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ADIPIC ACID
1. Introduction

Adipic acid, hexanedioic acid, 1,4-butanedicarboxylic acid, mol wt 146.14,
HOOCCH;CH>;CH,CH,COOH [124-04-9], is a white crystalline solid with a
melting point of ~152°C. Little of this dicarboxylic acid occurs naturally, but it
is produced on a very large scale at several locations around the world. The
majority of this material is used in the manufacture of nylon-6,6 polyamide
[32131-17-2], which is prepared by reaction with 1,6-hexanediamine [124-09-4].
W. H. Carothers’ research team at the Du Pont Company discovered nylon in the
early 1930s (1), and the 50th anniversary of its commercial introduction was cele-
brated in 1989. Growth has been strong and steady during this period, resulting
in an adipic acid demand of nearly 2 billion metric tons per year worldwide in
1999. The large scale availability, coupled with the high purity demanded by
the polyamide process, has led to the discovery of a wide variety of applications
for the acid.

2. Chemical and Physical Properties

Adipic acid is a colorless, odorless, sour tasting crystalline solid. Its fundamental
chemical and physical properties are listed in Table 1. Further information may
be obtained by referring to studies of infrared and Raman spectroscopy of adipic
acid crystals (11,12), ultraviolet spectra of solutions (13), and specialized thermo-
dynamic properties (4,14). Solubility and solution properties are described in
Table 2. The crystal morphology is monoclinic prisms strongly influenced by
impurities (21). Both process parameters (22) and additives (21) profoundly
affect crystal morphology in the crystallization of adipic acid, an industrially sig-
nificant process. Aqueous solutions of the acid are corrosive and their effect on
various steel alloys have been tested (23). Generally, austenitic stainless steels
containing nickel and molybdenum and >18% chromium are resistant. Data
on 20 metals were summarized in one survey (24). Bulk and handling properties
of adipic acid are summarized in Table 3.

Kirk-Othmer Encyclopedia of Chemical Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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Table 1. Physical and Chemical Properties of Adipic Acid

Vol. 1

Property Value References
molecular formula CeH 1004
molecular weight 146.14
melting point, °C 152.1+0.3 2
specific gravity 1.344 at 18°C (sol) 3
1.07 at 170°C (liq) 4
coefficient of cubical 4.0 x 10~* at 35—150°C (sol) 4
expansion, K ! 10.3 x 10~* at 155—168°C (liq) 5
vapor density, air=1 5.04
vapor pressure, Pa®
solid at °C 6
18.5 9.7
32.7 19.3
47.0 38.0
liquid at °C 7
205.5 1,300
216.5 2,000
244.5 6,700
265.0 13,300
specific heat, kJ/kg K? 1.590 (solid state) 8
2.253 (liquid state) 9,8
1.680 (vapor, 300°C)
heat of fusion, kJ/kg” 115
entropy of fusion, J/mol K® 79.8 4,10
heat of vaporization, kJ/kg” 549
melt viscosity, mPa s(=cP) 4.54 at 160°C
2.64 at 193°C
heat of combustion, kJ/mol? 2,800 10

“To convert Pa to mm Hg divide by 133.3.
®To convert J to cal divide by 4.184.

3. Chemical Reactions

Adipic acid undergoes the usual reactions of carboxylic acids, including esterifi-
cation, amidation, reduction, halogenation, salt formation, and dehydration.
Because of its bifunctional nature, it also undergoes several industrially signifi-
cant polymerization reactions.

Esters and polyesters comprise the second most important class of adipic
acid derivatives, next to polyamides. The acid readily reacts with alcohols to
form either the mono- or diester. Although the reaction usually is acid catalyzed,
conversion may be enhanced by removal of water as it is produced. The methyl
ester is an industrially important material, because it is a distillable derivative
which provides a means of separating or purifying acid mixtures. Recent modifi-
cations of adipic acid manufacturing processes have included methanol esterifi-
cation of the dicarboxylic acid by-product mixture. Thus glutaric acid [110-94-1]
and succinic acid [110-15-6] can be recovered upon hydrolysis, or disposed of as
the esters (28). Monomethyl adipate can be electrolyzed as the salt to give
dimethyl sebacate [106-79-6] (Kolbe synthesis) (29), an important 10-carbon
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Table 2. Solution Properties of Adipic Acid

Property Value References
heat of solution in H,0, kd/kg® 214 at 10-20°C 15
241 at 90-100°C
dissociation constant in H,O KK, 16,17
at 25°C 3.7 x 107°
3.86 x 1076
at 50°C 329 x 1075 322 x 107
at 74°C 290 x 1075 255 x 1076
solubility in H50, g/100 g H,O 18
at 15°C 1.42
at 40°C 4.5
at 60°C 18.2
at 80°C 73
at 100°C 290
pH of aqueous solutions 19
0.1wt % 3.2
0.4 wt % 3.0
1.2wt % 2.8
2.5 wt % 2.7
solubility in organic solvents
at 25°C
very soluble in methanol, ethanol
soluble in acetone, ethyl acetate
very slightly soluble in cyclohexane, benzene

distribution coefficient

- .
organic solvents vs Hy,O D, wt % in H;,0

> wt % in solvent

CCI4, CHCI3, CGHG >10 20
disopropyl ketone 4.8
butyl acetate 2.9
ethyl ether 2.2
methyl isobutyl ketone 1.2
ethyl acetate 0.91
methyl propyl ketone 0.55
methyl ethyl ketone 0.50
cyclohexanone 0.32
n-butanol 0.31

“To convert kJ to keal divide by 4.184.

