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(57) ABSTRACT 

This invention relates to a process for producing one or more 

organic acids in high purity Which process comprises oxidizing in a liquid oxidation reactor one or more organic 

liquids With essentially pure oxygen or oxygen-enriched air 
containing at least about 50% oxygen, at a temperature 
suf?ciently stable to prevent cycling of reaction rate, to 
produce a crude reaction product ?uid, and (ii) re?ning said 
crude reaction product ?uid to give said one or more organic 
acids in high purity. The oxidation temperature is preferably 
controlled to Within about 13° C. of a target temperature. 
The organic acids described herein is useful in a variety of 
applications, such as intermediates in the manufacture of 
chemical compounds, pharmaceutical manufacture and the 
like. 
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PREPARATION OF ORGANIC ACIDS 

BRIEF SUMMARY OF THE INVENTION 

[0001] 1. Technical Field 

[0002] This invention relates to a process for preparing 
organic acids by oxidizing in a liquid oxidation reactor an 
organic liquid With molecular oxygen or a gas containing 
molecular oxygen to produce an organic acid. 

[0003] 2. Background of the Invention 

[0004] The manufacture of petrochemicals by the liquid 
phase oxidation of hydrocarbons With a gaseous oxidant is 
a very signi?cant commercial operation. Examples of com 
modity chemicals produced by this process are terephthalic 
acid, adipic acid, and phenol. Air has traditionally been 
employed as the gaseous oxidant in such processes, hoW 
ever, it has long been recogniZed that signi?cant process 
advantages are offered by using pure oxygen as the oxidant. 
Such advantages include, for example, improved mass trans 
fer of oxygen into liquid phase because of increased con 
centration (partial pressure) driving force, improved chemi 
cal selectivity resulting from less severe operating 
conditions, reduced equipment siZe resulting from reduced 
gas throughput to the reactor, and reduced Waste gas bloWoff 
from the reactor. 

[0005] HoWever, safety is alWays a concern When using 
pure oxygen as the oxidant in any chemical process. There 
is a continuing need to provide safe and ef?cient processes 
for preparing organic acids especially When pure oxygen is 
used as the oxidant. 

DISCLOSURE OF THE INVENTION 

[0006] This invention relates to a process for producing 
one or more organic acids in high purity Which process 
comprises oxidiZing in a liquid oxidation reactor one or 
more organic liquids With essentially pure oxygen or oxy 
gen-enriched air containing at least about 50% oxygen, at a 
temperature suf?ciently stable to prevent cycling of reaction 
rate, to produce a crude reaction product ?uid, and (ii) 
re?ning said crude reaction product ?uid to give said one or 
more organic acids in high purity. The oxidation temperature 
is preferably controlled to Within about 13° C. of a target 
temperature. By so controlling the oxidation temperature, 
any temperature upsets Will not cause the release of amounts 
of oxygen to the vapor space of the liquid oxidation reactor 
Which may cause the vapor region to exceed the LOV as 
de?ned beloW. 

[0007] This invention also relates to a process for produc 
ing one or more oxo acids in high purity Which process 
comprises oxidiZing in a liquid oxidation reactor one or 
more oxo aldehydes With essentially pure oxygen or oxygen 
enriched air containing at least about 50% oxygen, in Which 
mass transfer betWeen said one or more oxo aldehydes and 

said essentially pure oxygen or oxygen-enriched air con 
taining at least about 50% oxygen is suf?cient to minimize 
or eliminate byproduct formation, to produce a crude reac 
tion product ?uid, and (ii) re?ning said crude reaction 
product ?uid to give said one or more oxo acids in high 
purity. By employing a liquid oxidation reactor as described 
herein, the forced circulation of the reactants, i.e., oxo 
aldehyde and pure oxygen or oxygen-enriched air containing 
at least about 50% oxygen, rapidly throughout the liquid 
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oxidation reactor system enhances heat and mass transfer 
betWeen the reactants, thereby maximiZing volumetric reac 
tor productivity and improving desired product selectivity. 

[0008] This invention further relates to a process for 
producing one or more organic acids in high purity Which 
process comprises oxidiZing in a liquid oxidation reactor 
one or more organic liquids With essentially pure oxygen or 
oxygen-enriched air containing at least about 50% oxygen to 
produce a crude reaction product ?uid, and (ii) re?ning said 
crude reaction product ?uid to give said one or more organic 
acids in high purity; Wherein said liquid oxidation reactor 
comprises: 

[0009] a) a vertically positioned tube and shell reac 
tor vessel having a holloW draft tube in the center 
thereof and heat exchanger tubes in the annular space 
betWeen the holloW draft tube and the outer Wall of 
the reactor vessel, said reactor vessel having an 
upper space above and a holloW mixing chamber 
beloW said holloW draft tube and said heat exchanger 
tube; 

[0010] b) impeller means positioned Within said hol 
loW draft tube and adapted to cause the rapid How of 
the organic liquid doWnWard through the holloW 
draft tube into the bottom mixing chamber and 
rapidly upWard through said heat exchanger tubes as 
a substantially uniform dispersion and into said 
upper space in the reactor vessel; 

[0011] c) an upper chamber positioned above and in 
?uid communication With said reactor vessel, said 
upper chamber having a vapor space above a desired 
liquid level; 

[0012] d) at least one generally horiZontal gas con 
tainment baffle disposed betWeen said upper cham 
ber and said reaction vessel in such a manner that the 
vapor space above the liquid level in said upper 
chamber is maintained beloW both the LOV and 
LFL, said gas containment baffle being formed With 
a central hole to enable said impeller means to 
extend generally concentrically through said hole in 
said gas containment baffle; 

[0013] e) at least one generally horiZontal seal baffle 
disposed Within the vapor space of said upper cham 
ber in such a manner that the vapor space above said 
seal baffle is maintained under an inert atmosphere, 
said seal baffle being formed With a central hole to 
enable said impeller means to extend generally con 
centrically through said hole in said seal baffle; 

[0014] f) conduit means for introducing said organic 
liquid into the reactor vessel and for introducing said 
pure oxygen or oxygen-enriched air containing at 
least about 50% oxygen into said reactor vessel or 
the upper chamber for rapid recirculation With the 
organic liquid doWnWard through the holloW draft 
tubes into the bottom mixing chamber and rapidly 
upWard through said heat exchanger tubes into said 
upper space; 

[0015] g) conduit means for WithdraWing product 
liquid from the reactor vessel; 

[0016] h) conduit means for ?oWing cooling ?uid to 
the reactor vessel for the removal of exothermic heat 
of reaction generated Within said reactor vessel; and 



US 2002/0010364 A1 

[0017] i) control means for maintaining a desired 
liquid level Within the reactor vessel or Within the 
upper chamber. 

[0018] By installing a baf?e in the upper chamber, any 
equipment or parts having the potential to generate frictional 
heat, e.g., a seal through Which the agitator shaft passes into 
the liquid oxidation reactor, Will not pose an ignition haZard 
if oxygen and organic vapors are prevented from contacting 
such equipment or parts in an upset condition such as loss of 
agitation in the reaction Zone. 

[0019] This invention yet further relates to a process for 
producing one or more organic acids in high purity Which 
process comprises oxidiZing in a primary liquid oxidation 
reactor one or more organic liquids With essentially pure 
oxygen or oxygen-enriched air containing at least about 50% 
oxygen to produce a ?rst crude reaction product ?uid, (ii) 
removing said ?rst crude reaction product ?uid from said 
primary liquid oxidation reactor, (iii) feeding said ?rst crude 
reaction product ?uid to at least one secondary liquid 
oxidation reactor or plug ?oW reactor, (iv) oxidiZing in said 
secondary liquid oxidation reactor or plug ?oW reactor said 
?rst crude reaction product ?uid With essentially pure oxy 
gen or oxygen-enriched air containing at least about 50% 
oxygen to produce a second crude reaction product ?uid, and 
(v) re?ning said second crude reaction product ?uid to give 
said one or more organic acids in high purity. By con?guring 
tWo or more liquid oxidation reactors in series or a liquid 
oxidation reactor folloWed in series by a plug ?oW reactor, 
ef?ciency can be improved by increasing conversion of the 
organic liquid. 

BRIEF DESCRIPTION OF DRAWINGS 

[0020] 
[0021] FIG. 2 depicts the condenser head of a liquid 
oxidation reactor. 

FIG. 1 is a schematic of a liquid oxidation reactor. 

[0022] FIG. 3 depicts a temperature control mechanism 
for a liquid oxidation reactor. 

[0023] FIG. 4 illustrates a comparison of bloWoff vapor 
composition for liquid oxidation reactor and air converters 
With ?ammable range. The liquid oxidation reactor operates 
beloW both the LFL and LOV While the air converters 
operate beloW only the LOV. 

[0024] FIG. 5 shoWs a comparison of byproduct levels in 
crude and re?ned product produced by air converters and the 
liquid oxidation reactor. 

DETAILED DESCRIPTION 

[0025] As used herein, the folloWing abbreviations have 
the indicated meanings: LoWer Flammable Limit (LFL —a 
composition beloW Which a mixture contains insuf?cient 
fuel to support combustion; Upper Flammable Limit 
(UFL)—a composition above Which a mixture contains too 
much fuel to support combustion; and Limiting Oxygen 
Value or Concentration (LOV or LOC)—the oxygen content 
beloW Which a mixture Will not support combustion irre 
spective of other component composition. 

