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Abstract
The adipic acid (AA) production was carried out in two stages: oxidation of cyclohexanone (-one) by Keggin-type polyoxo-
metalate (POM), followed by oxidation of this latter by hydrogen peroxide. The process lasts 20 h and the temperature is 
maintained at 90 °C. AA is then recovered by cold crystallization (4 °C). The POMs have as formula  HMPMo12O40 (M:Co, 
Ni, Mn, Cu or Zn). The materials were characterized by FT-IR and UV–Vis spectroscopies and by thermogravimetric 
analysis. The purity of adipic acid was confirmed by FT-IR and 13C and 1H NMR analysis. The effects of POM composition, 
catalyst/-one molar ratio and the cyclohexanol addition to -one on adipic acid yield were examined. The whole catalysts were 
found to be effective toward cyclohexanone oxidation and the highest yield (53%) was obtained with  HZnPMo12O40 system 
for a catalyst/-one molar ratio of 1.89 × 10−3. The alcohol addition to -one has a negative effect on adipic acid formation.
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Introduction

Adipic acid (AA) is a raw material for the production of 
polyamides, particularly nylon 6-6, polyesters and polyu-
rethanes and food additives [7, 17]. AA is obtained indus-
trially from oxidation of a mixture of cyclohexanone and 
cyclohexanol (noted KA oil) by nitric acid. This process has 
several disadvantages such as the corrosion phenomenon and 
release of nitrogen oxides coming from nitric acid reduc-
tion. Among these gases,  N2O that represents 300 kg  N2O/
ton of AA, is the most dangerous. In addition to its strong 
greenhouse effect and long residence time in the atmosphere, 
it participates in ozone layer destruction [22, 34]. The devel-
opment of an environmentally friendly process is one of the 
most difficult research tasks to achieve.

Among used green oxidants, hydrogen peroxide  (H2O2) 
seems to be the most attractive compared to oxygen mol-
ecules and air [5, 8, 33, 35]. Effectively, in addition to being 

easy to handle, it is known for its clean environment because 
of its reduction that leads only to water formation.

In organic synthesis,  H2O2 is widely used in alkene 
epoxidation reactions [12, 13, 18] and Baeyer–Villiger oxi-
dation reactions of cyclic ketones and aldehydes [37, 38, 
40, 41]. In the case of AA synthesis,  H2O2 was used in the 
presence of different catalysts such as µ3-oxo-bridged Co/
Mn cluster complexes  CoMn2(O) [9],  [MnIIIT(p-Cl)PP]
Cl [23], N-hydroxyphthalimide combined with Mn(acac)2 
or Co(OAc)2 [19], β-{[H3NC(CH2O)3]2MnMo6O18} [24], 
 [CoPM11O39]5− and  [NiPM11O39]5− [1]. In these processes, 
 H2O2 was added to the reaction mixture at the same time as 
the substrate (cyclohexene, cyclohexanone or cyclohexanol) 
and catalyst.

In our previous works, AA synthesis was carried out 
in two stages, using the Nomiya process [32], in the 
presence of Keggin or Dawson polyoxometalate of for-
mulas  MxPMo12O40 (M:Fe, Ni, Co and x:1 or 1.5) [26], 
 H3–2xCox  PMo12O40 (x:0–1.5) [4]  (NH4)3–2xNixPMo12O40 
(x:0.25–1.5) [39] and  (NH4)xAyPMo12O40  (An+ = Sb3+, 
 Bi3+ or  Sn2+) [31]. In the first step, the reaction mix-
ture consists of a substrate (cyclohexanone or cyclohex-
anol) and POM. The role of the POM is to oxidize the 
substrate, which results in a color change from yel-
low (characteristic color of the oxidized POM) to 
blue (characteristic color of the reduced POM). Then, 
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hydrogen peroxide is added in the second step. In the 
latter case,  H2O2 reacts as an oxidant to restore the 
POM and as a peroxide to form peroxo species with the 
POM. These peroxo species were reported by several 
authors as the active species in the formation of oxy-
genated compounds. They were evidenced by multinu-
clear NMR spectroscopies in the cases of  H3PW12O40 as 
{PO4[WO(O2)2]4}3− and {PO4[WO(O2)2]2}2− [14, 16] and 
 H3PMo12O40 as {PO4[MoO(O2)2]4}3−, {PMo3Om}n− and 
{PO4[MoO(O2)2]2}2− [2, 21].