Table 3. Bulk Phase Handling Properties of Adipic Acid

Property Value References

bulk density?, kg/m® 640—800 19

flash point, Cleveland open cup, °C 210 5

flash point, closed cup, °C 196

autoignition temperature, °C 420 5

dust cloud ignition temperature, °C 550

minimum explosive concentration 0.035 25,26
(dust in air), kg/m?

minimum dust cloud ignition energy, J° 6.0 x 1072 27

maximum rate of pressure rise, MPa“/s 18.6

“ A function of particle size.
®To convert J to cal divide by 4.184.
“To convert MPa to psi multiply by 145.
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Table 4. Esters of Adipic Acid

Ester CAS Registry Number Pressure, kPa® Boiling point, °C
monomethyl [627-91-8] 1.3 158
dimethyl [627-93-0] 1.7 115
monoethyl [626-86-8] 0.9 160
diethyl [141-28-6] 1.7 127
di-n-propyl [106-19-4] 1.5 151
di-n-butyl [105-99-7] 1.3 165
di-2-ethylhexyl [103-23-1] 0.67 214
di-n-nonyl [151-32-6] 0.67 230
di-n-decyl [105-97-5] 0.67 244
di-tridecyl [16958-92-2] 101.3 349
octyl decyl [110-29-2] 0.67 235
di-(2-butoxyethyl) [141-18-4] 0.53 215

“To convert kPa to mm Hg multiply by 7.5.

diacid. Diesters from moderately long-chain (8 or 10 carbon) alcohols are also an
important group, finding use as plasticizers, eg, for poly(vinyl chloride) (PVC)
resins. Table 4 lists the boiling points of several representative adipate esters.
Reactions with diols (especially ethylene glycol) give polyesters, also important
as plasticizers in special applications. In another important use of adipate esters,
low molecular weight polyesters terminated in hydroxyl groups react with
polyisocyanates to give polyurethane resins. Polyurethanes consumed ~48% of
adipic acid production in the United States in 1999 (30).

Salt-forming reactions of adipic acid are those typical of carboxylic acids.
Alkali metal salts and ammonium salts are water soluble; alkaline earth metal
salts have limited solubility (see Table 5). Salt formation with amines and dia-
mines is discussed in the next section.

Heating of the diammonium salt or reaction of the dimethyl ester with con-
centrated ammonium hydroxide gives adipamide [628-94-4], mp 228°C, which is
relatively insoluble in cold water. Substituted amides are readily formed when
amines are used. The most industrially significant reaction of adipic acid is its
reaction with diamines, specifically 1,6-hexanediamine. A water-soluble poly-
meric salt is formed initially upon mixing solutions of the two materials; then
heating with removal of water produces the polyamide, nylon-6,6. This reaction

Table 5. Solubility of Adipic Acid Salts

CAS Solubility,

Salt Registry Number  Temperature,’C 2/100 g H,O
disodium (hemihydrate) [7486-38-6] 14 59
dipotassium [19147-16-1] 15 65
diammonium [3385-41-9] 14 40
calcium

(monohydrate) [18850-78-7] 13 4

(anhydrous) [22322-28-7] 100 1
barium

(monohydrate) 12 12

(anhydrous) [60178-88-0] 100 7
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has been studied extensively, and the literature contains hundreds of references
to it and to polyamide product properties (31).

— + +
n HOOC(CH2)4COOH + n H2N(CH2)6NH2 I lioOC(CH2)4COONH3(CHz)()NH:;J,, —_—

0 0
I I
@n—1DH,0 + HO[C(CH,),CNH(CH,)¢NH],H

Hydrogenation of dimethyl adipate over Raney-promoted copper chromite
at 200°C and 10 MPa produces 1,6-hexanediol [629-11-8], an important chemical
intermediate (32). Promoted cobalt catalysts (33) and nickel catalysts (34) are
examples of other patented processes for this reaction. An earlier process,
which is no longer in use, for the manufacture of the 1,6-hexanediamine from
adipic acid involved hydrogenation of the acid (as its ester) to the diol, followed
by ammonolysis to the diamine (35).

Heating above the melting point results in elimination of water and forma-
tion of a linear or polymeric anhydride [2035-75-8], not the cyclic anhydride as
produced in the case of glutaric anhydride [108-55-4] and succinic anhydride
[108-30-5]. Decarboxylation occurs at temperatures >230—-250°C, leaving cyclo-
pentanone [120-92-3] as the chief product, bp 131°C. This reaction is catalyzed by
metals such as calcium (36) or barium (37). Behavior of adipic acid upon Curie-
point pyrolysis has been reviewed; mass spectroscopy was used to analyze the
anhydrides, cyclic ketones, and rearranged fragments (38). Cyclization of the
esters is accomplished by standard condensation chemistry with basic reagents.
For example, cyclization via the acyloin condensation occurs in the presence of
sodium metal, producing 2-hydroxycyclohexanone [533-60-8] (39).

Conversion of the acid to the acid chloride is accomplished using standard
laboratory techniques. The resulting acid chloride frequently is used in subse-
quent synthesis reactions. An example is the laboratory synthesis of nylon-6,6
via the nylon rope trick, in which the diamine reacts with adipoyl chloride
[111-50-2] in a two-phase system. Polyamide produced at the interface may be
pulled continuously from the open vessel in a startling demonstration of poly-
merization chemistry (40). The acid—nitrile interchange is another unique reac-
tion, in which a mixture of adipic acid and adiponitrile [111-69-3] are heated
together, producing an equilibrium mixture containing significant amounts of
5-cyanopentanoic acid [5264-33-5]. This material is a precursor to caprolactam
[105-60-2] and may be isolated from the reaction mixture by a number of meth-
ods, including esterification and hydrogenation (41).

4. Manufacture and Processing

Several general reviews of adipic acid manufacturing processes have been pub-
lished since it became of commercial importance in the 1940s (42—46), including
a very thorough report based on patent studies (47). Adipic acid historically has
been manufactured predominantly from cyclohexane [110-82-7] and, to a lesser
extent, phenol [108-95-2]. During the 1970s and 1980s, however, much research
has been directed to alternative feedstocks, especially butadiene [106-99-0] and
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cyclohexene [110-83-8], as dictated by shifts in hydrocarbon pricing. All current
industrial processes use nitric acid [7697-37-2] in the final oxidation stage. Grow-
ing concern with air quality may exert further pressure for alternative routes as
manufacturers seek to avoid NO, abatement costs, a necessary part of processes
that use nitric acid.

Since adipic acid has been produced in commercial quantities for almost
50 years, it is not surprising that many variations and improvements have been
made to the basic cyclohexane process. In general, however, the commercially
important processes still employ two major reaction stages. The first reaction
stage is the production of the intermediates cyclohexanone [108-94-1] and cyclo-
hexanol [108-93-0], usually abbreviated as KA, KA oil, ol-one, or anone-anol. The
KA (ketone, alcohol), after separation from unreacted cyclohexane (which is
recycled) and reaction by-products, is then converted to adipic acid by oxidation
with nitric acid. An important alternative to this use of KA is its use as an inter-
mediate in the manufacture of caprolactam, the monomer for production of
nylon-6 [25038-54-4]. The latter use of KA predominates by a substantial margin
on a worldwide basis, but not in the United States.