[0026] Liquid phase oxidation can be described as a 
tWo-step operation involving inter-phase mass transfer of 
oxygen into the liquid phase; and (ii) chemical reaction of 
dissolved oxygen and hydrocarbon in the liquid phase via a 
free radical mechanism. 
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[0027] The overall rate of oxidation is a function of both 
physical transport phenomena and of the chemical reaction 
velocity. The transfer of oxygen from gas to liquid phase is 
a critical aspect of the process and is often the rate limiting 
step since the solubility of oxygen in many hydrocarbon 
systems is inherently loW. Gas to liquid mass transfer is 
improved by increasing the interfacial contact area betWeen 
the phases. In chemical reactors this is typically achieved by 
introducing the gas via a submerged sparger designed to 
generate gas bubbles and by promoting bubble dispersion 
and break-up through use of mechanical agitation. The 
liquid oxidation reactor has been designed With both a high 
degree of gas dispersion and gas-liquid mixing to promote 
oxygen transfer into the liquid phase and minimiZe the 
chemical selectivity losses due to mass transfer de?ciencies. 

[0028] Chemical reaction rate is in?uenced by reaction 
temperature and raW material concentrations. Reactions With 
a loW activation energy are not temperature sensitive, hoW 
ever, those With a high activation energy can exhibit sig 
ni?cant rate changes for only minor temperature changes. 
For strongly exothermic reactions such as oxidations, this 
temperature sensitivity is acute because a temperature devia 
tion Which effects the reaction rate also impacts the heat 
evolution rate. As an illustration, a small doWnWard devia 
tion in oxidation temperature Which causes a reduction in 
reaction rate correspondingly reduces the heat evolution 
rate, Which in-turn can result in a further reduction in 
reaction temperature and reaction rate. The net result can be 
a pronounced instability in reaction rate control. 

[0029] For oxidation processes, reaction instability can 
have serious safety consequences because oxidation reactors 
maintain strict safety controls over the alloWable oxygen 
concentration in the bloWoff gas in order to maintain the 
bloWoff gas beloW the LOC. For reasons of improved mass 
transfer, oxidation processes are typically operated Within a 
WindoW Where the level of oxygen breakthrough is maxi 
miZed under the LOC limit. Therefore reaction rate stability 
is of critical importance because variations in reaction rate 
sWing the level of unreacted oxygen breakthrough into the 
bloWoff gas. These upsets can force the process to operate 
Well beloW the LOC limit so as to prevent upWard pertur 
bations in oxygen concentration exceeding the LOC level. 

[0030] For this reason commercial oxidation reactors 
often purposefully operate in a regime Where transport 
phenomena dominate the rate and the chemical selectivity 
advantages of oxidation free from mass transfer limitations 
are traded-off for improved stability. 

[0031] Organic liquids Which may be employed in the 
process of this invention include, for example, aldehydes, 
alcohols, alkylbenZenes, cyclic aliphatic hydrocarbons and 
the like. Illustrative aldehydes include, for example, form 
aldehyde, acetaldehyde, propionaldehyde, n-butyraldehyde, 
2-methylbutyraldehyde, iso-butyraldehyde, n-valeralde 
hyde, caproaldehyde, heptaldehyde, nonylaldehyde, pheny 
lacetaldehyde, benZaldehyde, o-tolualdehyde, m-tolualde 
hyde, p-tolualdehyde, salicylaldehyde, 
p-hydroxybenZaldehyde, anisaldehyde, vanillin, piperonal, 
2-ethylhexaldehyde, 2-propylheptaldehyde, 2-phenylpropi 
onaldehyde, 2-[p-isobutylphenyl]propionaldehyde, 2-[6 
methoxy-2-naphthyl]propionaldehyde and the like. Illustra 
tive alcohols include, for example, 2-ethylhexanol, 
2-propylheptanol, isobutyl alcohol, 2-methyl-1-butanol, and 
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the like. Illustrative alkylbenZenes include, for example, 
p-nitrotoluene, o-bromotoluene, ethylbenZene, n-butylben 
Zene, m-xylene, p-xylene, toluene and the like. Illustrative 
cyclic aliphatic hydrocarbons include, for example, cyclo 
hexane, cyclooctane, cycloheptane, methylcyclohexane and 
the like. Illustrative of suitable organic liquids include those 
permissible starting material liquids Which are described in 
Kirk-Othmer, Encyclopedia of Chemical Technology, Third 
Edition, 1984, the pertinent portions of Which are incorpo 
rated herein by reference. 

[0032] Preferred organic liquids include aldehydes, par 
ticularly aldehydes prepared by hydroformylation processes 
such as disclosed, for example, in Us. Pat. Nos. 3,527,809, 
4,148,830, 4,247,486, 4,593,127, 4,599,206, 4,668,651, 
4,717,775 and 4,748,261. Such aldehydes prepared by 
hydroformylation processes are referred to herein as “oxo 
aldehydes”. 
[0033] The oxidiZing agent useful in the process of this 
invention is pure oxygen or oxygen-enriched air containing 
at least about 50% oxygen. The oxygen-enriched air may 
contain, for example, inert gases such as nitrogen, carbon 
dioxide or noble gases. The preferred oxidiZing agent is pure 
oxygen. Such oxidiZing agents can be used in amounts 
described beloW and in accordance With conventional meth 
ods. 

[0034] The oxidiZing agent is employed in an amount 
sufficient to permit complete oxidation of the organic liquid, 
e.g., aldehyde. Preferably, the oxidiZing agent is added at a 
rate, e.g., oxygen partial pressure, sufficient to suppress or 
eliminate side reactions of the organic liquid such as decar 
bonylation of the aldehyde, and more preferably, an oxygen 
partial pressure of from about 1 psi or less to about 200 psi 
or greater. 

[0035] The oxidation step of the process of this invention 
may be conducted at a reaction pressure from about 50 to 
about 150 psig. The preferred operating pressure is from 
about 70 to about 120 psig. The liquid oxidation reactor 
preferably operates at a pressure of about 100 psig, and 
preferably may be con?ned Within a pressure range of about 
80 to about 115 psig by high and loW pressure automatic 
shutdoWn limits. 

[0036] For aldehyde oxidations, it has been observed that 
aldehyde decarbonylation side reaction to C1 and Cn_1 frag 
ments is very loW at oxygen partial pressures above 40 psig, 
but increases exponentially at oxygen partial pressures 
beloW 40 psig, presumably due to the increasingly acute 
impact of oxygen mass transfer limitations. Other process 
conditions Were consistent With commercial operating con 
ditions (temperature 650 C., reaction rate <15 gmol/lit/hr). 
Therefore, for aldehyde oxidations, the operating pressure 
for the liquid oxidation reactor should preferably be above 
about 40 psig to maximiZe selectivity to the organic acid 
product. 
[0037] The upper limit on reaction pressure is ?xed by 
considerations of vessel Wall thickness. A de?agration 
occurring in the liquid oxidation reactor vapor space Will 
cause a pressure spike to approximately 10 times initial 
pressure. Designing the vessel Wall thickness to contain the 
pressure run-up from a potential de?agration limits the 
normal operating pressure. 

[0038] The oxidation step of the process of this invention 
may be conducted at a reaction temperature from about —25° 
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C. or loWer to about 125° C. LoWer reaction temperatures 
may generally tend to minimiZe byproduct formation. In 
general, oxidations at reaction temperatures of about —10° C. 
to about 100° C. are preferred. 

[0039] The focus of this invention is on temperature 
control of a kinetically controlled oxidation reaction thereby 
alloWing improved product quality. This invention recog 
niZes and addresses the impact of temperature on oxygen 
concentration in the liquid oxidation reactor vapor space. By 
controlling a temperature sensitive oxidation reaction in a 
region Which is not subject to mass transfer limitations, 
improved product quality can result because of reduced 
byproduct formation. Operation of the reaction requires 
close control of reaction temperature since operation of a 
highly exothermic reaction With a high activation energy in 
a kinetically controlled regime can make the reaction 
extremely temperature sensitive. Temperature sensitivity 
can cause ?uctuations in the oxygen breakthrough into the 
reactor vapor space. 

[0040] Particularly, if organic liquid A is oxidiZed in a 
liquid oxidation reactor to organic acid B in the folloWing 
manner: 

[0041] Wherein x, y, and Z are stoichiometric constants, 
then the rate of oxidation of organic liquid A is given by an 
expression of the form: 

[0042] Wherein r A is reaction rate of A; k, n, m are 
constants, A1 is Arrhenius constant, E is activation energy, T 
is absolute temperature, R is universal gas constant, C A is 
concentration of organic liquid A, and P02 is oxygen partial 
pressure. 

[0043] If the reaction temperature changes by a small 
increment from T1 to T2 the change in reaction rate, ArA, can 
be calculated as folloWs: 

[0044] The impact on oxygen consumption rate is: 

AF02=ArA*V*y/x 

[0045] Where V is the reaction Zone volume. 