In these different series of POMs, it was observed that 
those which contain metal (M) counter-ions having sev-
eral oxidation states such as Co, Mn, Sn and Sb led to 
better AA yields. This has been attributed to the pres-
ence of several redox couples as Co(III)/Co(II), Mn(IV)/
Mn(II), Sn(IV)/Sn(II) and Sb(V)/Sb(III), formed during 
the POM. A redox reaction occurs in situ between Mo(VI) 
and M(II). On the other hand, in recent work, it has been 
shown that the proton presence in the POM allows the 
activation of cyclohexanone by keto-enolic tautomeri-
zation, before its oxidation into more oxygenated com-
pounds [2].

In this context and to understand the influence of 
the metal nature on adipic acid formation, we tested a 
series of substituted POMs by introducing both single 
metal atom with an oxidation state of 2 and single proton 
as counter-ion of the  [PMo12O40]3− Keggin anion. The 
choice was made on Co and Mn that have several oxida-
tion states, Ni that has only one oxidation state (II) and Cu 
that has several oxidation states, but it cannot be reduced 
from Cu(II) to Cu(I) and Zn as a non-transition metal with 
one oxidation state (II). Their formula is  HMPMo12O40. 
They were characterized by FT-IR and UV–Vis spectros-
copies. The catalytic cyclohexanone oxidation to adipic 
acid was carried out in the homogenous phase at 90 °C 
using  H2O2 (30%). The effects of the catalyst/-one molar 
ratio and that of the alcohol addition (ratio -one/-ol) on 
adipic acid yield were studied. The purity of adipic acid 
was verified by FT-IR, 13C and 1H NMR analysis.

Experimental

Material synthesis

HMPMo12O40 heteropoly salts were prepared using a 
cationic exchange method [4, 26, 39]. In the first step, 
 H3–2xBaxPMo12O40, substituted salt was prepared by 
Ba(OH)2 addition to an aqueous solution of  H3PMo12O40 
in stoichiometric ratios, according to the RXN. (1) To avoid 
the Keggin anion decomposition, it is necessary to maintain 
pH < 2, by gradual addition of Ba(OH)2. The second step 
consists in the substitution of  Ba2+ ions by the transition 
metal  M2+ (M:Co, Ni, Mn, Cu or Zn) using  MSO4 according 
to the RXN. (2) After total  BaSO4 precipitation, the filtrate 
was dried at 50 °C under vacuum and  HMPMo12O40 recov-
ered in the form of a powder:

The M presence confirmation was realized using the com-
plexation tests shown in Table 1.

Characterization

The FT-IR spectra recording of salts was carried out on a 
Fourier Transform Nicolet-Magna 550 IR spectrometer. The 
samples are ground in the KBr (2 mg of sample per 200 mg 
of KBr) and then pressed in the form of pellets. The spectra 
were treated by Omnic 8.1 software.

UV–Vis spectra of samples were recorded between 100 
and 1000 nm on a Shimadzu UV-1601 PC spectrometer.

Thermal analysis was performed between room tempera-
ture and 600 °C, under air flow with a heating rate of 5 °C/
min on a TGA 2050 apparatus.

Solid-phase 13C and 1H NMR spectroscopies were per-
formed on a BioSpin GmbH, Bruker spectrometer.  H3PO4 
(85%) was used as an external reference.

H3PMo12O40 + Ba(OH)2 → HBaPMo12O40 + 2H2O RXN(1)

HBaPMo12O40 +MSO4 → HMPMo12O40 + BaSO4 ↓ RXN(2)

Table 1  Complexation tests

Cations Reagents Initial color Products Final color

Cu2+ CH3COOH (5 ml, 6 M) + K4Fe(CN)6 (1 ml, 0.5 M) Blue Cu2Fe(CN)6 Red brown
Mn2+ H2O2 (3 ml, 30%) + HNO3 (4 ml, 0.5 M) + KIO4 Purple MnO2, nH2O Black
Zn2+ HCl (1 ml, 3 M) + K4Fe(CN)6 (3 ml, 1 M) White / Transparent
Co2+ NH4SCN (0.5 g) + amyl alcohol (3 ml) + acetic acid (solvent) Blue [Co(SCN)4]2− Blue
Ni2+ Dimethylglyoxime (3 ml) Red / Red brown
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Catalytic reaction

