximum caialyst level,.· 
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.··respectively,· and the first. solvent level is controlled to be maintained over the minimum 

solvent level. . . 

8. A method ·as defined in claim 6, or 7, fbrther comprising a step of 
. . . . 

analyZing the sample to obtain compositional data regarding the sample.. · 

9. ·A method·as definedin claim 8, further comprising Steps of comparing 

·.· the compositional data · of the sample with phase diagrams~ and making phase reiated . 

adjustments in 'the first reaction'zone, if fomiation of B:. seeond liquid phase is being . 

apJ>roached. 

10. A.method as defined in claim 8, further .comprising· steps of.comparing 

the co~positioiial. data of the sample with one or ·more of the mmmunl hydrocarbon l~el, 
·the maximum water level, the maximum catalystJevel, .and the rp.jnimum ~olvent level, and. 

making phase related adjustuients in the first reaction zone, if one or more of the Iilaximum . 

hydrocarbon· 1evel, the. maximuriJ. ·water level, the m.aximum cataly~t lc:Wel, and the minimum 

· solvent level,.resp~vely, is being approached. 

ll. A method as defined in claim 1, .2, 3, 4, 5, 6, 7, or 8, wherein one or 
. .·. '· 

. more of the first hydrocarbon level, .the first ca~yst level, and a first water level is controlled 

to be maintained within a' majority range, the majority range b~ing a range betwee~ a 
~ . . . . 

predetermined high majority level and a predetermined low majority level, the high majority 

.level being. lower than ·a maxi~um leVel at or over which maximum 'level a second phase is 

formed, the low majority level being between the.high majority level· and an average.~fthe.· 
lliaximum level and a miriimum level, at and under which niinimum level catalyst 

precipitates. 

12. A method as defined in claim l, 2, 3, 4, 5;. 6, 7, or 8, wherein the first 

~ter and/or solvent.level is controlled to'be mam:tainedwithin a'minority range, the minority 

range. behig a r~ge between· a predetermined. low minority level, and a predetermined high ·.· 
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Illinoiity level, the low minority level_ being .higher than a minimum level at or under which 

catalyst precipitates, and the·high minorify level being between the low ~nority iev-el and an 
average of the millimrim level and. a maximum level, at and over w~cli maximum level. a 

8econd pha8~ is formed .. 

i3. A method as defined in.claim 1,2,, 3, 4~ :5, 6, 7, 8, 9, 10, 11~ or 12, . . . . . . 

wherein the first temperature is controlled by evaporating condensible volatile matter from 

. the retlCtlon zone,'. and recirculating at least part of the condensible volatile matter to· the 

reaction zone as. condensate .. 

14. · A method. as.defined in claim 1~ 2, 3;·4, ·5, 6~ 7, 8, 9, 10, 11, 12, or 13, 

wherein the aCid ~omprises adipic acid, the _hydrocarbon comprises cyclohexane, the solvent 

.. c{)mprises 8cetic acid, the catalyst comprises a cobalt sal~ and th~ optional initiator comprises 

a c~mpound . seleci:ed · from. a .. group .· oomprising· . acetaldehyde,. cyclohexanone, EUJ.d a 

. combination thereof. 

15. A method as defined in.claim 1~.2; 3, ~' 5, 6, 7, 8, 9, 10, 11, 12, 13, or • 
. 14, further comprising: 

a step of controlling at least one level of the fir~ water level, and .. the first .. 

s0lvent level in .a manner to be higher than a respective level, .at or under which, catalyst · 

precipitates; and . 

· · the · firsi hydrocarbon. level, and . the :first catalyst level to be . lower thaii a ·. . ·. . . .· 

respective level, at or over which, catalyst precipitates~ 

16. · A m~thod as defined in claim 15, further comprising steps of: 

· taking. a_ sample from the Qrst reaction zone; . · · 

. lowering the temperature of the sample . to a ·· predetennined second 

temperature, ap.d if ~ se~nd liquid phase is formed at a critical. temperature in the range .· 

· between the .first and second t~mperatures; 
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. either decrease "in the first reaction zone the first level of one component . . . . . . - . 