[0046] A doWnWard temperature change Will cause a 
reduction in oxygen consumption rate. If the oxygen feed 
rate to the reaction Zone is not reduced the purge rate of 
oxygen (F02) across the gas baffle Will increase until it is 
equal to: 

[0047] Wherein (F02)1 is the initial purge rate of oxygen 
across the gas baffle. Neglecting organic ?ux into the vapor 
space, the concentration of oxygen (CO2) in the vapor space 
above the condenser liquid level Will equal: 
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[0048] wherein N2 is the nitrogen purge rate through the 
vapor space. 

[0049] The following limit must be applied to maintain the 
vapor space in a safe operating region: 

C02<System LOC 

[0050] It follows that the liquid oxidation reactor reaction 
Zone temperature controller must be capable of maintaining 
the reaction temperature within a range where temperature 
upsets do not cause the process to release amounts of oxygen 
to the vapor space which cause the vapor region to exceed 
the LOC. This limit is within 13° C., preferably 12° C., and 
more preferably 11° C., of the target temperature for oxi 
dation reactions at preferred rates of nitrogen purge through 
the vapor space. The target temperature is selected from a 
temperature ranging from about —25° C. or lower to about 
125° C., preferably from about —10° C. to about 100° C. 
Such temperature upsets can cause cycling of reaction rate. 
Cycling refers to frequent periodic and extreme changes in 
reaction rate during the oxidation process. Cycling condi 
tions disrupt steady operation of the unit. Uniform tempera 
ture is required to eliminate cycling of reaction rate. 

[0051] The liquid oxidation reactor should be provided 
with a temperature control loop suf?cient for maintaining or 
controlling reaction Zone temperature within the above 
stated limits. An illustrative design employs the strategy 
shown in FIG. 3. In this scheme the upper conical head 
temperature is controlled by adjusting the cycle water inlet 
temperature. The cycle water inlet temperature is controlled 
by manipulating the quantity of cycle water which is 
recycled from the shell return line to the shell inlet using 
valves CV1 and CV2. These two motor valves have a 
V-groove ?ow area which provides a highly linear ?ow 
response to demand changes. Preferably, the upper conical 
head temperature is controlled to within 105° C. thereby 
providing desired stability and an acceptable variation in the 
level of oxygen breakthrough in the vapor space. The 
signi?cance of this invention is that tight control of reaction 
temperature is needed by the liquid oxidation reactor for 
reasons of stability and to capitaliZe upon the process 
advantages of operating in a chemical rate controlled region. 
The actual means of achieving temperature control may be 
subject to several design variations. In a preferred embodi 
ment for aldehyde oxidation, a temperature control within 
11° C. of a target reaction temperature for oxidations 
conducted in the liquid oxidation reactor having an activa 
tion energy of greater than 15 kcal/mol and exothermic heat 
of reaction of greater than 100,000 BTU/lb-mol is desired. 

[0052] The oxidation step of the process of this invention 
is conducted for a period of time suf?cient to produce an 
organic acid. The exact reaction time employed is depen 
dent, in part, upon factors such as temperature, nature and 
proportion of starting materials, and the like. The reaction 
time will normally be within the range of from about 
one-half to about 200 hours or more, and preferably from 
less than about one to about 10 hours. 
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[0053] The oxidation step in the process of this invention 
can be carried out in the liquid state and can involve a batch 
or continuous liquid recycle system. 

[0054] The oxidation step of the process of this invention 
may be conducted in the presence of an organic solvent. 
Depending on the particular promoter and reactants 
employed, suitable organic solvents include, for example, 
alcohols, alkanes, esters, acids, amides, aromatics and the 
like. Any suitable solvent which does not unduly adversely 
interfere with the intended oxidation process can be 
employed and such solvents may include those heretofore 
commonly employed in known processes. Mixtures of one 
or more different solvents may be employed if desired. 
Solvents which partially or totally dissolve the aldehyde and 
do not react with peracids may be useful. The amount of 
solvent employed is not critical to this invention and need 
only be that amount suf?cient to provide the reaction 
medium with the particular substrate and product concen 
tration desired for a given process. In general, the amount of 
solvent when employed may range from about 5 percent by 
weight up to about 95 percent by weight or more based on 
the total weight of the reaction medium. 

[0055] In a preferred embodiment, when the requisite 
aldehyde product is provided by a hydroformylation reac 
tion, suitable solutions can be provided by using liquid 
aldehydes or by melting solid aldehydes. However, suitable 
solutions may consist of the aldehydes dissolved in an 
appropriate solvent (e.g., in the solvent in which the ?rst step 
of the process of this invention was conducted). Any solvent 
which will dissolve the aldehyde product and is unreactive 
with pure oxygen or oxygen-enriched air containing at least 
about 50% oxygen may be used. Examples of suitable 
solvents are ketones (e.g., acetone), esters (e.g., ethyl 
acetate), hydrocarbons (e. g., toluene) and nitrohydrocarbons 
(e.g., nitrobenZene). Amixture of two or more solvents can 
be employed to maximiZe the purity and yield of the desired 
aldehyde. The solution used may also contain materials 
present in the crude reaction product of the aldehyde 
forming reaction (e.g., catalyst, ligand and heavies). Pref 
erably, however, the solution consists essentially of only the 
aldehyde and the solvent. The concentration of the aldehyde 
in the solvent solution will be limited by the solubility of the 
aldehyde in the solvent. 

[0056] In an embodiment of this invention, aldehyde oxi 
dation occurs through a complex free radical mechanism. 
This process can be simpli?ed into 2 basic steps represented 
by formation of a peroxy acid from a mol of aldehyde, 
and (ii) reaction of the peroxy acid with an additional mol of 
aldehyde to yield 2 mols of acid product. 

[0057] Step (1) is believed to occur by a free radical 
mechanism which can be represented by: 

(1) 
Initiation RCHO + 02 —> RCO' + H02‘ 

(2) 
Propagation RCO' + O2 —> RCO3' 

(3) 
RCO3I + RCHO —> RCO3H + RC0I 
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-continued 
(4) 

Termination RCO2'+RCHO —> molecular product 

[0058] The initiation step involves the production of an 
acyl radical (RCO.) from the reaction of aldehyde with 
oxygen. No external promoter is employed to generate free 
radicals, instead the mechanism of generation is believed to 
involve decomposition of peroxides either thermally, or, 
catalyzed by metal surfaces. However, other initiations may 
employ a promoter such as a cobalt or manganese salt. 

[0059] During the chain propagation step, the acyl radical 
reacts rapidly with oxygen to form a peroxyacyl radical 
(RCO3.), which, in a subsequent slower step, reacts with a 
mol of aldehyde to form a peroxy acid and a new acyl 
radical. This propagation reaction proceeds until the chain is 
terminated after a large number of cycles by the formation 
of non-radical products. 

[0060] In step (2) the peroxy acid reacts with an additional 
mol of the starting aldehyde to form a peroxy acid-aldehyde 
adduct, which then decomposes to form 2 mols of the 
product acid. 

(5) 
O 

H 

peroxyacid-aldehyde 
adduct 

[0061] There are several side-reactions to unwanted 
byproducts which compete with the above mechanism. 
Under conditions of poor mass transfer of oxygen into the 
liquid phase, the acyl radical involved in reaction 2 above 
may decompose as follows: 

[0062] The remaining radical, R, contains one less carbon 
than the initial acyl radical and may undergo further oxida 
tion to produce an aldehyde or alcohol. In the case of 
valeraldehyde oxidation, butyraldehyde or butanol may 
result from this pathway. The extent of carbon monoxide 
generation, and the rate of formation of compounds con 
taining one less carbon atom (n-l) than the feedstock 
hydrocarbon, are thus measures of the degree of oxygen 
starvation present at the reaction conditions. 

[0063] The formation of Cn_1 components can impact 
product re?ning if they, or components formed by subse 
quent oxidation reactions, have a close volatility to the 
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desired product. For example, valeraldehyde oxidation to 
valeric acid may produce small quantities of butyraldehyde 
and butanol as unwanted byproducts of the oxygen starved 
mechanism described above. Butyraldehyde may undergo 
yet a further oxidation to yield butyric acid, and butanol may 
esterify with valeric acid to yield butyl valerate. Both butyric 
acid and butyl valerate are difficult to separate from valeric 
acid in conventional re?ning columns because they are close 
boiling. 
[0064] The relative amounts of butyraldehyde and butanol 
present in crude oxidizer product are compared in FIG. 5 for 
the liquid oxidation reactor and an air converter. After 
re?ning in similar fractionation processes, the quantities of 
butyric acid and butyl valerate remaining in the re?ned 
valeric acid are also shown in FIG. 5. The reduction in 
butyric acid and butyl valerate correspond to quantitative 
improvements in valeric acid purity. 

[0065] As indicated above, the organic acid-forming pro 
cess of this invention can be conducted in a batch or 
continuous fashion, with recycle of unconsumed starting 
materials if required. The reaction can be conducted in a 
single reaction zone or in a plurality of reaction zones, in 
series or in parallel or it may be conducted batchwise or 
continuously in an elongated tubular zone or series of such 
zones. The materials of construction employed should be 
inert to the starting materials during the reaction and the 
fabrication of the equipment should be able to withstand the 
reaction temperatures and pressures. Means to introduce 
and/or adjust the quantity of starting materials or ingredients 
introduced batchwise or continuously into the reaction zone 
during the course of the reaction can be conveniently 
utilized in the processes especially to maintain the desired 
molar ratio of the starting materials. The reaction steps may 
be effected by the incremental addition of one of the starting 
materials to the other. The processes may be conducted in 
either glass lined, stainless steel or similar type reaction 
equipment. The reaction zone may be ?tted with one or more 
internal and/or external heat exchanger(s) in order to control 
undue temperature ?uctuations, or to prevent any possible 
“runaway” reaction temperatures. 