4.1. Preparation of KA by Oxidation of Cyclohexane. There are
three main variations to the basic cyclohexane oxidation process pioneered by
Du Pont in the 1940s. The first, which can be termed metal-catalyzed oxidation,
is the oldest process still in use and forms the base for the other two. It employs a
cyclohexane-soluble catalyst, usually cobalt naphthenate [61789-51-3] or cobalt
octoate [136-52-7], and moderate temperatures (150-175°C) and pressures
(800—1200 kPa). Air is fed to each of a series of stirred tank reactors or to a col-
umn reactor that contains numerous reaction stages, along with cyclohexane.
The catalyst, at 0.3—3 ppm based on cyclohexane feed, is usually premixed by
injection into the feed stream, though it is not uncommon to divide the catalyst
stream into many separate additions to each of the series reactors. The conver-
sion of cyclohexane to oxidized products is 3—8 mol %, which is quite low com-
pared to most important industrial processes. There are claims of commercial
processes operating as low as 1 mol% conversion (48), which translates to 99%
of the feed material being recovered and recycled to the oxidation reactors.
Low conversion is the major factor in achieving high selectivities to ketone (K)
and alcohol (A) (and to cyclohexylhydroperoxide [766-07-4] discussed below).
This is so because the intermediates of interest (K, A, and cyclohexylhydroperox-
ide) are all much more easily oxidized than is cyclohexane (49,50). Selectivities
vary inversely and linearly with conversion, ranging from ~90 mol% at 1—2 mol%
conversion to 65—70 mol% at 8 mol% conversion. Table 6 illustrates the range of
reaction conditions to be found in the patent literature.

Because the process operates at such low conversion of cyclohexane per
pass through the oxidation reactors, large quantities of unreacted cyclohexane
must be recovered by distillation of the oxidizer effluent. This, and the increase
in energy prices in the 1970s, has resulted in considerable attention being given
to the energy conservation schemes employed in recovering the cyclohexane.
Examples of techniques used in energy conservation are process—process heat
interchange, high efficiency packed distillation columns, and use of the “pinch-
point” technique in designing recovery steps. Contacting the final crude KA oil
with water or solutions of caustic soda, or both, for removal of mono- and dibasic
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acid impurities also can be considered an energy conservation technique since
this treatment can eliminate the final steam stripper often used to purify the
crude KA oil.

Regardless of the techniques used to purify the KA oil, several waste
streams are generated during the overall oxidation—separation processes and
must be disposed of. The spent oxidation gas stream must be scrubbed to remove
residual cyclohexane, but afterwards will still contain CO, CO,, and volatile
hydrocarbons (especially propane, butane, and pentane). This gas stream is
either burned and the energy recovered, or it is catalytically abated. There are
usually several aqueous waste streams arising from both water generated by
the oxidation reactions and wash water. The principal hydrocarbon constituents
of these aqueous wastes are the C;—Cg mono- and dibasic acids, but also present
are butanol [71-36-3], pentanol [71-41-0], e-hydroxycaproic acid [1191-25-9], and
various lactones and diols (71,72). The spent caustic streams contain similar
components in addition to the caustic values. These streams can be burned for
recovery of sodium carbonate or sold directly as a by-product for use in the
paper industry. The most concentrated waste stream is one often called still bot-
toms, heavy ends, or nonvolatile residue. It comes from the final distillation col-
umn in which the KA oil is steam-stripped overhead. The tails stream from this
column contains most of the nonvolatile by-products, as well as metals and resi-
dues from the catalysts and from corrosion. Both the metals and acid content
may be high enough to dictate that this stream be classified as a hazardous
waste. It usually is burned and the energy used to generate steam (73). Much
effort has gone into recovering valuable materials from it over the years, includ-
ing adipic acid, which may be present in as much as 3—4% of the cyclohexane
oxidized (74). It has potential as a feedstock in the production of monobasic
acids, polyester polyols, butanediol, and maleic acid (75,76). The frequency of
fugitive emissions from cyclohexane oxidation plants has been reviewed (77).

An alternative to maximizing selectivity to KA in the cyclohexane oxidation
step is a process which seeks to maximize cyclohexylhydroperoxide, also called P
or CHHP. This peroxide is one of the first intermediates produced in the oxida-
tion of cyclohexane. It is produced when a cyclohexyl radical reacts with an oxy-
gen molecule (78) to form the cyclohexylhydroperoxy radical. This radical can
extract a hydrogen atom from a cyclohexane molecule, to produce CHHP and
another cyclohexyl radical, which extends the free-radical reaction chain.

(Ve —
0-0—-0-0

The peroxide can be converted to KA easily, and in high yield, in a number
of ways; thus maximization of CHHP, at high yield, gives a process with high
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yield to KA. Techniques employed to produce high CHHP yield include drasti-
cally cutting or eliminating metal catalysts in the oxidation step, minimizing
cyclohexane conversion, passivating reactor walls, lowering reaction tempera-
ture (to as low as 140°C), adding water to the reaction mix to extract acid cata-
lysts from the cyclohexane phase, and adding metal-chelating agents to the
reaction mix. Optimization of this process can produce CHHP in a proportion
as high as 75% of the reaction products (59). The CHHP then can be converted
to KA by any of the following methods: decomposing it with homogeneous or het-
erogeneous catalysts from the group Co, Cr, Mo, V, Cu, or Ru; dehydrating it by
treatment with caustic soda (which preferentially gives K); or hydrogenating it
(which preferentially gives A). KA is separated from the reaction mixture in a
manner similar to the conventional process. It may be possible, however, to
avoid a final steam distillation of the KA overhead if the tails stream from the
distillation train is sufficiently clean. This could result from a high yield process
that employs thorough water and caustic washing. Figure 1 illustrates schema-
tically the high peroxide process practiced by Stamicarbon (60).

