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A lot of research is constantly underway in the world to develop new or improve the current processes of
the chemical industry to make them more effective and environmentally friendly. The described research
on the oxidation of cyclohexane or cyclohexanone to adipic acid with a coupled action of UV radiation
and oxygen—ozone mixture, instead of the currently used oxidation with HNQO;, is part of this trend. Gas
chromatography was used to determine process indicators, such as cyclohexane conversion and selectivity
to AA, which exceeded 50% at 25 °C, after 16 h. This method can also be used for the preparation of
other dicarboxylic acids from cycloalkanes, which proves its universal character.
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INTRODUCTION

Adipic acid (AA) is the most important of the aliphatic
dicarboxylic acids. Its global production is about 2.7 mil-
lion tons per year, and it has been used, among others, in
the production of polyamides, polyesters, and plasticizers.
Industrially, AA has been obtained for about 80 years
by oxidizing cyclohexanol (CH-OL), cyclohexanone (CH-
ON), or a mixture thereof with HNO," 2. This process
is well known and described due to the formation of
nitrogen oxides, mainly N,O, a strong greenhouse gas.
As a result of the production of AA, about 290-310 kg
N,O / t AA are generated®.

There are three known industrial methods for produ-
cing AA; from cyclohexane, cyclohexene and phenol®
(Figure 1, left side). Most often, AA is produced from
cyclohexane as a result of its two-stage oxidation. In the
first stage, cyclohexane is oxidized in the liquid phase
with air to a mixture of cyclohexanol and cyclohexanone®.
The reaction is carried out under increased pressure at
a temperature of 150-170 °C in the presence of a Co-
(IT)/Fe(II) catalyst system. The resulting mixture is then
oxidized with HNO; at a temperature of 60-90 °C and in
the presence of a further V(V)/Cu(I) catalyst system. The
disadvantage of this solution, apart from the formation
of N,O, is the need to carry out cyclohexane oxidation
with a low conversion of 3-7% to increase the selectivity
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of the reaction. To solve this problem, you can replace
cyclohexane with cyclohexene as a raw material. In the
first step, cyclohexene is reacted with water to obtain
cyclohexanol which is then oxidized with HNO; to AA.
The disadvantage of this solution is the production of cyc-
lohexene itself. It is produced by selective hydrogenation
of benzene with about 80% selectivity and the remaining
20% is cyclohexane. The separation of unreacted benzene,
cyclohexene, and cyclohexane is also problematic. The
further path leads, similarly to the previous one, through
the HNO, oxidation stage. The use of phenol as a raw
material is also practiced on an industrial scale. Phenol,
obtained by the cumene method, like cyclohexane and
cyclohexene, is primarily produced from benzene. In the
first stage, the phenol is hydrogenated to cyclohexanol or
cyclohexanone, depending on the catalyst system used,
and then the intermediate is oxidized once more with
nitric acid (V). The disadvantage of this solution may
be, among others low cost-effectiveness of the process,
which depends on the demand for phenol.

Undoubtedly, it is desirable to develop a new technology
for AA production that complies with the principles of
“green chemistry” and is economically viable. In practice,
it is associated with the use of commercially available
raw materials, and catalysts and obtaining AA with high
selectivity and conversion.

Figure 1. Overview of methods of obtaining adipic acid from petrochemical raw materials
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Some alternative approaches and processes have been
described in the literature from which AA can be ob-
tained, although these have not been implemented on
a large scale (Figure 1, right side). One of the solutions
is direct oxidation of cyclohexane to AA™ ¢, Often the
oxidation is carried out in a polar solvent in the presence
of a catalyst system consisting of transition metal salts
like Co(IT)/Mn(II) and N-hydroxyphthalimide (NHPI)™.
NHPI is an organo—catalyst showing catalytic activity in
the oxidation of hydrocarbons'™. A widely described
solution is also the oxidation of cyclohexanone with oxy-
gen or air’>, These solutions seem to be self-evident
to implement due to the availability of raw materials,
cheap catalysts, and the use of oxygen as an oxidant.
Usually, the oxidation is carried out in the presence of
Co(IT)/Mn(II) compounds, in AcOH as the solvent'* %,
Nevertheless, in these processes, AA is obtained with
relatively low selectivity in the range of 60-80%.

The preparation of AA by oxidation of cyclohexene
with H,O, is more and more often described in the li-
terature?2. This solution allows to obtaining AA with
high selectivity with high conversion of cyclohexene, but
it is connected with the necessity to use large amounts
of H,0, in a molar ratio of even 4: 1 to the substrate.
Moreover, the oxidation process is carried out in a 2-pha-
se system (liquid / liquid), which is associated with the
use of relatively expensive phase transfer catalysts. The
solution to this problem may be to perform a two-stage
oxidation of cyclohexene?. In the first step, cyclohexene
is oxidized with H,O, to cyclohexane-1,2-diol, which
is oxidized in the next step with oxygen to AA. This
solution is more complicated, however, it is possible to
reduce the amount of H,O, from 4 to 1 mole in relation
to the raw material and replace it with cheap oxygen
gas, which significantly increases the cost-effectiveness
of the solution.