[0066] As indicated above, the oxidation process of this 
invention is accomplished by the use of pure or nearly pure 
oxygen as the feed gas in the place of feed air and by the 
carrying out of the oxidation reaction in a liquid organic 
reaction system in place of a conventional reaction system. 
The reactor technology described herein provides an advan 
taged and safe means of conducting liquid phase oxidations 
with pure oxygen. This technology is referred to as the liquid 
oxidation reactor technology. 

[0067] A schematic diagram of liquid oxidation reactor 
technology is shown in FIG. 1. The liquid oxidation reactor 
consists of two discrete process zones partitioned by a gas 
containment baffle. Below the gas containment baffle is a 
well mixed reaction region in which organic liquid oxidation 
occurs. Above the gas containment baffle is a condenser 
region in which blowoff gases are treated before exiting the 
reactor. 

[0068] The reaction zone comprises a vertical shell and 
tube heat exchanger with upper and lower conical heads 
mounted at either end of the tube sheets. Located in the 
center of the tube bundle is a cylindrical draft tube contain 
ing a downward pumping helical-screw impeller. Oxygen 
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and organic liquid, e.g., aldehyde, are fed into the upper 
conical head near the impeller suction. Oxygen is introduced 
through tWo spargers mounted either side of the impeller 
shaft, organic liquid through an open pipe at the vessel Wall. 

[0069] The impeller dissipates oxygen feed as a ?ne 
dispersion of gas bubbles and pumps the resultant tWo phase 
mixture doWnWards through the draft tube and into the loWer 
conical head. Three cross-shaped (quadrant) baf?es located 
respectively at the draft tube suction mouth, beloW the 
impeller, and in the draft tube exit, ensure ef?cient axial draft 
tube pumping by minimizing rotational sWirl. Fluid exiting 
the draft tube enters the loWer conical head Where a conical 
baf?e projected at the draft tube creates a roll Wave in Which 
turbulent recirculation occurs before ?uids are returned to 
the upper conical head through the tube bundle. Heat of 
reaction is removed by a shell side coolant. 

[0070] The reaction Zone is operated liquid full and a 
liquid level is maintained in the condenser head above the 
gas containment baf?e by controlling the rate at Which liquid 
product is WithdraWn from the base of the reaction Zone. 
Crude liquid product is removed in an ungassed form from 
beneath a loWer conical shaped baf?e. Gas-liquid phase 
separation is achieved by WithdraWing product through a 
narroW outer circumferential drainage slit in the conical 
baf?e at a suf?ciently loW rate to alloW buoyancy forces to 
disengage gas bubbles from the liquid product. 
[0071] The function of the gas containment baf?e is to 
ensure high levels of oxygen consumption in the reaction 
Zone by re-circulating unreacted oxygen evolving from the 
top tubesheet back into the draft tube. The baf?e consists of 
a solid metal plate With a small de-gassing slit located near 
the outer circumference. A small purge of gas has to be 
vented from the reaction Zone into the condenser head 
through the de-gassing slit in order to prevent the accumu 
lation of inert gases formed as a byproduct of aldehyde 
oxidation. The design intent of the baf?e is attain an oxygen 
consumption ef?ciency greater than 97.5%. This is achieved 
by limiting the vent rate of gas through the de-gassing slit to 
a level Which as closely as possible balances the production 
rate of gaseous reaction byproducts. The gas containment 
baf?e preferably has a steady bearing Which comprises a 
split ring bushing mounted around the impeller shaft and 
supported on the gas containment baf?e. The function of the 
steady bearing is to minimiZe lateral movement of the 
impeller shaft Which may cause metal to metal impingement 
of the outer tip of the impeller blades and inner Wall of the 
draft tube. 

[0072] Above the gas baf?e is located a direct contact 
condenser head. The function of the condenser is to remove 
condensable organic vapors from the bloWoff gas and 
thereby ensure that the bloWoff gas composition is beloW the 
LFL. To achieve this, the condenser liquid temperature is 
controlled at approximately —5 to 25° C., depending on the 
system organic vapor pressure, by externally circulating 
process liquid through the evaporator of a refrigeration unit. 
To assist in ensuring the bloWoff gas is fuel lean, a small 
recycle stream of acid is recirculated from the re?ning 
process and added to the condenser circulation loop. The 
purpose of this stream is to provide a localiZed high con 
centration of loW volatility acid above the gas containment 
baf?e. 

[0073] Above the condenser liquid level, a continuous 
purge of nitrogen is added to the vapor space to dilute 
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unreacted oxygen to a level Well beloW the LOV. Redundant 
oxygen analyZers continuously monitor the vapor space to 
ensure the bloWoff oxygen is at safe levels. The nitrogen 
purge also serves to sWeep the vapor space into a vent 
collection header. A reactor pressure of 50-150 psig is 
maintained by controlling the vent rate of the bloWoff gas. 

[0074] In conventional air-based liquid oxidation reactor 
technologies, air ?oW is in a single pass upWards through the 
reactor and the bloWoff gas is maintained beloW the LOV by 
limiting the feed rate of oxidant. This can cause undesirable 
mass transfer consequences due to oxygen de?ciency in the 
liquid phase, especially in the upper portion of the reactor 
Where the oxygen concentration is loWest. In addition, the 
bloWoff gas is typically in thermal equilibrium With the 
liquid phase at the oxidation temperature, Which causes the 
bloWoff gas to be above the LFL for most volatile organic 
systems. In the liquid oxidation reactor, the combination of 
condenser cooling, recycle acid addition, and nitrogen 
purge, secures the bloWoff composition Well aWay from the 
?ammable region While alloWing the reaction Zone to oper 
ate advantageously at oxygen partial pressures far in excess 
of conventional oxidation technologies. This is shoWn 
graphically in FIG. 4 for valeraldehyde oxidation. 

[0075] Details of the upper portion of an liquid oxidation 
reactor employed for aldehyde oxidation are shoWn in FIG. 
2. Under normal operation conditions, the composition of 
the vapor space is maintained beloW both the LOC and the 
LFL. Additionally no ignition source is present. 

[0076] If mechanical agitation in the liquid oxidation 
reactor reaction Zone is lost because of an equipment mal 
function or poWer loss, the oxygen gas dispersed in the 
reaction Zone Will rise by buoyancy through the gas baf?e 
and enter the vapor space of the liquid oxidation reactor. To 
prevent ?ammable conditions in the vapor space, the normal 
nitrogen purge through the vapor space is automatically 
increased by the reactor shutdoWn system to a level Which 
Will dilute the oxygen content beloW the LOC. 

[0077] The agitator shaft passes into the liquid oxidation 
reactor vessel through a mechanical seal shoWn in FIG. 2. 
The seal is cooled by condensate and under normal operat 
ing conditions presents no ignition haZard to the vapor 
space. It is hoWever conceivable that a mechanical failure of 
the seal may create a scenario Where sufficient frictional heat 
is generated by the seal to pose an ignition haZard. 

[0078] The seal cannot pose an ignition haZard if oxygen 
and organic vapors are prevented from contacting the seal in 
an upset condition such as loss of agitation in the reaction 
Zone. One means of achieving this is to place a baf?e 
comprising a ?at metal plate immediately under the seal. 
The baf?e is sealed to the vessel Wall and contains a circular 
hole in its center sufficient to accommodate the agitator shaft 
With a small annular clearance of about 0.5“ betWeen the 
shaft face and the outer tip of the baf?e plate. A dedicated 
nitrogen purge is then introduced above the baf?e at a 
?oWrate Which is siZed to cause a slight pressure increase 
above the baf?e in relationship to the vapor space pressure 
beloW the seal baf?e. Nitrogen is thus forced to pass in a 
doWnWard motion aWay from the seal through the annular 
clearance space betWeen the shaft and the baf?e outer tip 
With no upWard mixing of gas from the bulk vapor space. In 
this Way a secure inert blanket around the seal is achieved. 

[0079] The vapor space of the liquid oxidation reactor is 
normally operated under non-?ammable conditions. HoW 
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ever multiple equipment failures, such as those Which cause 
the agitator to cease providing gas dispersion to the reaction 
Zone, can cause the vapor space to become ?ammable. 
Under these conditions it is important to ensure that no vapor 
space ignition source exists. A conceivable ignition source 
may be generated by a mechanical failure of the seal through 
Which the agitator shaft passes into the vapor space. Such a 
seal failure may deform the seal faces and generate frictional 
heat suf?cient to ignite ?ammable gases Which come into 
contact With the point of failure. The seal baf?e ensures no 
?ammable gases contact the seal. 