Another alternative to the basic cyclohexane oxidation process is one which
maximizes only the yield of A. This process uses boric acid as an additive to the
cyclohexane stream as both a promoter and an esterifying agent for the A that is
produced. Metaboric acid [10043-35-3] is fed to the first series oxidizer as a slurry
in cyclohexane to give a molar ratio of boron:cyclohexane of around 1.5:100. No
other metal catalyst is used. Esterifying the A effectively shields it from over-
oxidation and thus allows the attainment of very high yields (~90%) (65). The
ratio A : K in the final product can exceed 10:1. The process was developed in
the mid-1960s by a number of companies, including Halcon/Scientific Design
(79,80), Institute Francais Petrole (68,81), and Stamicarbon (82). The process
was licensed and commercialized by several companies in the decade following
its development, including Solutia (formerly Monsanto), ICI, and Bayer. The
major drawback to the process is the need to hydrolyze the borate ester in
order to recover A. This is an energy-intensive step and can be quite a mechan-
ical nuisance because of the requirement for handling boric acid solids. Without
careful attention to energy conservation and engineering, the savings that
accrue from the high yield can be more than offset. The process does, because
of its high yield, offer advantages in waste minimization and product purity. It
does, however, introduce boron into the waste streams.

4.2. Preparation of KA From Phenol. In past years, economics has
dictated against the preparation of KA from phenol [108-95-2] because of the
relatively high cost of this material compared to cyclohexane. However, given
new routes to phenol and occasional periods of overcapacity for this commodity
chemical, such technology has been revisited.

For example, the Solutia Benzene to Phenol process (83) has been touted as
a step-change in adipic acid manufacturing technology. As shown in Figure 2, the
reaction between benzene and nitrous oxide over an Fe- ZSM-5 catalyst (84) pro-
duces phenol in high yield and selectivity. Here, the nitrous oxide is obtained
from removing the NO,, oxygen and low-level organic compounds from the adipic
acid offgas (85). Rather than destroying the N>O (see Section 8 under N,O Abate-
ment Technology), the benzene to phenol process converts it to a value-added
product which also serves as an adipic acid intermediate per the phenol to KA
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3H,
o O »(Halcon)
\ OH (6]
HNO; COOH
+ —_— + N,O
COOH

Fig. 2. Solutia benzene to phenol technology.

process, discussed below. The reaction runs at 3 atm and 300-500°C. Since it
takes place in the gas phase with N,O levels maintained below the minimum
oxidant concentration (86), it is inherently safer than the high pressure, liquid
phase cyclohexane to KA operation, which has a potential for flammable vapor
cloud release. A moving bed design is used to provide a continuous operation
and extend catalyst life.

Downstream, the vapor phase hydrogenation of phenol to KA is used. Its
primary selling points over cyclohexane to KA routes include a lower benzene
usage and a 99% KA yield (87,88). The catalyst is Pd/Al,03. Reaction conditions
are 130-160°C, 165 kPa (15 psi), and 4 Hy/phenol. A three-step distillation sepa-
rates the product KA from the light ends, high boiler by-products (eg, cyclohex-
enyl and cyclohexanone) and unreacted phenol. Steam generated in the tubular
isothermal reactor provides the energy required by the distillation section.

The liquid phase hydrogenation of phenol to KA also gives a very high yield,
typically 97—99% (89). Just as in the vapor phase process, high KA yield leads
to a simple purification section, consisting of an ion exchange step to remove
the unreacted phenol (90). Typical reaction conditions are 140°C and 400 kPa
(58 psi) using a heterogeneous nickel on silica catalyst (89).

In both liquid- and vapor-phase phenol to KA processes, one can obtain
varying ratios of K to A. If the desired product is to be further oxidized with nitric
acid to make adipic acid, then there is an optimal concentration of K that max-
imizes the tradeoff between adipic yield (91) and nitric acid usage. If the desired
product is caprolactam, then a high K concentration would be required.

Cyclohexanol (A) can be manufactured from cyclohexene using a process
developed and commercialized by Asahi (92,93). This process, illustrated in
Figure 3 involves a selective partial hydrogenation of benzene to cyclohexene

Cyclohexane

H,
—=—> . .
Partial Extractive - Cyclohexanol
Benz‘eney hydrogenation distillation Hydration

H,0

Fig. 3. Asahi cyclohexene process for KA.
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using an aqueous ruthenium catalyst system containing metal oxide dispersants
(eg, Al;03) and zinc compound promoters (94). Reaction conditions of 120—180°C
and 30—100 atm give a benzene conversion of 50-60% and a cyclohexene selec-
tivity of 80%. Cyclohexane is the primary byproduct. The reactor contents are
well agitated in order to create adequate mixing between gas (hydrogen), oil
(benzene raw material and cyclohexene;cyclohexane products), and water (cata-
lyst) phases. After hydrogenation, the oil (disperse phase) is separated from the
water (continuous phase). Next, the unreacted benzene is recovered via extrac-
tive distillation using a polar solvent such as dimethylacetamide (95,96). The
cyclohexene is then hydrolyzed in the presence of a ZSM-5 zeolite (97) suspended
in water. The conversion is 10—15% and the cyclohexanol selectivity is 99%. This
result is based on the nature of the extractive reaction step. Here, the cyclohex-
ene is adsorbed on the catalyst introduced in the process as an aqueous phase
slurry. Cyclohexanol, once formed, separates from the reaction medium and dis-
perses back to the organic phase. Using proprietary multistep extractive distilla-
tion process, the cyclohexanol is separated from unreacted cyclohexene
and purified (98). Provided that one has a use for the cyclohexane byproduct,
this low waste process is an attractive alternative to other more traditional
technology.

ARCO has developed a coproduct process that produces KA along with pro-
pylene oxide [75-56-9] (99—101). Cyclohexane is oxidized as in the high peroxide
process to maximize the quantity of CHHP. The reactor effluent then is concen-
trated to about 20% CHHP by distilling off unreacted cyclohexane and cosolvent
tert-butyl alcohol [75-65-0]. This concentrate then is contacted with propylene
[115-07-1] in another reactor in which the propylene is epoxidized with CHHP
to form propylene oxide and KA. A molybdenum catalyst is employed. The pro-
duct ratio is ~2.5 kg of KA per kilogram of propylene oxide.