We found in the literature a process of one-pot room-
-temperature conversion of cyclohexane to adipic acid by
ozone and UV light [25]. High conversions (over 90%)
and selectivity to AA over 80% were the reason for
undertaking the present research in this area. However,
we used a different reaction system and a different me-
thodology for products analysis — gas chromatography.

MATERIALS AND METHODS

Raw materials and chemicals

Most of the chemical substances used in the oxidation
process (cyclohexane, cyclohexanol, cyclohexanone, adipic
acid, glutaric acid, cyclooctane, cyclodecane, cycloocta-
none) were = 98% purity grade and purchased from
Sigma-Aldrich. Other chemicals (acetic acid, sulfuric
acid, methanol, toluene) were purchased from Chempur
with analytically pure grade. All the materials were used
as received.

Equipment

The processes were performed in a specially designed
glass reactor with a volume of 6 and 50 mL, in which the
lower part of the reactor was equipped with a heating /
cooling jacket and a reflux condenser, while the reaction
mixture was irradiated with a Hg lamp generating UV

radiation through the upper section (Fig. 2). Oxygen
with ozone added from an ozone generator OLSOF /
DSTR (OzoneLab), was introduced through a bubbler
at a constant rate 1.5 and 7.5 L / h with an ozone con-
centration of 107-146 mg/L.
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Figure 2. The reactor used in the research

Analytical methods

The composition of the reaction products was analyzed
using an Agillent 5890 Series II gas chromatograph (GC)
equipped with Flame Ionization Detector (FID) detector,
a Zebron ZB-5HT column (30 m x 0.25 mm x 0.25 um),
and an autosampler. The analysis was carried out using
an internal standard (toluene) method and helium as the
carrier gas with a flow rate of 1 mL/min. GC analysis
conditions included: injector temperature 200 °C, detector
temperature 300 °C, split ratio 100:1, injection volume
1 uL, airflow 400 mL/min, nitrogen flow 24 mL/min,
hydrogen flow 30 mL/min. The temperature program
was as follows: 70 °C for 10 min, a ramp of 6 °C/min
to 112 °C, a further ramp of 20 °C/min to 212 °C, and
a hold at 212 °C for 8 min. Each sample was analyzed
twice, and the concentration of the substance was cal-
culated based on previously prepared standard curves.

The products composition was additionally confirmed
by gas chromatography coupled with mass spectrometry
(GC-MS) performed using an Agilent gas chromatograph
7890C with an Agilent HP-5 MS capillary column (30 m
X 0.25 mm X 0.25 um) and Electron Ionization (EI)
(70 eV). Helium with a flow rate of 1 ml/min was used



as the carrier gas, and analysis parameters included an
injector temperature of 250 °C, ion source temperature
of 230 °C, and quadrupole temperature of 150 °C. The
temperature program was 40 °C for 14 min, a ramp of
6 °C/min to 112 °C, and a further ramp of 20 °C/min to
212 °C. The obtained spectra were compared using the
NIST/EPA/NIH Mass Spectral Library. GC/MS chro-
matogram of oxidation products is presented in Figure 3.
Cycloalkane, cyclic ketone, and alcohol content: 0.2 mL
was taken from the reaction products and diluted with
oxidized substrate to 1 mL. Then 5 mL of a solution of
toluene in acetic acid (24 g/L) was added. The obtained
mixture was analyzed using gas chromatography.
Content of dicarboxylic acids: 0.2 mL was taken from
the reaction products and diluted with oxidized sub-
strate to 1 mL. Then 12 mL of a solution of toluene in
methanol (12 g/L) and 1-3 drops of sulphuric acid (VI)
were added. The solution was stirred (200 rpm) for 24 h
at room temperature to form carboxylic acid methyl

esters. The solution prepared in this

way was analyzed

by gas chromatography to determine the amount of
dicarboxylic acid dimethyl esters, related to the amount

of dicarboxylic acids.
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RESULTS AND DISCUSSION

Initial studies were carried out in a bubble reactor with
a capacity of 6 mL to determine the basic parameters
(temperature, time, ozone concentration) for the conver-
sion of cyclohexane and the selectivity of the obtained
products. The content of cyclohexanol, cyclohexanol,
adipic acid, and glutaric acid was determined in the
post-reaction mixture by GC method. The presence of
these products was previously confirmed using GC-MS
(Figure 3). The obtained results are presented in Table 1.