[0080] If ignition of the vapor space occurs, a de?agration 
explosion Will result. This event involves the propagation of 
a ?ame front through the vessel at less than the speed of 
sound and an associated pressure Wave Which can approach 
10 times the initial pressure. If sufficient run length and 
turbulent mixing is available in the vapor space, a de?agra 
tion Wave can run up to and transition into a detonation 

explosion. Adetonation is a much more poWerful event than 
a de?agration and generates a pressure shock Wave traveling 
at greater than the speed of sound. The liquid oxidation 
reactor vessel Wall thickness can be designed to contain the 
peak pressure resulting from a de?agration Without loss of 
vessel integrity. Adetonation is too poWerful to contain With 
any reasonable Wall thickness and Will likely result in loss of 
vessel containment and shrapnel. 

[0081] Acharacteristic minimum cell diameter and critical 
path length required to transition a de?agration to a deto 
nation has been de?ned in the literature for a limited number 
of hydrocarbon systems. These values are sensitive to the 
speci?c geometry of the test apparatus and do not transfer to 
scale-up scenarios With good accuracy. It is therefore diffi 
cult to obtain de?nitive design data on the limiting cell siZe 
and run-up length required to transition a de?agration into a 
detonation in the liquid oxidation reactor. The volume of 
vapor space in a liquid oxidation reactor may be suf?ciently 
large to place the liquid oxidation reactor in a gray area 
Where additional explosion protection must be considered 
since the potential for a de?agration roll-over to a detonation 
may be considered unlikely but uncertain. The seal baf?e by 
providing further security against vapor phase ignition is an 
important safety feature of liquid oxidation reactors Where 
the vapor volume is large enough that the possibility of a 
de?agration-detonation transition occurring cannot be con 
clusively ruled out. 

[0082] In the oxidation of organic liquids, it is necessary 
to prevent a potentially explosive or ?ammable vapor-gas 
phase mixture from developing in the overhead gas phase. If 
the concentration and volume of organics in the vapor space 
cannot be adequately controlled, then the TNT equivalents 
may exceed safe operation of the reactor vessel and thereby 
pose a serious safety concern. A liquid oxidation reactor 
process and system as disclosed in US. Pat. No. 4,900,480 
has been found to be advantageous for such organic liquid 
oxidation applications. 

[0083] By replacing air With oxygen, the partial pressure 
of oxygen containing gas bubbles Within the oxidation 
reactor is signi?cantly greater than the inherently limited 
oxygen partial pressure in air. Consequently, the driving 
force for mass transfer is greater, and the likelihood of 
oxygen starved conditions, Which cause byproduct forma 
tion is loWer. 
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[0084] The liquid oxidation reactor system is a Well mixed 
stirred reactor system, With oxygen bubbles uniformly dis 
tributed throughout the reactant liquid. The liquid oxidation 
reactor approach, in its most common embodiment, uses a 
mixing impeller and draft tube arranged to disperse and 
circulate gas bubbles in the liquid phase. When used to 
safely react gaseous oxygen With ?ammable liquids, the gas 
bubbles comprise a mixture of feed oxygen, ?ammable 
organic vapor and byproduct gases. With the gas bubbles 
dispersed as small bubbles throughout the liquid phase, the 
?ammability haZard associated With the oxygen and the 
organic vapor mixture is mitigated by the heat capacity of 
the surrounding liquid, Which adsorbs the heat or reaction in 
the event of bubble ignition, and because the ?ame from a 
single bubble cannot propagate through the liquid phase. 

[0085] In the liquid oxidation reactor system as disclosed 
in US. Pat. No. 4,900,480, a recirculating liquid reaction 
Zone is separated from, but remains in ?uid communication 
With, a quiescent Zone that is in contact With the overhead 
gas phase. A baf?e betWeen said Zones serves to substan 
tially prevent gas bubbles that are carried With the liquid in 
the recirculating liquid Zone from disengaging the liquid 
because of their buoyancy, thus insuring that the bubbles are 
recirculated With the liquid and are ef?ciently consumed by 
reaction. Any gas bubbles that do escape from the recircu 
lating liquid Zone under the baf?e, and pass upWard through 
the quiescent Zone, are collected in the gas space above the 
quiescent Zone, Where they are rendered non-?ammable by 
the addition of inert gas, e.g. nitrogen, to said gas space. 

[0086] Since the liquid oxidation reactor system is a Well 
mixed stirred tank reaction system, oxygen bubbles are 
generally uniformly distributed throughout the liquid. Thus, 
in the operation of the liquid oxidation reactor system in the 
practice of this invention, there are essentially no Zones in 
the reactor that are oxygen starved due to poor gas-liquid 
contacting. Depending on the vapor pressure of the liquid, 
Which acts as a diluent, the average oxygen concentration in 
the gas bubble is much higher in an liquid oxidation reactor 
system than it is in a conventional reactor. In liquid oxida 
tion reactor systems With a very loW liquid vapor pressure, 
the average oxygen concentration can approach 95% or 
higher. This compares favorably to the average 5% oxygen 
concentration in a conventional air based stirred tank reactor 
and to the average of about 13% in an air based bubble 
column reactor. 

[0087] For aldehyde oxidation in oxo acid production, the 
higher overall mass transfer rate associated With oxygen 
based liquid oxidation reactor technology increases the 
amount of oxygen available for reaction in the liquid phase 
and thereby reduces selectivity losses that are associated 
With oxygen starved conditions. 

[0088] Furthermore, for a given aldehyde conversion rate, 
the overall higher mass transfer rate that is obtained With 
oxygen alloWs for operation at loWer temperature and pres 
sure than in conventional air base reaction systems. Since 
the gas phase oxygen concentration is much higher in an 
oxygen based system, the same oxygen partial pressure can 
be achieved at a much loWer total pressure than With air. 
Also, since both temperature and oxygen concentration 
increases the reaction rate, a given reaction rate can be 
maintained by increasing the oxygen concentration and 
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lowering the reaction temperature. Operation at such loWer 
temperature further reduces byproduct formation and 
increases product selectivity. 

[0089] An important advantage of the liquid oxidation 
reactor system is that it is a Well mixed stirred tank reactor 
system having separate reaction and gas disengagement 
Zones that are de?ned by the baf?e means as disclosed in 
US. Pat. No. 4,900,480. Since said baf?e or other means 
keeps most of the unreacted oxygen from disengaging from 
the liquid before it is reacted, very little inert gas is required 
to assure that the headspace gas is beloW the ?ammable 
limit, Which With acceptable safety margins, is typically 5% 
oxygen or less. 

[0090] As indicated above, it is convenient and generally 
desirable to use the liquid oxidation reactor system disclosed 
in US. Pat. No. 4,900,480, but that the other embodiments 
thereof can also be employed in the practice of this inven 
tion. Furthermore, While essentially pure oxygen, e.g., 99% 
pure oxygen, can be employed as the oxygen containing gas 
used for the oxidation of organic liquids such as aldehydes, 
loWer purity oxygen can also be used for such purpose. 
Thus, oxygen containing gas having an oxygen concentra 
tion of about 50% by volume or above Will offer improved 
selectivity over the use of feed air. The magnitude of the 
improved selectivity Will generally increase in proportion to 
the oxygen concentration in the oxygen containing gas. In 
particular, oxygen of greater than 90% purity should gen 
erally result in nearly the same bene?t as is obtained using 
99% pure oxygen. 

[0091] While oxygen may be used to advantage in a 
bubble column or gas lift bubble column reactors to improve 
performance relative to feed air in these reaction con?gu 
rations due to the higher available oxygen partial pressure, 
a large quantity of inert gas is necessary to inert the 
headspace in these reactors, rendering the use of such 
reactors less desirable than the practice of this invention. 
The bene?ts of oxygen can also be realiZed in other Well 
mixed stirred tank reactor con?gurations. HoWever, as in the 
bubble column approach, the amount of unreacted oxygen 
that escapes into the reactor headspace Will be greater in 
non-liquid oxidation reactor stirred tank systems. Hence, the 
amount of inert gas required to maintain non?ammable 
conditions in the headspace is typically much greater than 
for liquid oxidation reactor operations. Processes using such 
non-liquid oxidation reactor stirred tanks systems are again 
economically unfavorable compared to the use of an liquid 
oxidation reactor approach because of the high cost of 
nitrogen or other inert purge gas and the higher costs 
associated With the removal of organic compounds from the 
purge gas prior to the discharge of said purge gas to the 
atmosphere. 

[0092] The liquid oxidation reactor employs a shell and 
tube reactor con?guration so as to achieve a high heat 
transfer surface to reactor volume ratio together With 
enhanced heat transfer due to forced circulation of the 
reaction liquid. Also, in the liquid oxidation reactor, means 
are provided to achieve gas circulation throughout the entire 
reaction volume, thereby improving reaction productivity 
and reaction selectivity. 

[0093] The liquid oxidation reactor employed in this 
invention is particularly bene?cial for reaction systems 
Wherein the reactant gas can form a ?ammable gas mixture 
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With the vapor above the reactant liquid, as in the oxygen 
based oxidation of organic chemicals. In such cases, the 
oxygen gas is sparged under the liquid surface directly into 
the impeller suction. A ?ammable gas mixture is formed at 
the point of gas injection. HoWever, since the gas is dis 
persed Within the liquid, it is not haZardous since ?ame 
cannot propagate through the liquid. The gas liquid disper 
sion is pumped doWn through the draft tube into the bottom 
mixing chamber and up through the heat exchanger tubes. 
The gas then disengages from the liquid phase and collects 
in the gas space above the liquid. This con?guration takes 
advantage of bene?cial heat transfer and ?uid ?oW charac 
teristics offered by the pumped shell and tube design since 
the reactant gas is circulated throughout the entire reactor 
volume. The productivity of the entire reactor volume is 
maximiZed, and the potential for reactant starved conditions 
that can occur is minimiZed. 