S<'.lected ·from a group .consisting.· of hydrocarbon,. water, catalyst, and a mixture thereof to a·· 
. degree that in a new sample a second liquid phase does not form in the ~ge between. the first 
and secorid temperatures, or 

. . . . 

· increase ~ the first reaction. z0ne the first solvent level to a degree that in a · 
new sample a second liquid p~e does notform in the range between the first and second 
temperatures, or 

increase in the first reaction zone the first temperature to a third temperature·. 
by at least the difference b~een the. critical temperature an~ the se~ond temperature, or .. · 

a combination thereof. 

17. A method as defined in claiin 15 or: i6;.wherein·controlling the· first. . 
. 

water level within the upper and lower limits is based on determining the composition ~f the 
. . . . 

single-phase liquid ~xture of the first reaction zone,· comparing said· ci>mposition with phase · 
diagrams and catalyst precipitation data,. and ad~ng water to. the single-phas~ liquid mix~ 

. in the fi~ reaction zone if the lower limit is being approached_ or removing water frOin the 
· firstreaction zone If the upper limit is b_eing approached~ 

18. · A method as defined in ciairn 15, further comprising steps of: 
. . ·' 

taking a sample -from the. first reaction zone; 

confining the sample within a closed cell under a~eqll8te pressure to retain the 
sample .in a substantially liquid form; 

.· . ·. . 

. . . . raising the cell temperature frOm the first temperature to . a higher temperature; .. . . 

. and if catalyst·precipitates within a predetermined ris~ in temperature; 
. . . 

raising the water level or the . solvent level ~ the first reaction zone~ or . 
lowering the hydrocarbon level or the catalyst level. in the first reaction.zone. 

19. . A method as defuted in Claim 15, further co~prising steps of: 

· taking a sample ~m th~ first reactlon zone; . 
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confining the sanipl~ within a closed cell under adequate. pres8ure to retain the . . . . . . . . . . . ' . . 

sample in a substantially liquid.form;. 
. . 

adding :hydrocarbon. to. the sample to determine if catalyst precipitates before 
.. formation ~fa second phase; and 

controlling in the first reaction zone :the first hydrocarbon level to be 
~tained at a level lower than the level required to cause catalyst precipitation at levels of 
solvent, catal~ and. water present in the cell. 

20. A method as de~ned i11-claim 1~ 2~ 3, 4,·s, 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15, 16, 17, 18,orl9,furthercompnsingstepsof: 

fowering the first temperature to a. second temperature, -while maintaining a . . . . . . . . 

singleliquid phase at the second temperattire; and 

removing atleast part of the formed acid. 

2 L A method a8 · d~ned in claim 20, further comprising the . step of · . . .· 

. recycling at least ·part of· o:ne or· niore ·of products, intermediates, ·by-products, reactants, . . 
. . . . 

solvents, off-gases, and other existing ingredients either directly io the first reaction zone or 
indirectly after post-treatlnent, or a combination th~of~ : . 

22. A m~od .as defined in claim 20 or 21, :wherein the lowering of the 
first temperature to· the s~cond temperature is penormed at least partially . by an operation 
selected. frOm a group consisting of (a) evaporating of at leaSt part of the hydrocarbon, · (b) 
lowering the first_ pressure to a s_econd pressure, ( c) adding matter having a .temperature lower 
than the first temperature, (d) adding volatile matter,(e) removing heat by external means, (f) 

. removing a .first amount of heat by any swtl'lble means, and adding a s~ond amount of heat 
by _external means, ·the first amount ofhei¢ being greater than. the second amount of heat, and . . . 