Cyclohexanone oxidation was performed according to the 
literature [32]. A mixture constituting the substrate (-one) 
and catalyst was introduced into a flask under stirring 
(1000 rpm) and heated at 90 °C under a reflux condenser. 
After few minutes, the reaction mixture yellow in color turns 
blue, the characteristic color of reduced POM  (MoV). Then, 
hydrogen peroxide was added to restore the initial color, the 
characteristic color of oxidized POM  (MoVI). This opera-
tion is repeated after each catalyst reduction. The end of 
the reaction is reached when the POM is no longer reduced, 
thus indicating the total substrate consumption. After 20 h 
of reaction time, the mixture was cooled to 4 °C and then the 
white crystals of adipic acid were recovered after almost two 
nights and weighed (w (AA)exp). The AA purity was verified 
by melting point (152 °C) and FT-IR and NMR spectros-
copies (13C and 1H). Hydrogen peroxide concentration was 
verified by potassium permanganate dosage before perform-
ing the catalytic test. The adipic acid yield was calculated 
by following formula:

Results and discussion

Characterization results

FT-IR spectra of  HMPMo12O40 (Fig. 1) showed the char-
acteristic vibration bands of the Keggin structure in the 
spectral range of 1200–400  cm−1 [36]. The vibration 
band corresponding to phosphorus–oxygen, vas P–Oa, was 
observed at 1062 cm−1 and those assigned to metal–oxygen, 
vas Mo–Od, vas Mo–Ob–Mo and vas Mo–Oc–Mo at 960, 860 
and 780 cm−1, respectively. The proton partial substitution 
of  H3PMo12O40 by transition metal (Co, Ni, Mn, Cu or Zn) 
does not reveal a significant variation in frequency values 

AAyield (% ) = 100 × w (AA)exp∕w (AA)the

of different IR vibration bands, confirming thus that the 
introduction of a metal atom in cationic position does not 
disturb the Keggin anion symmetry as already reported in 
other studies [4, 26].

The UV–visible spectra of different solids (Fig. 2) show 
a large charge transfer band oxygen–molybdenum(VI) in 
200–480 nm range, consisting of two components located 
at 200–300 and 300–450 nm [11, 27]. The latter are associ-
ated with the different types of oxygen atoms of the Keggin 
anion, inter-anion charge transfer transitions and counter-ion 
nature. In the case of  HZnPMo12O40, the second component 
is slightly shifted to higher wavelength. This difference can 
be attributed to a non-transition metal character and/or satu-
rated d atomic orbital (d10) of Zn.

The TG curves of the samples (not represented here) 
show different mass losses. The first loss was observed in 
the temperature range 50–180 °C, corresponding to the 
departure of 8–13 hydration water molecules. The second 
one, observed in the range 180–380 °C, was attributed to the 
departure of half constitution water molecule (1/2  H2O) that 
results from the combination of proton with an oxygen atom 
of the Keggin anion. Above 400 °C, the POM decomposition 
to  P2O5,  MoO3 and MO occurred. The TG analysis results 
are reported in the Table 2. A good correlation between the 
experimental and theoretical formulas was observed, con-
firming also the reliability of the cationic exchange synthesis 
method.

Catalytic performances of  HMPMo12O40 for adipic 
acid synthesis

The reaction products are adipic, glutaric and succinic acids. 
In this work, only adipic acid (AA) was considered. It was 
isolated by crystallization at 4 °C and characterized by 
FT-IR and NMR spectroscopies (13C and 1H). The IR spec-
trum of adipic acid (Fig. 3) shows an intense vibration band 
located at 1700 cm−1 and another more broad at 3000 cm−1, 

Fig. 1  FT-IR spectra of 
 HMPMo12O40
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characteristic of the C=O and O–H bonds of the carboxylic 
acid, respectively.