[0094] In an embodiment, a vertical shell and tube heat 
exchange reactor has a holloW draft tube positioned in the 
center thereof. Impeller means are positioned Within said 
draft tube, preferably at the upper portion, and are adapted 
to recirculate liquid doWnWard through said draft tube into 
a bottom mixing chamber, and up through heat exchanger 
tubes. A liquid feed is passed through a feed line containing 
?oW control means preferably into upper portion of the 
reactor. Cooling Water is passed to the reactor through an 
inlet and is WithdraWn through an outlet. The liquid is caused 
to rise to a liquid level in said upper portion, Which is in ?uid 
communication With an upper chamber comprising an over 
head gas phase from Which gas is vented through a gas 
discharge line containing a ?oW control means. Product is 
discharged from the bottom mixing chamber through a line 
containing ?oW control means. Liquid level control means is 
adapted to receive input signals as to liquid level and to send 
output signal to ?oW control means so as to maintain the 
desired liquid level. A drive motor is connected to drive 
shaft, adapted to drive impeller means. Upper baf?e means 
and loWer baf?e means are provided to facilitate the desired 
recirculation of liquid doWnWard in the draft tube and 
upWard in said tubes. 

[0095] In an embodiment, back pressure control means are 
provided to receive an input signal as to the pressure in 
upper chamber and to send an output signal to ?oW control 
means in a gas discharge line. In addition, an inert purge line 
containing normal ?oW control means, eg valve, is used to 
introduce a purge gas to the upper chamber or reactor above 
the liquid level. An oxygen analyZer is adapted to receive 
input signals as to the oxygen concentration in the upper 
chamber and to send output signals to emergency ?oW 
control means to enable additional quantities of inert purge 
gas to ?oW through emergency ?oW line to reactor or upper 
chamber above liquid level. 

[0096] In ?ammable systems such as exist in this inven 
tion, the potential to form ?ammable gas mixtures in the 
Waste gas stream must be eliminated. For example, in the 
oxidation of an organic liquid With air, the oxygen content 
in the Waste gas must be reduced beloW the ?ammable 
oxygen concentration Which is typically betWeen 8% and 
12%. In practice, the oxygen concentration is reduced to 
beloW 5% to provide an adequate safety margin. Nitrogen or 
other diluent gas can be added to the Waste gas to reduce the 
oxygen concentration to less than 5%. If pure or nearly pure 
oxygen is used, the oxygen must be reacted aWay or an inert 
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diluent is added to the Waste gas, but the mass transfer 
performance of the system is improved due to the higher 
oxygen concentration. 

[0097] Oxygen is used in the reactor system of the inven 
tion to improve selectivity in the oxidation of organic liquids 
to the corresponding organic acids. With oxygen, the partial 
pressure of oxygen in the oxygen containing gas bubbles 
Within the oxidation reactor is signi?cantly greater than the 
inherently limited oxygen partial pressure in air. Conse 
quently, the driving force for mass transfer is greater, and the 
likelihood of oxygen starved conditions Which cause 
byproduct formation is loWer, With oxygen. 

[0098] The liquid oxidation reactor useful in this invention 
is a Well mixed stirred tank reactor system, consequently 
oxygen bubbles are uniformly distributed throughout the 
liquid. Thus, With said reactor there are no Zones that are 
oxygen starved due to poor gas liquid contacting. Depending 
on the vapor pressure of the liquid Which acts as a diluent, 
the average oxygen concentration in the gas bubbles is much 
higher than it is in a conventional reactor With air. In systems 
With a very loW liquid vapor pressure, the average oxygen 
concentration can approach 95% or higher. This compares 
favorably to the average 5% oxygen concentration in a 
conventional air based stirred tank reactor and to the average 
of 13% in a bubble column reactor. 

[0099] The overall higher mass transfer rate gives rise to 
improved oxygen mass transfer Which increases the amount 
of oxygen available for reaction in the liquid phase and 
thereby reduces selectivity losses that are associated With 
oxygen starved conditions. The overall higher mass transfer 
rate also alloWs for operation at loWer temperature further 
reduces byproduct formation and increases selectivity. 

[0100] Illustrative liquid oxidation reactors (also referred 
as liquid organic reactors) and reaction equipment useful for 
conducting the oxidation step of the process of this invention 
are described, for example, in US. Pat. Nos. 5,451,348, 
5,371,283, 5,108,662, 5,356,600, 5,200,080, 5,009,816, 
4,919,849, 4,965,022, 4,867,918, 4,544,207 and 4,454,077 
and European Patent Application Nos. EP 0 792 683 A2, EP 
0 781 754 A1, EP 0 796 837 A1 and EP 0 792 865 A1, the 
disclosures of Which are incorporated herein by reference. 
The liquid oxidation reactor preferably has a reactor volume 
sufficient to take advantage of economies of scale, e.g., a 
reactor volume of at least about 500 gallons or less, pref 
erably at least about 1000 gallons and more preferably at 
least about 2000 gallons or greater. 

[0101] In a preferred embodiment of this invention, the 
liquid oxidation reactor comprises: 

[0102] a) a vertically positioned tube and shell reac 
tor vessel having a holloW draft tube in the center 
thereof and heat exchanger tubes in the annular space 
betWeen the holloW draft tube and the outer Wall of 
the reactor vessel, said reactor vessel having an 
upper space above and a holloW mixing chamber 
beloW said holloW draft tube and said heat exchanger 
tube; 

[0103] b) impeller means positioned Within said hol 
loW draft tube and adapted to cause the rapid How of 
the organic liquid doWnWard through the holloW 
draft tube into the bottom mixing chamber and 
rapidly upWard through said heat exchanger tubes as 
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a substantially uniform dispersion and into said 
upper space in the reactor vessel; 

[0104] c) an upper chamber positioned above and in 
?uid communication With said reactor vessel, said 
upper chamber having a vapor space above a desired 
liquid level; 

[0105] d) at least one generally horiZontal gas con 
tainment baffle disposed betWeen said upper cham 
ber and said reaction vessel in such a manner that the 
vapor space above the liquid level in said upper 
chamber is maintained beloW both the LOV and 
LFL, said gas containment baffle being formed With 
a central hole to enable said impeller means to 
extend generally concentrically through said hole in 
said gas containment baf?e; 

[0106] e) conduit means for introducing said organic 
liquid into the reactor vessel and for introducing said 
pure oxygen or oxygen-enriched air containing at 
least about 50% oxygen into said reactor vessel or 
the upper chamber for rapid recirculation With the 
organic liquid doWnWard through the holloW draft 
tubes into the bottom mixing chamber and rapidly 
upWard through said heat exchanger tubes into said 
upper space; 

[0107] f) conduit means for WithdraWing product 
liquid from the reactor vessel; 

[0108] g) conduit means for ?oWing cooling ?uid to 
the reactor vessel for the removal of exothermic heat 
of reaction generated Within said reactor vessel; and 

[0109] h) control means for maintaining a desired 
liquid level Within the reactor vessel or Within the 
upper chamber. 

[0110] In a more preferred embodiment, the liquid oxida 
tion reactor further comprises at least one generally hori 
Zontal seal baffle disposed Within the vapor space of said 
upper chamber in such a manner that the vapor space above 
said seal baffle is maintained beloW both the LOV and LFL, 
preferably under an inert atmosphere, said seal baffle being 
formed With a central hole to enable said impeller means to 
extend generally concentrically through said hole in said 
seal baffle. 

[0111] Con?guration of tWo or more liquid oxidation 
reactors in series, or an liquid oxidation reactor folloWed in 
series by a plug flow reactor, enables efficiency to be 
improved by increasing organic raW material conversion as 
described beloW. 

[0112] The liquid oxidation reactor is a close approxima 
tion to a perfectly back-mixed gas-liquid reactor or continu 
ous stirred tank reactor (CSTR). This means that the con 
centration of all components in the reaction Zone is driven 
close to uniformity by turbulent mixing and rapid loop 
circulation. As a consequence the particular organic, e.g., 
aldehyde, concentration in the liquid product, take-off Will 
never be Zero no matter hoW much reaction residence time 
is provided by increasing the reactor volume. Thus, While 
the CSTR mode ensures there are no regions Which are 

starved of oxygen (Which could cause undesired byproduct 
formation), operation of a single CSTR prevents the raW 
material (aldehyde) from being driven to complete conver 
sion in the manner of a plug flow reactor Where raW 
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materials are progressively consumed to extinction through 
out the length of a one directional reactor ?oW path. 

[0113] The level of conversion can be increased in a CSTR 
by increasing the reactor volume, thereby increasing the 
residence time in the reactor. This is not alWays desirable 
since as the reactor siZe increases the reaction volume (and 
associated reaction heat release) increase faster than avail 
able heat transfer surface area, and the ability to maintain the 
reactor in a Well mixed mode also becomes increasingly 
dif?cult. 

