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Cyclohexane oxidation to adipic acid under green conditions: a
scalable and sustainable process.

A. Mazzi ™1 S Paul®™, F. Cavani™ and R. Wojcieszak®*

Abstract:

This work reports a 1 mol scale catalytic process to synthesize
adipic acid directly from cyclohexane in solvent free conditions using
air as oxidant. Catalysts based on vanadium phosphorous oxides
were prepared, characterized and tested. They showed good activity
and remarkably high selectivity to adipic acid in comparison to other
already known heterogeneous catalysts. The use of solvent free
conditions permits the easy separation of the product from the
reactant mixture, which is very important from the industrial point of
view. The process can be used at industrial scale for sustainable
adipic acid synthesis.

Currently, one of the main challenges of the chemical industry is
the development of new sustainable and “green” processes
taking into account the numerous environmental issues that
affect our planet. Consequently, there is a renewed interest in
the production and use of chemicals obtained through
environmentally friendly technologies. Adipic acid (AA) is an
aliphatic dicarboxylic acid with high volume of production and it
is primarily used as starting reagent in the preparation of nylon-
6,6 polyamide, fibres, plasticizers, food additives and m
other applications [1]. Global production of adipic acid is ar
2900 ktons/year and the demand continues to grow around
2%l/year with non-nylon applications growing faster
nylon sector [2]. Industrially, adipic acid is synthesize
step process involving oxidation of cyclohexane to
cyclohexanol and cyclohexanone (the so-called
oxidised by HNOs to the final acid (Scheme 1).
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Scheme 1. Schematic represent current industrial method for

cyclohexane oxidation.
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global warming and ozone depletion [ ver, it is also
responsible for acid rains and smog.
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ynthesis of the adipic acid using
heterogeneous catalysts based on vanadium phosphorous
oxides. As prgpared catalysts were tested in the oxidation of
ithout any solvent and under mild conditions
150°C, T¥25 bars of air).
As reported in the literature [4], the oxidation of
exane carried out in solvent-free conditions, using air as
nd without the presence of free radicals initiators does
ch high level of conversion (Table 1), due to the
activation of the aliphatic ring of the alkane. In
is worth to note that the maximum cyclohexane
conversion (57%) was obtained after a long time of reaction (16
ithout the formation of significant amounts of adipic acid [5-
ould be seen from Table 1. 65% of selectivity to adipic
as reached in the case of Fe-AIPO-31 but only after 24
rs of reaction and at a very low CH conversion (7%).

able 1. Literature results [5-7] obtained in solvent-free conditions using air
as oxidant and without free radicals initiators.

T (°C), P (bar), Reactionrate®/CH  Main product

Catalyst time (h) conversion (%) selectivity (%)
Co-AIPO-5 130, 15, 16 8/11 KA Oil 80
Co-AIPO-36 130, 15, 16 42157 KA Oil 83
Fe-AIPO-31 100, 15, 24 3/7 AA 65
Fe-AIPO-5 100, 15, 24 2/5 KA Oil 77

Fe-AIPO-5 130, 15, 24 417 KA Oil 51, AA 31

[a] [mmolCH*gcat ™*h™]

In this work, heterogeneous catalysts consisting in supported
vanadium-phosphorus mixed oxides (VPO), which are known as
being excellent oxidation catalysts for n-butane conversion to
maleic acid, were developed. The first step was the synthesis of
the VOHPO,-0.5H,0 precursor, obtained by refluxing a mixture
of vanadium pentoxide and phosphoric acid in isobutanol for 6
hours. In a second step, the precursor was supported on several
supports (CeO,, Fe304, H-mordenit and Y-goethite) then
calcined at 500 °C for 4 hours under static air. The precursor
used in the preparation of VPO catalysts was analysed by
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means of XRD to verify its structure (data not shown here). The
results confirmed the presence of the characteristic diffraction
peaks of the VOHPO, - 0.5H,0 precursor validating in the same
time the synthesis method.

The first catalytic screening was performed at 120°C using 5
wt% VPO supported on different supports (CeO,, Fe;O4, H-
mordenite, Y-and goethite (FeO(OH)). The catalytic results are
shown in Table 2. It could be seen that a remarkably high
reaction rate was achieved in the case of VPO and VPO/CeO,
catalyst, which was then chosen for further studies. Several
parameters such as temperature, pressure and time of the
reaction were studied. Blank tests performed with the support
and without catalyst clearly indicated the important role of VPO
as an active phase in the cyclohexane oxidation to adipic acid.
The effect of the pressure was studied in the 13-25 bar range,
but no significant variations in term of conversion and products
selectivity was observed. Tests at different temperatures were
performed at 100 °C, 120°C, 135 °C and 150 °C keeping
constant the others reaction parameters (time and pressure) in

order to improve the catalytic activity of the VPO-based catalysts.