4.3. Nitric Acid Oxidation of Cyclohexanol(One). Although many
variations of the cyclohexane oxidation step have been developed or evaluated,
technology for conversion of the intermediate ketone—alcohol mixture to adipic
acid is fundamentally the same as originally developed by Du Pont in the
early 1940s (102,103). This step is accomplished by oxidation with 40—60% nitric
acid in the presence of copper and vanadium catalysts. The reaction proceeds at
high rate, and is quite exothermic. Yield of adipic acid is 92—96%, the major by-
products being the shorter chain dicarboxylic acids, glutaric and succinic acids,
and COs. Nitric acid is reduced to a combination of NOy, NO, N5,O, and Ns. The
trace impurities patterns are similar in the products of most manufacturers since
essentially all commercial adipic acid production uses this nitric acid oxidation
process.

Papers addressing the mechanism of nitric acid oxidation began appearing
in the mid-1950s (104). Then, a series of reports beginning in 1962 described the
mechanism of the oxidation in considerable detail (105—109). The reaction path-
way diagram shown in Figure 4 is based on these and other studies of nitric acid
oxidation chemistry. A key intermediate in the reaction sequence is 2-oximinocy-
clohexanone [24858-28-4], produced via nitrosation of cyclohexanone. Nitrous
acid [7782-77-6] is produced during the conversion of cyclohexanol to the ketone,
and also upon oxidation of aldehyde and alecohol impurities usually accompany-
ing the KA and arising in the cyclohexane oxidation step. The nitric acid
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oxidation chemistry is controlled by nitrous acid, which is in equilibrium with
NO, NO,, HNO3, and Hy0 in the reacting mixture. Total inhibition of reaction
can be achieved by incorporating a small amount of urea [57-13-6], which effec-
tively scavenges (110) nitrous acid from the mixture. Further nitration leads to
2-nitro-2-nitrosocyclohexanone [23195-89-3], which is converted via hydrolytic
cleavage of the ring to 6-nitro-6-hydroximinohexanoic acid (nitrolic acid) [1069-
46-1]). Of all the intermediates shown in Figure 4, the nitrolic acid is the only one
of sufficient stability to be isolable under very mild conditions. It is hydrolyzed to
adipic acid in one of the slowest steps in the sequence. Nitrous oxide (N3O) is
formed by further reaction of the nitrogen-containing products of nitrolic acid
hydrolysis. The NO and NOg are reabsorbed and converted back to nitric acid,
but N3O cannot be recovered in this manner, and thus is the major nitric
acid derived by-product of the process.

About 60—-70% of the reaction occurs as in path 1 in Figure 4, the remainder
by other pathways. About 20% of the reaction occurs by the vanadium oxidation
of 1,2-dioxygenated intermediates (path 2 in Fig. 4). This chemistry has been dis-
cussed in detail (108,109). This path is noteworthy since it does not produce the
nonrecoverable nitrous oxide. The other reactions shown in Figure 4 occur to
varying degrees, depending on either an excess or deficiency of nitrous acid, aris-
ing from variations in reaction conditions. These lead to varying yields of the
lower dicarboxylic acids. Yield of monobasic and dibasic acid by-products also
is a function of the purity of the KA feed. A distinguishing characteristic for
several of the commercial processes is the degree to which the intermediate
KA is refined, prior to feeding it to nitric acid oxidation.

In a typical industrial adipic acid plant, as schematically illustrated in Fig-
ure 3, the KA mixture reacts in reactor A with 45—55% nitric acid containing cop-
per (0.1-0.5%) and vanadium (0.02—0.1%) catalyst (111,112). Design of the
oxidation reactor for optimum yield and heat removal has been the subject of con-
siderable research and development over the years of use of this process (113).
The reaction occurs at 60—90°C and 0.1-0.4 MPa (1458 psi). It is very exother-
mic (6280 kdJ/kg = 1500 kecal/kg), and can reach an autocatalytic runaway state at
temperatures above ~150°C. Control is achieved by limiting the KA feed to a
large excess of nitric acid in a stirred tank or circulating loop reactor. Two stages
of oxidation are sometimes employed to achieve improved product quality (114).
Oxides of nitrogen are removed by bleaching with air in column C, then water is
removed by vacuum distillation in column E.

The concentrated stream, nominally adipic acid and lower dibasic acid co-
products in 35—50% HNOj3 (organic-free basis), is then cooled and crystallized
(F). Crude adipic acid product is removed via filtration or centrifugation (G),
and the mother liquor is returned to the oxidizer. Further refining is required
to achieve polymer grade material, usually by recrystallization from water. Resi-
dual lower dibasic acids, nitrogen-containing impurities, and metals are removed
in this step. Additional purification steps occasionally are employed, including
slurry washing, further recrystallization, and charcoal treatment. The bleacher
off-gas, containing NO and NO,, is combined with air and absorbed in water
generating nitric acid for reuse (D).

In order to control the concentration of lower dibasic acid by-products in the
system, a portion of the mother liquor stream is diverted to a purge treatment
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process. Following removal of nitric acid by distillation (Fig. 5, K), copper and
vanadium catalyst are recovered by ion-exchange treatment (Fig. 5, N). This
area of the process has received considerable attention in recent years as compa-
nies strive to improve efficiency and reduce waste. Patents have appeared
describing addition of SO, to improve ion-exchange recovery of vanadium
(115), improved separation of glutaric and succinic acids by dehydration and
distillation of anhydrides (116), formation of imides (117), improved nitric acid
removal prior to dibasic acid recovery (118), and other claims (119).

Because of the highly corrosive nature of the nitric acid streams, adipic acid
plants are constructed of stainless steel, or titanium in the more corrosive areas,
and thus have high investment costs.

Nitric acid oxidation may be used to recover value from waste streams gen-
erated in the cyclohexane oxidation portion of the process, such as the water
wash (120) and nonvolatile residue (76) streams. The nitric acid oxidation step
produces three major waste streams: an off-gas containing oxides of nitrogen
and CO,; water containing traces of nitric acid and organics from the water
removal column; and a dibasic acid purge stream containing adipic, glutaric,
and succinic acids. The off-gas usually is passed through a reducing-flame burner
to the atmosphere, or it may be oxidized back to NO, at 1000—1300°C and recov-
ered as nitric acid, as claimed in a patent (121). The overhead water stream
usually is treated (eg, neutralization, biotreatment) and reused. This stream
can also be burned or disposed of by deepwell injection or biotreatment along
with the waste dibasic acids. However, as more uses for these acids are discov-
ered, the necessity for their disposal diminishes. The principal emissions of con-
cern from these processes are related to nitric acid, either as the various oxides of
nitrogen or as a very dilute solution of the acid itself. The fate of these waste
streams varies widely, subject to the usually very complex environmental and
regulatory situations at each individual manufacturing site. These issues are
now a prime consideration, equal to economics, in the design of chemical proces-
sing systems in the petrochemical industry (122).