[0114] Commercial CSTR processes can overcome the 
disadvantage of partial raW material conversion by separat 
ing the unconverted raW material from the product and 
recycling it to the reactor. This is not economic With 
processes in Which an undesired byproduct is dif?cult to 
separate from the raW material since the byproducts Would 
in?nitely accumulate in a closed loop. C5 oxo acids are an 
example Where a reaction byproduct (butyl formates) does 
not readily separate from the unconverted aldehyde. In these 
circumstances it is often desirable to con?gure several 
backmixed reactors in series, in effect to simulate a multi 
staged plug ?oW reactor, and in this Way drive the raW 
material to an economic level of conversion. This strategy 
also enables good control of byproduct generation by lim 
iting interstage conversion and minimiZing associated tem 
perature rise. 

[0115] The number of stages in a CSTR train is typically 
determined by trading the capital cost of multiple reactors 
against the level of raW material conversion achieved. When 
considering placing multiple liquid oxidation reactors in 
series another factor must be considered arising out of the 
free radical mechanism of oxidation processes. Such free 
radical mechanisms involve initiation, propagation and ter 
mination steps as exempli?ed above for aldehyde oxidation. 
When the concentration of raW material is high the rate of 
initiation and propagation is high relative to the rate of free 
radical termination. HoWever When the raW material con 
centration is loW, the rate of termination more closely 
matches the rate of initiation. This may cause a signi?cant 
decrease in the observed rate of oxidation in the latter stages 
of a CSTR train. 

[0116] With the liquid oxidation reactor, a level of organic 
liquid, e.g., aldehyde, conversion of 90-92% can be 
achieved at a residence time of about 1 hour in a single stage; 
this can be increased to an overall level of about 96-98% in 
a second similar stage. Beyond this the aldehyde reaction 
rates are very loW and further stages are uneconomic unless 
the remaining aldehyde is concentrated by stripping aWay 
from the product acid. 

[0117] Alternatively the raW material conversion can be 
improved by sequencing a plug ?oW reactor, such as a 
bubble column, in series after an liquid oxidation reactor. 
Adequate heat removal from bubble columns is dif?cult to 
achieve With highly exothermic reactions such as oxidations. 
By adjusting the duty on the bubble column so that it serves 
merely as a polishing reactor this problem can be avoided. 

[0118] The process of this invention is useful for preparing 
substituted and unsubstituted organic acids in high purity. 
Illustrative preferred organic acids prepared by the oxidation 
process of this invention include, for example, formic acid, 
acetic acid, propionic acid, butyric acid, valeric acid, caproic 
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acid, caprylic acid, capric acid, lauric acid, phenylacetic 
acid, benZoic acid, phthalic acid, isophthalic acid, tereph 
thalic acid, adipic acid, 2-ethylhexanoic acid, isobutyric 
acid, 2-methylbutyric acid, 2-propylheptanoic acid, 2-phe 
nylpropionic acid, 2-(p-isobutylphenyl)propionic acid, 2-(6 
methoxy-2-naphthyl)propionic acid and the like. Illustrative 
of suitable organic acids Which can be prepared by the 
processes of this invention include those permissible organic 
acids Which are described in Kirk-Othmer, Encyclopedia of 
Chemical Technology, Third Edition, 1984, the pertinent 
portions of Which are incorporated herein by reference. 

[0119] Preferred organic acids include carboxylic acids 
prepared from the oxidation of oxo aldehydes, e.g., valeric 
acid, 2-ethylhexanoic acid, 2-propylheptanoic acid and the 
like. Such carboxylic acids prepared from oxo aldehydes are 
referred to herein as “oxo acids”. 

[0120] In accordance With this invention, the crude reac 
tion product ?uid is re?ned to give said one or more organic 
acids in high purity, i.e., an organic acid purity of at least 
about 95 percent, preferably at least about 97 percent, and 
more preferably at least about 99 percent or greater. Suitable 
re?ning methods include, for example, distillation, solvent 
extraction, crystalliZation, vaporiZation, phase separation, 
?ltration and the like, including combinations thereof. Dis 
tillation is the preferred re?ning method for use in this 
invention. The re?ning can be conducted in a single sepa 
ration Zone or in a plurality of separation Zones. This 
invention is not intended to be limited in any manner With 
respect to the permissible re?ning methods. 

[0121] The organic acids described herein is useful in a 
variety of applications, such as intermediates in the manu 
facture of chemical compounds, pharmaceutical manufac 
ture and the like. 

[0122] For purposes of this invention, the term “hydro 
carbon” is contemplated to include all permissible com 
pounds having at least one hydrogen and one carbon atom. 
In a broad aspect, the permissible hydrocarbons include 
acyclic and cyclic, branched and unbranched, carbocyclic 
and heterocyclic, aromatic and nonaromatic organic com 
pounds Which can be substituted or unsubstituted. 

[0123] As used herein, the term “substituted” is contem 
plated to include all permissible substituents of organic 
compounds unless otherWise indicated. In a broad aspect, 
the permissible substituents include acyclic and cyclic, 
branched and unbranched, carbocyclic and heterocyclic, 
aromatic and nonaromatic substituents of organic com 
pounds. Illustrative substituents include, for example, alkyl, 
alkyloxy, aryl, aryloxy, hydroxy, hydroxyalkyl, amino, ami 
noalkyl, halogen and the like in Which the number of 
carbons can range from 1 to about 20 or more, preferably 
from 1 to about 12. The permissible substituents can be one 
or more and the same or different for appropriate organic 
compounds. This invention is not intended to be limited in 
any manner by the permissible substituents of organic com 
pounds. 
[0124] Certain of the folloWing examples are provided to 
further illustrate this invention. 

EXAMPLE 1 

[0125] Valeraldehyde oxidation With pure oxygen Was 
conducted in a liquid oxidation reactor at a rate of 7 
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gmol/lit/hr. The reaction Zone temperature Was operated at a 
set point of 65° C. A nitrogen How of 150 sc?n Was purged 
through the vapor space above the liquid level. Coolant Was 
fed to the shell of the reactor to remove the heat of reaction. 
The reaction temperature Was observed to oscillate approxi 
mately :1.75° C. around 65° C., each oscillation cycle 
occurring over a time period of approximately 3 minutes. 
During the doWnWard temperature phase of the oscillation, 
the oxygen concentration in the vapor space Was observed to 
rise from a mean value of 0.8 mol % to approximately 3.7 
mol %. The reactor Was equipped With an automatic shut 
doWn level at 4 mol % to protect the vapor space from 
approaching the LOV. If the doWnWard temperature cycle 
reduced the temperature from 65 to 63° C., the oxygen 
concentration exceeded 4 mol % and the reactor feeds Were 
shut off. 

EXAMPLE 2 

[0126] In a manner similar to Example 1, valeraldehyde 
oxidation Was conducted, hoWever, temperature oscillation 
Was restricted to 11° C. of a set point of 65° C. Oxygen 
concentration in the vapor space rose from an initial value of 
0.8 mol % to a maximum value of 2.5 mol % during the 
doWn Ward temperature cycle. Continuous operation of the 
reactor under the shut doWn level of 4 mol % oxygen Was 
maintained. 

EXAMPLE 3 

[0127] Valeraldehyde oxidation to valeric acid Was con 
ducted in a liquid oxidation reactor using pure oxygen and 
the crude product Was re?ned in a conventional distillation 
scheme. The amounts of the decarbonylation byproducts, 
i.e., butyraldehyde and butanol, in the crude are compared in 
FIG. 5 for the oxygen based liquid oxidation reactor and an 
air based reactor. During re?ning butyraldehyde can 
undergo further reaction to produce butyric acid and butanol 
can esterify With valeric acid to produce butyl valerate. The 
amounts of butyric acid and butyl valerate remaining in the 
re?ned valeric acid product after processing in similar 
re?ning operations are also shoWn in FIG. 5 for the oxygen 
based liquid oxidation reactor product and an air reactor. 

[0128] Although the invention has been illustrated by 
certain of the preceding examples, it is not to be construed 
as being limited thereby; but rather, the invention encom 
passes the generic area as hereinbefore disclosed. Various 
modi?cations and embodiments can be made Without 
departing from the spirit and scope thereof. 

1. A process for producing one or more organic acids in 
high purity Which process comprises oxidiZing in a liquid 
oxidation reactor one or more organic liquids With essen 
tially pure oxygen or oxygen-enriched air containing at least 
about 50% oxygen, at a temperature suf?ciently stable to 
prevent cycling of reaction rate, to produce a crude reaction 
product ?uid, and (ii) re?ning said crude reaction product 
?uid to give said one or more organic acids in high purity. 

2. Aprocess for producing one or more oxo acids in high 
purity Which process comprises oxidiZing in a liquid 
oxidation reactor one or more oxo aldehydes With essentially 
pure oxygen or oxygen-enriched air containing at least about 
50% oxygen, in Which mass transfer betWeen said one or 
more oxo aldehydes and said essentially pure oxygen or 
oxygen-enriched air containing at least about 50% oxygen is 
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suf?cient to minimiZe or eliminate byproduct formation, to 
produce a crude reaction product ?uid, and (ii) re?ning said 
crude reaction product ?uid to give said one or more oxo 
acids in high purity. 