· (g) a combination thereof. 
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. . 
23. A method as deflried in claim io, 21, or 22, wherein maintaining a .. 

single liquid ·phase at ·the· ·second · temperature is controlled by adjusting. the level of 

hydrocarbon,. or water, or solvent, .or a. combination_ thereof, atthe second temperature. 

24. · . A ~ethod as defiried in claims 20, 21, 22, or 23, wherein lo~ring.of . . ' . 

the first temperature to a second temperature is conducted in a second :zone. 

25. A method. as· defined in~ claim 20, 21, 22, 23, or 24, .wherein the· 

lowering of the first temperature to the second temp'erature_ involves an intermediate· step of . . 

IOwering .the first temperature to· a first intermediate teln~erature by low~ring. the first pressure · 

.· to. an intermediate.pressure io form a :firSt intermediate liquid phase containing no substantial. 

amount of solid phase; . 

·· 26. . A reactor device for oxidiz~ng a hydrocarbo~the hydrocarbon being at 

least partially in a liquid stat~, with a gaseous oxidant to form an acid, the clevice comprising: · 

a first reaction chamber; . 

~ teinperatili'e monitor· connected •to the reaction chamber_- for measuring 

temperatlire inside said reaction cham])er; 

· . phase detection means for detecting phase-related characteristic~ of ingredients. · 
within the first reaction chamber; and · · 

. phase. control means for making phase-related adjustments arid• controlling the 

phase characteristics· of said· ingredients within the first reaction chamber, if so desired. 

27. ·A. reactor device as . definec:l in claim 26, . wherein the phase c0Iitrol 

means further compris~ temperatµre control means for controlling the fust temperature .. 

. . . 

28. A reactor device as defined in claim 26 or 27, _wherein the phase . . . . . 

·control means furt4er comprise cori'elatioll means for correlating phase diagram data with· 

. ingredients i~ the. reaction chamber, and adjusiliig. feeding rates of said ingredients to the . . . . . . . 

reaction chamber to~aid formation of a single. liquid phase .. 



. WO 97149485 I 1111111111111 11111 1111111 1111 · PCT/US97/10830 
* C L M S * 

87 

. . . . . . 

29. . A reactor device as defined in claim 26, 27, or.28, wherein the pha8e 

detection means provide illfonnation to the phase control means for adjusting "feeding rates of. 
~gredients fed to the reaction chamber toward. f~~ation or maintenance of a single liquid 

phase, 

30. · A reactor device as defined in claim _26, 27, 28,. or 29,. further ·. . . . . ·. '· . . 

comprising variable ~ontrol means forcontroHing in th~ reaction chamber a variable selected 
. . 

, from ~ group consisting rif temperature in. the first reaction chamber, pressure in the first 

reaction chamber, gaseous oxidant flow rate into the first reaction chamber, water flow rate : . . . .. ·. . 

·· into the· first reaction ch8niber, water removal rate fro~ the first-rea.ciion·.challlber, catalyst 

.·flow rate . into the first reaction ~hamber, hydrocarbon flow rate into the. first reaction 

. ·chamber, hydrocarbon reinoval rate from the first reaction chamber, solvent flo~ rate into the 

··first re~tion chainber,·solvent removal rate from the first reaction chamber, recycled.off-gas 

flo~ rate into the firSt reaction chamber, and a comblriation thereof. 

31. A rea(:tor devi¢e as. defined in claim 26, 27, 28, 29, or 30, further 

composing: 

. liquid feeding means for • feeding at le~t partialiy ·hydrocarbon, solvent, ·. 

catalyst, optionally initiator, and optionally water into the first reaction chamber_;. 

water removing means· for removing water from the first reaction chamber; . 

gaseous feeding mearui for feeding oxidant into the fust reaction· chamber; and 

water level control meaits for · controlling the water level in the reaCtlon . . . 

chamber in.a range _between a maximum .level of water, ~ver which maximum level .the 
. . '• ·._. ·... . . . : ·. 

substantially siilgle liquid phase· is ~ansfonned to· two liqiiid phases, an4 a minimum level 

under·which catalyst precipitates. 