4.4. Other Routes to Adipic Acid. A number of adipic acid processes
rely on feedstocks other than cyclohexane and phenol and produce neither K
nor A as intermediates. Although these have been investigated, none has been
employed at a commercial scale. A one-step air oxidation process, first researched
by Halcon (123,124) and Gulf (125) in the 1960s, and developed by Asahi and
others (126—130) in the 1970s, uses an acetic acid [64-19-7] solvent for the cyclo-
hexane. High concentrations of soluble cobalt catalyst (60—300 ppm) are used,
along with cyclohexanone or acetaldehyde [75-07-0] promoter. Yields to adipic
acid of 70—75% are reported at cyclohexane conversions of 50—75%. Reaction
temperature is a moderate 70—100°C. References to air oxidation processes
have continued to appear through the 1990s (131-136).

It has been known since the early 1950s that butadiene reacts with CO to
form aldehydes and ketones that could be treated further to give adipic acid
(137). Processes for producing adipic acid from butadiene and carbon monoxide
[630-08-0] have been explored since around 1970 by a number of companies,
especially ARCO, Asahi, BASF, British Petroleum, Du Pont, Monsanto, and
Shell. BASF has developed a process sufficiently advanced to consider commer-
cialization (138). There are two main variations, one a carboalkoxylation and the



Vol. 1 ADIPIC ACID 569

other a hydrocarboxylation. These differ in whether an alcohol, such as methanol
[67-56-1], is used to produce intermediate pentenoates (139), or water is used for
the production of intermediate pentenoic acids (140). The former is a two-step
process which uses high pressure, >31 MPa (306 atm), and moderate tempera-
tures (100—150°C) (138—141). Butadiene, CO, and methanol react in the first
step in the presence of cobalt carbonyl catalyst and pyridine [110-86-1] to pro-
duce methyl pentenoates. A similar second step, but at lower pressure and
higher temperature with rhodium catalyst, produces dimethyl adipate [627-93-
0]. This is then hydrolyzed to give adipic acid and methanol (141), which is recov-
ered for recycle. Many variations to this basic process exist. Examples are
ARCOs palladium/copper-catalyzed oxycarbonylation process (142-144), and
Monsanto’s palladium and quinone [106-51-4] process, which uses oxygen to
reoxidize the by-product hydroquinone [123-31-9] to quinone (145).

Other processes explored, but not commercialized, include the direct nitric
acid oxidation of cyclohexane to adipic acid (146—149), carbonylation of 1,4-buta-
nediol [110-63-4] (150), and oxidation of cyclohexane with ozone [10028-15-5]
(151-154) or hydrogen peroxide [7722-84-1] (155—156). Production of adipic
acid as a by-product of biological reactions has been explored in recent years
(157-162).

5. Storage, Handling, and Shipping

When dispersed as a dust, adipic acid is subject to normal dust explosion
hazards. See Table 7 for ignition properties of such dust—air mixtures. The mate-
rial is an irritant, especially upon contact with the mucous membranes. Thus
protective goggles or face shields should be worn when handling the material.
Prolonged contact with the skin should also be avoided. Eye wash fountains,
showers, and washing facilities should be provided in work areas. However,
MSDS Sheet 400 (5) reports that no acute or chronic effects have been observed.

The material should be stored in corrosion-resistant containers, away from
alkaline or strong oxidizing materials. In the event of a spill or leak, nonsparking
equipment should be used, and dusty conditions should be avoided. Spills should
be covered with soda ash, then flushed to drain with large amounts of water (5).

Adipic acid is shipped in quantities ranging from 22.7 kg (50-1b bags) to
90.9 t (200,000-Ib hopper cars). Upon long standing, the solid material tends to
cake, dependent on such factors as initial particle size and moisture content.
Shipping data in the United States are “Adipic Acid,” DOT-ID NA 9077, DOT
Hazard Class ORM-E. 1t is regulated only in packages of 2.3 t (5000 Ib) or
more (hopper cars and pressure-differential cars and trucks) (163).

6. Economic Aspects

The continuing pursuit of a wide variety of alternate manufacturing processes
indicates an effort by competitors to position themselves to take advantage of
potential shifts in petrochemical feedstock prices. A large number of the reports
concern the use of C, feedstocks, notably butadiene, although several major
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Table 7. Worldwide Adipic Acid Capacities”

Vol. 1

Capacity, 10°

Company Location t/year
North America
Du Pont Orange, Tex 220
Du Pont Victoria, Tex 380
Du Pont Maitland, Canada 190
Inolex Chemical Co. (formerly Allied) Hopewell, va 30
Solutia, Inc. (formerly Monsanto) Pensacola, Fla 830
Western Europe
Rhodia Alsachimie SAS Chalampe, France 355
BASF Aktiengeschaft Ludwigshafen, Germany 260
Bayer AG Leverkusen, Germany 55
Radici Chimica SpA Zeitz, Germany 80°
Radici Chimica SpA Novara, Italy 60
DuPont (U.K.) Ltd Wilton, U.K. 260
Asia
CNP Liaoyanf Petrochemical Fiber Co. Liaoyang, China 100
Pingdingshan Petrochemical Co. Pingdingshan, China 37
Taiyuan Chemical Industry Group Taiyuan, China 2
Asahi Chemical Industry Co., Ltd Nobeoka, Japan 120
Sumitomo Chemical Co., Ltd Niihama, Japan 2
Kofran Chemical Co., Ltd Ulsan, Korea 65
(100% owned by Rhodia)
DuPont Singapore Pte. Ltd Pulau Sakra, Sing 114
Nan Ya Plastics Corp. Mailiao City, Taiwan 40¢
Other Regions
Rhodia S.A. Paulina, Brazil 67

Remaining 15

“See Ref. 167.
®Scheduled for startup in 2001.
¢Scheduled for startup in 2002.