Table 2. The reaction was carried out with 13 bar of air, air flow of 120 mL/min,

120 °C, 15 mg of catalyst, 20 mL of cyclohexane and 4 h of reaction time,
ammol of cyclohexane (CH) converted/(gram of catalyst)*(time)
[mmolCH*gcat-1*h-1]. b Selectivity to: KA Oil (mixture
cyclohexanol/cyclohexanone), adipic acid (AA), ¢ No catalyst was used, d
Cyclohexane conversion in %.

Reaction rate® Selectivity” [%]

Catalyst KA Oil AA
blank test® <1 99 0
VPOI/CeO, 24 93
VPO/Fe;0, 4 98
e, s

CeO, 2 99
VPO 12 95

product of oxidation, was
and 150°C the cyclohexan lectivity were respectively 69%

igher temperatures the further

but remained almo °C. In addition, the
selectivit reached the maximum also at higher
temper; gure 2 selectivity of 25% to AA was
obtai h to note that the tests at higher
temperature (1 the presence of several

decomposition products, which were insoluble in both, water and
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organic solvents and therefore impossible to analyse via GC or
HPLC.
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re 1. Eﬁe&he temperature on the catalytic performance of VPO/CeO2.
ersion of CH (X) and products selectivity (S) at 120 °C, 135 °C, 150 °C.

ect of the time of reaction (4 and 10 hours) was also
in the range 100-135 °C. The results are given in
able

Table 3. Effect of the time of reaction at 100 °C, 120 °C and 135 °C, using
VPO/CeQ,. “temperature of the reaction (°C). ®time of reaction (h).
°Cogversion of cyclohexane (CH). Selectivity to KA oil (cyclohexanol (Chol) +

X° % Selectivity’ %
t° CH KA Oil AA Other
4 0 0 0 0
10 1 99 0 0
4 2 93 6 0
10 5 83 13 4
4 4 78 18 2
135
10 12 51 35 11

The tests confirmed that even after 10 h of reaction the
catalyst is inactive at 100 °C (not shown). Moreover at high
temperature (>150 °C) many by-products such as: formic acid
cyclohexyl ester, acetic acid cyclohexyl ester, pentanoic acid
cyclohexyl ester, butyrolactone, hexanoic acid, acetic acid, 2-
cyclohexen-1- one, formic acid, butanoic acid cyclohexyl ester
and hexanoic acid ethyl ester were identified.
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It is clear that an increase in the time of the reaction
increases the cyclohexane conversion. Indeed, 12% conversion
was reached at 135 °C after 10 hours of reaction. In terms of AA
selectivity, the best performance was also obtained at 135 °C
(35%). This temperature seems to enhance the activity of the
catalyst without favouring the formation of by-products, as
observed at 150 °C. An increase in time of the reaction at
135 °C leads also to higher selectivity to secondary products
such as cyclohexanone and adipic acid. This trend suggests that
the oxidation of CH to CHOL is the rate-determining step and
this is proved also by the low cyclohexane conversion reached
after 10 hours. Once the concentration of the cyclohexanol starts
to increase it can be oxidised more easily to cyclohexanone and
adipic acid, leading to higher selectivity to these two products

Catalysts based on vanadium phosphorous oxides (VPO)
supported on ceria have been tested for direct oxidation of
cyclohexane to adipic acid under green conditions. This catalytic
system is able to activate the cyclohexane ring at relatively low
temperature, low pressure of air and without the use of any free
radical initiators. Moreover, it shows a good activity in terms of
cyclohexane conversion and adipic acid selectivity, especially in
comparison with the results reported in the literature for similar
conditions. In particular high reaction rates and good adipic acid
selectivity were obtained. Further studies are in progress in
order to improve the catalytic system based on vanadium
phosphorous oxides and also to better understand the reaction
pathway.

Experimental Section

Synthesis of the VOHPO, - 0.5H,0 precursor:

The appropriate amounts of vanadium oxide (=6g) and
(=8.3g) (P/V ratio 1.1) were added into a three-neck r
with 125 mL of isobutanol. The solution was then he
100°C for 16h. The final blue solid was filtered and washe
(3x100mL) and dried in the oven overnight (90°C).

Preparation of the supported VPO/CeO, (5% wt):
The appropriate amount of vanadium precursor was dispersed i
millilitres of ethanol and the solution was
the mud point was reached. The wet s,

X-ray diffraction:

The X-ray analysis w:
diffractometer operated at
emission current of 40 mA with

Catalytic tests:
20 mL of cyclohex

system started to work and the vessel
temperature starte til the desired value, this step is
important to avoid the evaporation of the volatile cyclohexane. Airflow of
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120 mL/min of oxygen was used in order to work in semi-batch
conditions. At the end of reaction 0.5 mL of the final liquid solution was
withdraw with a micropipette and kep, the GC analysis (Shimadzu
GC2010 Plus AF, FID detector, ZB- s column), and then a
certain amount of water (20-30 mL) was a
other products for HPLC analysis (
Organic acid column, trifluoroacetic acid as
of 0.5 mL/min). The catalyst iltere
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