The processes were carried out in the temperature
range of 15-25 °C for 2, 4, and 6 h. For the process
carried out at 25 °C, the effect of ozone concentration
in the oxidizing agent (107-146 mg/L) was determined.
Based on the obtained results, it was found that it is
advantageous to run the process with the maximum
concentration of ozone. An increase in the CH conver-
sion from 31.8 to 46.8% and the selectivity of the main
oxidation products CH-ON and AA from 25.5 to 38.5%
and from 11 to 18%), respectively, was observed, therefore,
the amount of 146 mg/L This amount was the upper
limit of ozone production in the apparatus used. The
lowering of the process temperature to 20 °C allowed
for improvement in the process indicators and achieved
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Figure 3. GC-MS chromatogram with MS spectra of main oxidation products

Table 1. Results obtained in the oxidation of cyclohexane with oxygen-ozone mixture in the presence of UV radiation in a 6 mL

reactor

Time | Temp. | Ozone Conv. Selectivity (%)

(h) (°C) (mg/L) (%) CH-OL CH-ON GA
2 25 146 14.1 1 10.5 5.5 2
4 25 146 22.2 2 32.5 11.5 3.5
6 25 146 46.8 1 38.5 18 6
2 25 135 12.6 1 10 6 2

4 25 135 16.8 1.5 23.5 7.5 4
6 25 135 40.8 1 34.5 14 8
2 25 107 13.8 1 6.5 6 4
4 25 107 11.1 1.5 14 8 2,5
6 25 107 31.8 1.5 255 11 4
2 20 146 9.6 0.5 7 11.5 4

4 20 146 11.1 0.2 7 14 6.5
6 20 146 56.7 1.1 54.5 21 6
2 15 146 9.6 0.5 7 11 4

4 15 146 15.0 0.5 14 10 3.5
6 15 146 225 0.5 32.5 20 6

Cyclohexane: 6 mL, Oxidizer flow rate: 1.5 L/h
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Table 2. Results obtained in the reaction of long-term oxidation of cyclohexane and other substituted cycloalkanes with oxygen-ozone
mixture in the presence of UV radiation in a 50 mL reactor

Substrates Time Temp. Conv. Selectivity (%)

(h) (°C) (%) CH-OL CH-ON AA GA
Cyclohexane 16 25 55.6 0.3 5.8 49.5 17.0
Cyclohexanone 16 25 33.2 - - 30.0 11.0
Cyclohexanone 16 60 67.8 - - 62.0 15.5

_ Cs-ON Octanedioic acid _

Cyclooctane 16 25 29.2 20 38,3
Cyclododecane Dodecanedioic acid
+ acetic acid 16 25 32.3 B B 42.6 B
Methylcyclohexane 16 25 34.0 (CHs)CoOL - &-Oxoheptancic acid -

Cyclohexane: 50 mL, Oxygen Flow: 7.5 L/h, Ozone: 146 mg/L

CH conversion of 56.7% after 6 h and selectivity to
CH-ON and AA of 54.5 and 21%, respectively. Another
reduction of the temperature by 5 degrees resulted in
a diametric worsening of the results. Two factors seem
to be relevant here. On the one hand, the solubility
and stability of ozone in the reaction system increases
at lower temperatures, and on the other hand, the rate
of the oxidation reaction behaves oppositely and slows
down at low temperatures.

Cyclohexanone and several other cycloalkanes were
also used as raw materials in the research. The processes
were carried out in a reactor with a capacity of 50 mL,
and their time was extended to 16 h.

Extending the process time to 16 hours resulted in
a further increase in cyclohexane conversion and se-
lectivity to AA, 55.6 and 49.5%, respectively. Although
better results were expected, it is possible that the rea-
son for this is the use of a larger reactor and poorer
dispersion of oxygen with ozone in the system, which
plays a dominant role in bubbling processes. The use
of a sintered bubbler was not possible here, because on
the one hand, it was observed to become clogged with
the resulting adipic acid, and on the other hand, ozone
decomposed on the sinter. A capillary with several fine
holes was used as a bubbler.

The possibility of using other cycloalkanes as raw mate-
rials in the process was also checked (Table 2). When the
process was carried out at 25 °C, after 16 h conversions
of 30% and selectivity to the appropriate dicarboxylic
acids of about 40% were obtained. Due to the lower
vapor pressure, losses due to blowing of the raw material
were avoided here, and in the case of cyclododecane it
was necessary to use a solvent (acetic acid).

Quite good results were obtained for cyclohexanone.
The oxidation process was carried out both at 25 °C and
60 °C. In the latter case, after 16 h, the conversion was
67.8% and the selectivity to AA and GA was 62 and
15.5%, respectively. The use of cyclohexanone as a raw
material instead of cyclohexane may be important for the
industry as an alternative to produce AA, moreover, there
is no CH-OL in the reaction products, which facilitates
the separation of the post-reaction mixture.

CONCLUSION

The obtained results confirmed the literature reports on
the possibility of obtaining adipic acid by the simultaneous
action of ozone and UV radiation at room temperature
on cyclohexane®, although the process ratios obtained in
this case did not exceed 60%. The effectiveness of the

process results mainly from the concentration of ozone
in oxygen and its dispersion in the reaction mixture.
Research has shown that other dicarboxylic acids can
also be obtained by this method.

The method described here is interesting and is
a potential alternative for obtaining AA in place of
the currently used industrial method of oxidation with
HNO;, in particular that CH-ON can be used instead
of CH and the post-reaction mixture separation node
can be simplified.
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