modifications to cyclohexane- or benzene-based processes are included. The con-
tinued buildup of capacity in nylon-6,6 intermediates, especially in the Far East,
attests to the confidence in continued growth by the major participants. Although
the nylon-6 [25038-54-4] market currently is larger in Europe, both markets will
share in the growth, especially in the developing areas of the world. The emer-
gence of new polymers for specialized applications may tend to limit growth in
certain areas. For example, polypropylene may take a significant share of the
lower cost carpet market. Specialized polyamides such as nylon-4,6 [24936-71-
8] have now appeared, although this one consumes adipic acid. Adipic acid is a
very large volume organic chemical. Worldwide production in 1999 reached
2.1 x 10% (4.6 x 10° 1b) (30) and by 2004, it is estimated to reach 2.45 x 10%
(Table 7). It is one of the top 50 (164) chemicals produced in the United States
in terms of volume, with 1999 production estimated at 918,000 t (165). Although
the current economic climate has temporarily slowed the adipic acid growth rate,
when these conditions improve, growth in demand in the United States is
expected to match the 1996—1999 growth of 2.8%/year (166). Table 7 provides
individual capacities for U.S. manufacturers. Western European capacity
is essentially equivalent to that in the United States at 685,000 t/year. Demand
is highly cyclic (167), reflecting the automotive and housing markets especially.
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Prices usually follow the variability in crude oil prices. In 1998, adipic acid for
was responsible for >50% of U.S. cyclohexane. In 1999 ~84% of U.S. adipic
acid production was used in nylon-6,6 (66% fiber and 18% resin), 7.4% in polyur-
ethanes, 3.5% in plasticizers, 2.7% miscellaneous, and 2.44% net exported (166).

Du Pont plans to expand its North American capacity by 150,000 t as a
result of growth in the nylon 6,6, polyureathane and plasticizer markets (168).

7. Specifications and Analysis

Because of the extreme sensitivity of polyamide synthesis to impurities in the
ingredients (eg, for molecular-weight control, dye receptivity), adipic acid is
one of the purest materials produced on a large scale. In addition to food-additive
and polyamide specifications, other special requirements arise from the variety
of other applications. Table 8 summarizes the more important specifications.
Typical impurities include monobasic acids arising from the air oxidation step
in synthesis, and lower dibasic acids and nitrogenous materials from the nitric
acid oxidation step. Trace metals, water, color, and oils round out the usual
specification lists.

Standard methods for analysis of food-grade adipic acid are described in the
Food Chemicals Codex (see Refs. in Table 8). Classical methods are used for
assay (titration), trace metals (As, heavy metals as Pb), and total ash. Water is
determined by Karl—Fisher titration of a methanol solution of the acid. Determi-
nation of color in methanol solution (APHA, Hazen equivalent, max. 10), as well
as iron and other metals, are also described elsewhere (170). Other analyses
frequently are required for resin-grade acid. For example, total nitrogen content
is determined by chemiluminescence. Hydrolyzable nitrogen (NHjs, amides,
nitriles, etc) is determined by distillation of ammonia from an alkaline solution.
Reducible nitrogen (nitrates and nitroorganics) may then be determined by
adding DeVarda’s alloy and continuing the distillation. Hydrocarbon oil contami-
nants may be determined by gas chromatographic analysis.

Table 8. Quality Specifications

Application
Parameter Food grade Other Page reference”
melting range 151.5-154.0°C 519
assay 99.6% min 11
water 0.2% max 552
residue on ignition 20.0 ppm max 11
arsenic (as As) 3.0 ppm max 464
heavy metals (as Pb) 10.0 ppm max 11,513
iron (as Fe) 2.0 ppm
ICV color 5.0 max
caproic acid 10.0 ppm
succinic acid 50.0 ppm
nitrogen 3 ppm
hydrocarbon oil 10 ppm

“Refers to pages in Ref. 169.
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Monobasic acids are determined by gas chromatographic analysis of the
free acids; dibasic acids usually are derivatized by one of several methods prior
to chromatographing (171,172). Methyl esters are prepared by treatment of the
sample with BF3—methanol, HoSO,—methanol, or tetramethylammonium hydro-
xide. Gas chromatographic analysis of silylation products also has been used
extensively. Liquid chromatographic analysis of free acids or of derivatives
also has been used (173). More sophisticated high-performance liquid chromato-
graphy (hple) methods have been developed recently to meet the needs for trace
analyses in the environment, in biological fluids, and other sources (174,175).
Mass spectral identification of both dibasic and monobasic acids usually is
done on gas chromatographically resolved derivatives.

8. Health and Safety Factors

Adipic acid is relatively nontoxic; no OSHA PEL or NIOSH REL have been estab-
lished for the material. Airborne exposure should be limited to 10 mg/m?® (total
dust), the ACGIH TLV-TWA for an organic nuisance dust (5). Toxicity in labora-
tory animals based on exposure to adipic acid has been reported (176).

eye, rabbit (eye irritant) 20 mg/24 h (SEV)
oral, rat LDL,: 3600 mg/kg
intraperitoneal, rat LDso: 275 mg/kg
oral, mouse LDso: 1900 mg/kg
intraperitoneal, mouse LDs5g: 275 mg/kg
intravenous, mouse LDs5y: 680 mg/kg

Adipic acid is excreted essentially unmetabolized in human urine, based on
tests with a series of dicarboxylic acids (177). However, adipic acid may be pro-
duced via liver metabolism of longer chain diacids, as observed in a recent study
with rats (178). The acid has achieved “generally recognized as safe” (GRAS) sta-
tus from the U.S. Food and Drug Administration for use as a direct ingredient in
food for such uses as acidulant, leavening agent, or pH control agent (179). The
sodium salt [23311-84-4] has not achieved GRAS status. Maximum permissible
usage of the acid in foods was studied with respect to toxicity and teratological
and mutagenicity effects (180). No mutagenic or teratological activity was
observed (181). Recommended maximum concentration in water reservoirs is
2 mg/L (5).

Adipic acid is an irritant to the mucous membranes. In case of contact with
the eyes, they should be flushed with water. It emits acrid smoke and fumes on
heating to decomposition. It can react with oxidizing materials, and the dust can
explode in admixture with air (see Table 3). Fires may be extinguished with
water, CO,, foam, or dry chemicals.