. 32. · A reactor device as defined in claim 31, wherein the waterlevel control 

means comprise water level detection· means for. detecting positi()ning ·of the ·water level with 

. respect ta the maxinium level and the lninimum level. · · 
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· 33. A rea.ctot deViee as defined in claim 32, further comprising a controller . 
. conilected to the water level. detection means. for receiVing information. regarding the 
positioning of the water level, and using said information for adjusting. said water .ievel in a · . . . . . . . . . . . . . 

manner to control. s&d water. level between the maximum level and the minimum level in· the 
reaction zone. · 

34. ·· A reactQr·devlce as ciefinedin claim ·32, or 33, wherein the waier level · 
detection means compri8e atemperature operated detector for detecting the positioning of the · 

· water level with respectto the minllnum level. 

35. · .A reaetor device as ".lefined in claim 32, 33, or 34, wherein the water. 
leveLdetection means. comprise a ·water..;addition operatCd detector· for cJetecting ·the . . . 

positionmg of the water level with resp~ to the maximum lev~l. 

36. A reactor deViee as defined in claim 32;. 33, 34, or 35,. wherein the 
water leve1.···coritrol means comprise analytical ·~ter level detection.·means .for. detecting 
·ahdfor determining: the water level in .the first 'reaction chamber, andwhqein the reactor 
device.further comprises a controller connected to the miaIYticaI Water level detection means . . 

. for receiving iiiformation regarding.the water level in·the reaction chamber; comparing said 
information with phase diagram data and catalyst 'precipitation data. stored in the controller~ 
and using said comparison '.for adjusting said water level in the first reaction. chamber in ·a .. . .. ·. . . . . ... . . 

manner to contrc>l said water level between the maxim~ level and the mimmum level.. 

. . 

37. A reactor device as defined in claim 31, 32, 3-3, .34, 35, or 36 further . . . . . . . . . . - : 

Comprising a distilb1tion oolUinn connected to the first reaction chamber. 

38. .A re~tor device.as defined in claim·31;32, 33, 3~, 35, or 36, further .. . 
. . .. 

comprising a eondenser connected to th~ ·first :reactio~ chamber and. a decari~ connected to 
. the condeiiser .. · 
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39. Areactor devi¢e·as deflnedin claini 32,33,}4, 35, 36, 37,.or 38, · 

wherein th~ water level detection means comprise. a temperature operated detector for. 

detecting tlie positioning of the water le~el with respect to the minimum level. 

40. A ~tor device as defined in claim 26, 27; 28, 29, 30, 31, 32, 33, 34, 

35, 36, 37~ 38, or 39, further comprising: 
. . . , . . . 

. . first temperature control: means. ooriilected· to the first· reaction chamber for 

controlling tempenrt\Jre in said first ~on chamber; 

.· fj.rst pressure contror mean~ ~nnected to the first · reaction chamber for . 
. . 

controlling pressure in said first reaction chamber; . . . . . . . . 

first hydroearbon. feeding means connected to ·the •first reaction chamber for . 

. . . feeding hy~carbon into said first reaction chamber; 

first gaseous oxidant· feedi.ng means connected to the first reaction chamber for 

feeding gaseous oxidant into said first reaction chamber; · 

a second chamber connected to the. first re.action chamber; . 

· · second. temperature coniroJ means · connected. to the second chaniber for 

controlling the temperature in. said second chamber; 

second pressure control ·means connected to the second chamber for. 

controlling the pressure in said second chamber; . . . . 

a. controller for· controlling miscellaneous .par~eters in·.the chambers in a ... 

. manner that in the sec~nd chamber th~ is a single liquid phase. . 