3. A process for producing one or more organic acids in 
high purity Which process comprises oxidiZing in a liquid 
oxidation reactor one or more organic liquids With essen 
tially pure oxygen or oxygen-enriched air containing at least 
about 50% oxygen to produce a crude reaction product ?uid, 
and (ii) re?ning said crude reaction product ?uid to give said 
one or more organic acids in high purity; Wherein said liquid 
oxidation reactor comprises: 

a) a vertically positioned tube and shell reactor vessel 
having a holloW draft tube in the center thereof and heat 
exchanger tubes in the annular space betWeen the 
holloW draft tube and the outer Wall of the reactor 
vessel, said reactor vessel having an upper space above 
and a holloW mixing chamber beloW said holloW draft 
tube and said heat exchanger tube; 

b) impeller means positioned Within said holloW draft 
tube and adapted to cause the rapid How of the organic 
liquid doWnWard through the holloW draft tube into the 
bottom mixing chamber and rapidly upWard through 
said heat exchanger tubes as a substantially uniform 
dispersion and into said upper space in the reactor 
vessel; 

c) an upper chamber positioned above and in ?uid com 
munication With said reactor vessel, said upper cham 
ber having a vapor space above a desired liquid level; 

d) at least one generally horiZontal gas containment baffle 
disposed betWeen said upper chamber and said reaction 
vessel in such a manner that the vapor space above the 
liquid level in said upper chamber is maintained beloW 
both the LOV and LFL, said gas containment baffle 
being formed With a central hole to enable said impeller 
means to extend generally concentrically through said 
hole in said gas containment baffle; 

e) at least one generally horiZontal seal baffle disposed 
Within the vapor space of said upper chamber in such 
a manner that the vapor space above said seal baffle is 
maintained under an inert atmosphere, said seal baffle 
being formed With a central hole to enable said impeller 
means to extend generally concentrically through said 
hole in said seal baffle; 

f) conduit means for introducing said organic liquid into 
the reactor vessel and for introducing said pure oxygen 
or oxygen-enriched air containing at least about 50% 
oxygen into said reactor vessel or the upper chamber 
for rapid recirculation With the organic liquid doWn 
Ward through the holloW draft tubes into the bottom 
mixing chamber and rapidly upWard through said heat 
exchanger tubes into said upper space; 

g) conduit means for WithdraWing product liquid from the 
reactor vessel; 

h) conduit means for ?oWing cooling ?uid to the reactor 
vessel for the removal of exothermic heat of reaction 
generated Within said reactor vessel; and 

i) control means for maintaining a desired liquid level 
Within the reactor vessel or Within the upper chamber. 
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4. A process for producing one or more organic acids in 
high purity Which process comprises oxidiZing in a 
primary liquid oxidation reactor one or more organic liquids 
With essentially pure oxygen or oxygen-enriched air con 
taining at least about 50% oxygen to produce a ?rst crude 
reaction product ?uid, (ii) removing said ?rst crude reaction 
product ?uid from said primary liquid oxidation reactor, (iii) 
feeding said ?rst crude reaction product ?uid to at least one 
secondary liquid oxidation reactor or plug ?oW reactor, (iv) 
oxidiZing in said secondary liquid oxidation reactor or plug 
?oW reactor said ?rst crude reaction product ?uid With 
essentially pure oxygen or oxygen-enriched air containing at 
least about 50% oxygen to produce a second crude reaction 
product ?uid, and (v) re?ning said second crude reaction 
product ?uid to give said one or more organic acids in high 
purity. 

5. The process of claim 1 Wherein said temperature is 
controlled to Within about +3° C. of a target temperature. 

6. The process of claim 5 Wherein said target temperature 
is selected from an individual temperature in the range of 
from about —25° C. or loWer to about 125° C. 

7. The process of claim 1 Wherein a temperature upset Will 
not cause the release of amounts of oxygen to the vapor 
space of said liquid oxidation reactor Which may cause the 
vapor region to exceed LOV or LFL. 

8. The process of claim 1 Wherein forced circulation of 
said organic liquid and pure oxygen or oxygen-enriched air 
containing at least about 50% oxygen rapidly throughout the 
reactor system enhances heat and mass transfer betWeen said 
organic liquid and pure oxygen or oxygen-enriched air 
containing at least about 50% oxygen, thereby maximizing 
volumetric reactor productivity and improving desired prod 
uct selectivity. 

9. The process of claim 4 Wherein tWo or more liquid 
oxidation reactors are con?gured in series. 

10. The process of claim 4 Wherein a liquid oxidation 
reactor and a plug ?oW reactor are con?gured in series. 

11. The process of claim 1 Wherein said oxidiZing has an 
activation energy of greater than about 15 kcal/mol and an 
exothermic heat of reaction of greater than about 100,000 
BTU/lb-mol. 

12. The process of claim 1 Wherein said organic liquid 
comprises one or more aldehydes, alcohols, alkylbenZenes 
or cyclic aliphatic hydrocarbons. 

13. The process of claim 12 Wherein said organic liquid 
comprises one or more aldehydes selected from formalde 
hyde, acetaldehyde, propionaldehyde, n-butyraldehyde, 
2-methylbutyraldehyde, iso-butyraldehyde, n-valeralde 
hyde, caproaldehyde, heptaldehyde, nonylaldehyde, pheny 
lacetaldehyde, benZaldehyde, o-tolualdehyde, m-tolualde 
hyde, p-tolualdehyde, salicylaldehyde, 
p-hydroxybenZaldehyde, anisaldehyde, vanillin, piperonal, 
2-ethylhexaldehyde, 2-propylheptaldehyde, 2-phenylpropi 
onaldehyde, 2-[p-isobutylphenyl]propionaldehyde, and 
2-[6-methoxy-2-naphthyl]propionaldehyde. 

14. The process of claim 12 Wherein said organic liquid 
comprises one or more alcohols selected from 2-ethylhex 
anol, 2-propylheptanol, isobutyl alcohol, and 2-methyl-1 
butanol. 

15. The process of claim 1 Wherein said organic liquid 
comprises one or more alkylbenZenes selected from p-ni 
trotoluene, o-bromotoluene, ethylbenZene, n-butylbenZene, 
m-xylene, p-xylene, and toluene. 

J an. 24, 2002 

16. The process of claim 1 Wherein said organic liquid 
comprises one or more cyclic aliphatic hydrocarbons 
selected from cyclohexane, cyclooctane, cycloheptane, and 
methylcyclohexane. 

17. The process of claim 1 Wherein said organic acid 
comprises one or more of formic acid, acetic acid, propionic 
acid, butyric acid, valeric acid, caproic acid, caprylic acid, 
capric acid, lauric acid, phenylacetic acid, benZoic acid, 
phthalic acid, isophthalic acid, terephthalic acid, adipic acid, 
2-ethylhexanoic acid, isobutyric acid, 2-methylbutyric acid, 
2-propylheptanoic acid, 2-phenylpropionic acid, 2-(p-isobu 
tylphenyl)propionic acid, and 2-(6-methoxy-2-naphthyl 
)propionic acid. 

18. The process of claim 1 Wherein said liquid oxidation 
reactor comprises: 

a) a vertically positioned tube and shell reactor vessel 
having a holloW draft tube in the center thereof and heat 
exchanger tubes in the annular space betWeen the 
holloW draft tube and the outer Wall of the reactor 
vessel, said reactor vessel having an upper space above 
and a holloW mixing chamber beloW said holloW draft 
tube and said heat exchanger tube; 

b) impeller means positioned Within said holloW draft 
tube and adapted to cause the rapid How of the organic 
liquid doWnWard through the holloW draft tube into the 
bottom mixing chamber and rapidly upWard through 
said heat exchanger tubes as a substantially uniform 
dispersion and into said upper space in the reactor 
vessel; 

c) an upper chamber positioned above and in ?uid com 
munication With said reactor vessel, said upper cham 
ber having a vapor space above a desired liquid level; 

d) at least one generally horiZontal gas containment baffle 
disposed betWeen said upper chamber and said reaction 
vessel in such a manner that the vapor space above the 
liquid level in said upper chamber is maintained beloW 
both the LOV and LFL, said gas containment baffle 
being formed With a central hole to enable said impeller 
means to extend generally concentrically through said 
hole in said gas containment baffle; 

e) conduit means for introducing said organic liquid into 
the reactor vessel and for introducing said pure oxygen 
or oxygen-enriched air containing at least about 50% 
oxygen into said reactor vessel or the upper chamber 
for rapid recirculation With the organic liquid doWn 
Ward through the holloW draft tubes into the bottom 
mixing chamber and rapidly upWard through said heat 
exchanger tubes into said upper space; 

f) conduit means for WithdraWing product liquid from the 
reactor vessel; 

g) conduit means for ?oWing cooling ?uid to the reactor 
vessel for the removal of exothermic heat of reaction 
generated Within said reactor vessel; and 

h) control means for maintaining a desired liquid level 
Within the reactor vessel or Within the upper chamber. 

19. The process of claim 1 Wherein said organic liquid 
comprises an oxo aldehyde and said organic acid comprises 
an oxo acid. 