Airborne particulate matter (182) and aerosol (183) samples from around
the world have been found to contain a variety of organic monocarboxylic and
dicarboxylic acids, including adipic acid. Traces of the acid found in southern
California air were related both to automobile exhaust emission (184) and,
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indirectly, to cyclohexene as a secondary aerosol precursor (via ozonolysis) (185).
Dibasic acids (eg, succinic acid) have been found even in such unlikely sources as
the Murchison meteorite (186). Public health standards for adipic acid contami-
nation of reservoir waters were evaluated with respect to toxicity, odor, taste,
transparency, foam, and other criteria (187). Biodegradability of adipic acid solu-
tions was also evaluated with respect to BOD/theoretical oxygen demand ratio,
rate, lag time, and other factors (188).

8.1. N,O Abatement Technology. During the 1990s, the adipic acid
industry updated its offgas control technology (189). These process modifications
were based on the disclosure that nitrous oxide (N,O), a gas-phase byproduct of
adipic acid manufacture, is the major source of strasospheric nitric oxide (NO)
and thus has a global warming potential many times more than CO, (190). At
0.15-0.3 tons of NyO per ton of adipic acid, these emissions were cited as the
source of recent measured increases in atmospheric levels.

Reducing flame burner technology represents the high-temperature option
to N2O abatement (1200—1500°C). Here, natural gas reduces N5O to nitrogen,
CO; and water. Staged injection of fuel and air abates the N5O and organics pre-
sent in the vent gas. Flue gas recycle and/or a convection section provide addi-
tional residence time. With these two features, NoO destruction efficiencies
>99% are obtained without an increase in NO, emissions.

Other options commercially practiced depend on the use of a catalyst. An
intermediate temperature process (1000—1500°C) developed by DuPont and
Rhone Poulenc is based on the catalytic reaction of N3O to NO. This product is
then followed by an air oxidation forming NOy which is subsequently absorbed in
water. The final product, nitric acid, is then recycled back to the adipic acid pro-
cess. The low-temperature catalytic process (400—700°C) is designed to destroy
N5O without the formation of NO,. Such facilities can be installed with or with-
out heat recovery depending on the value of steam. Since startup in the mid-
1990s, they have been reported to achieve NoO abatement efficiencies of 98%
or better (191).

Table 9 lists the major adipic acid manufacturers and the NoO Abatement
Technology practiced at their respective site.

Table 9. N,O Abatement Technology Practiced at Major Adipic Acid
Production Sites®

Site Technology Start-up Date
Dupont Singapore Thermal 1994
Dupont Orange, Tex Catalytic 1996
Dupont Maitland, Ontario Catalytic 1997
Dupont Victoria, Tex Catalytic 1997
Dupont Wilton, U.K. Thermal 1998
Asahi Thermal 1999
BASF Catalytic 1997
Bayer Thermal 1993
Rhodia Conversion to HNO; 1998
Solutia Thermal 1972

“See Ref. 189.
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9. Uses

About 86% of U.S. adipic acid production is used captively by the producer,
almost totally in the manufacture of nylon-6,6 (192). The remaining 14% is
sold in the merchant market for a large number of applications. These have
been developed as a result of the large scale availability of this synthetic petro-
chemical commodity. Prices for 1960—-1989 for standard resin-grade material
have paralled raw material and energy costs (petroleum and natural gas) grow-
ing at a rate of 1.7%/year. In the early 1990s, the price leveled off around 1.37 $/
kg. By the late 1990s, it jumped to 1.53 $/kg (193).

In 1999, 66% of U.S. demand for adipic acid was for nylon-6,6 fiber, while
11% was used in nyon-6,6 resins (166). In Western Europe only about 40% was
for polyamide. Nylon-6,6 resins were distributed between injection molding
(90%) for such applications as automotive and electrical parts.

Less than 5% of the U.S. polyurethanes market in 1999 was derived from
the condensation product of polyisocyanates with low molecular weight polyadi-
pates having hydroxyl end groups (166). In 1999 this amounted to 68,000 t, or
84% of total adipic acid consumption. The percentage in Western Europe was clo-
ser to 20%. About 90% of these adipic acid containing polyurethanes are used in
flexible or semirigid foams and elastomers, with the remainder used in adhe-
sives, coatings, and spandex fibers.

About 4% of U.S. adipic acid consumed in 1999 was used in two basic types
of adipic ester based plasticizers (194). Simple adipate esters prepared from
Cg—C;3 alcohols are used especially as PVC plasticizers (qv). For special applica-
tions requiring low volatility or extraction resistance, polyester derivatives of
diols or polyols are preferred.

1,6-Hexanediamine, the second ingredient in the production of Nylon-6,6
polyamide, is prepared by hydrogenation of adiponitrile [111-69-3]. For many
years, the nitrile was produced from adipic acid by dehydration of the ammonium
salt (195); however, this process is no longer used in the United States or Wes-
tern Europe. New processes based on propylene and butadiene have supplanted
this technology in the United States. For several years, Du Pont operated a pro-
cess based on the chlorination and cyanation of butadiene, but this was shut
down in 1983 (196,197). Du Pont produces adiponitrile at two large U.S. plants
and one French joint venture by direct nickel(0)-catalyzed homogeneous hydro-
cyanation of butadiene (198). Monsanto/Solutia and Asahi developed and prac-
ticed the electrolytic coupling of acrylonitrile process, used in the United
States, Western Europe, and Japan (199,200).

About 2.4% of U.S. consumption in 1999 was distributed among several
other applications, amounting to several thousand tons each (193). Wet-strength
resins based on polyamide—epichlorohydrin products consumed about 16,000—
18,000 t in 1998. Unsaturated polyester resins (4000 t in 1998) are used in sur-
face coatings, flexible alkyd resins (qv), coil coatings, and other coatings because
of their curing properties. Adipic acid also is used as a food acidulant in jams,
jellies, and gelatins. Although it has only 2% of the acidulant market, 3200 t
were used for this purpose in 1989 (201). The synthetic lubricant market con-
sumed about 7000 t as the Cg_;3 adipate esters in 1998, for gas turbines, com-
pressors, and military jet engines. An environmentally significant use of the



Vol. 1 ADIPIC ACID 575

acid, and especially its dibasic acid by-products, is as a buffer in the scrubbing
operation of power plant flue gas desulfurization (202—206). Adipoyl chloride is
occasionally used as a softening agent for leather.
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