41. A reactor device aS defined in claini 40,. further. comprising a condenser . . . . 

or distillation column corinected to one or both the first reaction chamber and the second 

·chamber; 

42. A reactor device·as defined in claim41,.further comprising.a retaining .·. 

~hamber or de~ter.connected to the condenser. 
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43.. A reactor device as· defmed in claim 41 or.42, further comprising: 

a firSt. intermediate chamber conununicathtg with the first reaction chamber; 

· first intermediate . temperature control · ineans C01lllected ·to .. the first . . . . 

· intermediate chamber for contrC>lling the temperature ·in said firSi intermediate chamber; . . 

fust in~ediate·. pressure . control · .• me~ connected .to the intermediate . . 

chamber for controlling the preSsure ·in s8id first intermediate chain.her; . . . 

fi~t intermediate. external heating means for providing the~al energy to 
.· . matter inside the first iliterniediate chamber;.·. ·. 

a condenser comiecied to the first ··intermediate chalnber; . . . . . 

sq>arating means connected to or beiilg part of ~e second chamber for .. · 
·separating.at least partlallythe dibasic.aeid from the m1xture. . 

44. A reactor device as defined in claim 43, further cmriprising: . 

a . seCC)nd intermediate ·chamber connected to the . first ·intermediate chamber 
and the second chamber; 

. second intermediate external oooling m~ for removing thermal energy from 
matter inside.the seeond .intermediate chamber; 

45. ·A reaetor device as defined in claim 40, 41~ 42, 43, .or 44, further · 
.. comprising second phase control means connecteci to the second chamber for ensunng the ·. 

existence of one single liquid phase in said second chamber~ 

. . 

46. A reaetor device as defined in claiin 40, 41,. 42, 43, or 44~ further 
. 

. 

.comprising catalyst precipitation control means co~ected to the second chamber for ensuring 
the absence ofprec:ipitated·catalyst in said second chamber. 

47. A reactor device as defined in. claim 40, 41, 42~ 43, 44, 45, or 46, . . . . . : . . 

wherein at least two. of the chambeci co~stitute one and the same unit. 
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48. A reactordeyice as defined in claim 26; 27, 28, 29,30, 31, 32, 33, 34, 

35·, 36, 37, 38" 3-9, 40, 41, 42; 43, 44, 45, 46, or 47, comprising an atomiZation chamber. . 

. . . . . . 

49. · Areactordevice as d~fined in claim 2(), 27, 28, 29, 30, 31, 32,.33, 34, 

35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, or 47, comprising a stirred-tank reactor. 

111111111111111111111111111111. 
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new claim so added; remaining claims unchanged (1 page)] . 

48. A r@Ctor device as defined in c;laim 26~ 27, 28, 29, 30, 31, 32, 33, 34, . , . . . . 

35, 36, 37~ 38,39, 40, 41,42. 43, 44. 45,.46, or47~ comprising~ atomi~tion chaniber,. 

49. A reactor device as d~fined:i~ elm~ 26, 27~ 28, '.29, 30; 31. 32, 33; 34~ 
. 35, 36, ~7, 38; 3_9, 40~ 41, 42, 4J~A4~ 45, 46,. or 47. comprising a stirrecl-,tankreactor. 

50. A· method as defined in claim ·.1.~· i. 3, Of 4,. further ~JI1prising a step of· .. 
comparing compositio~al dat1;1 ·of the ·liquid mixtUre with one or rriore bf phase c{iagranis~ 
thermodyllamic data · bases, flow sheets~ . comp~ter ·flow · sheet ··· simulations, . c~talyst .· ... ·. . . . - . . 

precipitation data. en~gy balances, and experimental data. ~d ~ step Qf making phaSe. related. 
adjustnients and/or catalyst precipi~tiOn adjustments in order to ayoid formation ()f ~.second. 
liquid phase, and/or· catalyst. predpi~ation: ~spectively. iii the first .reaction zone, if the 
comparison indicates_ that formation. of a second liq~id ph~~ and/or ca~lyst precipitation are 

· ... being approached: . 

I flf 11/lff #(11111[1 Hiii/ . 
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