The 1H NMR spectrum shows two signals at 1.65 and 
2.33 ppm corresponding to methyl groups –CH2– and a 
peak associated with the proton of the –COOH group at 
10.48 ppm (Fig. 4). The 13C NMR spectrum shows two 
peaks at 25.11 and 38.83 ppm, assigned to carbon atoms of 
methyl groups –CH2– and a signal at 174.39 ppm charac-
teristic of the carbon atom of the carboxylic group (Fig. 5). 
The peaks observed at 2.06 ppm in 1H NMR (Fig. 4) and 
at around 29.84 and 206.23 ppm in 13C NMR (Fig. 5) are 
associated with the acetone solvent.

Adipic acid synthesis from cyclohexanone oxidation

In the preliminary tests carried out with  H3PMo12O40 for the 
cyclohexanone oxidation at 90 °C during 20 h, no crystal, 
corresponding to the adipic acid formation, was observed 
after cold conditions (4 °C) overnight, when the reaction 
mixture constituted of: (1) cyclohexanone and catalyst, (2) 
substrate, catalyst and hydrogen peroxide and (3) substrate 
and hydrogen peroxide. In the first case (1), the POM oxi-
dizes the substrate that is visualized by the change in color 
from blue to yellow. In the second case (2), the reaction 
mixture turns to blue, attesting to the reduction of POM. The 
latter can oxidize both cyclohexanone and hydrogen perox-
ide  (H2O2 being amphoteric). POM has a higher oxidizing 
power than  H2O2. In case (3), the substrate has probably 
reacted with hydrogen peroxide. From these observations, it 
is necessary to apply the procedure mentioned in the experi-
mental part.

The catalytic performances of  HMPMo12O40 are 
summarized in Table 3. The proton partial substitution 
by cobalt or copper seems to have no effect on the cata-
lytic behavior of  H3PMo12O40 (25 and 29, respectively, 

Fig. 2  UV–visible spectra of 
 HMPMo12O40

Table 2  Thermal analysis results of  HMPMo12O40 salts

Theoretical formula Experimental formula

H1.00Co1.00PMo12O40 H0.87Co1.07PMo12O40

H1.00Zn1.00PMo12O40 H1.04  Zn0.98PMo12O40

H1.00Mn1.00PMo12O40 H0.94  Mn1.03PMo12O40

H1.00Cu1.00PMo12O40 H0.97Co1.01PMo12O40

H1.00Ni1.00PMo12O40 H0.94Ni1.03PMo12O40

Fig. 3  FT-IR spectrum of adipic 
acid
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against 28% of AA yield). The introduction of manganese 
or nickel strongly decreases the AA yield from 28 to 16 
and 2%, respectively, whereas the presence of zinc leads 
to a strong AA yield increase (41 against 2–29%). The 

difference in catalytic behavior can be attributed to several 
parameters: (1) its non-transition metal character, (2) pres-
ence of a saturated d atomic orbital (d10), Zn(II) behaves 
like a Lewis acid that would promote substrate activation, 
(3) a non-reducible character that would more easily give 
peroxo entities  (ZnO2). These properties seem to create 
a moderate oxidative power that can favor AA formation 
to the detriment of those of other oxygenated products. 
This observation has already been signaled in the case 
of the vanadium substituted molybdenum in the Dawson 
type POMs [30].

Figure 6 presents the AA yield variation, with an error 
bar of 3%, as a function of catalyst/-one molar ratio. 
The -one oxidation was carried out in the presence of 
 HZnPMo12O40. The AA yield decreases from 41 to 7% 
when catalyst/-one molar ratio increases from 0.47 × 10−3 
to 1.41 × 10−3. The maximum AA yield (53%) was reached 
with a catalyst/-one molar ratio of 1.89 × 10−3 (catalyst: 

Fig. 4  1HNMR spectra of adipic 
acid

Fig. 5  13CNMR spectra of 
adipic acid

Table 3  AA yields as a function 
of POM composition

Conditions Treact = 90  °C, agi-
tation rate: 1000  rpm, reaction 
time = 20  h, mcatalyst = 0.03  g, 
n-one = 30 mmol,  H2O2 addition 
mode: 0.5–0.1 ml

Catalyst AA yield (%)

H3PMo12O40 28
HCoPMo12O40 25
HNiPMo12O40 2
HMnPMo12O40 16
HCuPMo12O40 29
HZnPMo12O40 41
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0.12 g, cyclohexanone: 30 mmol). At higher ratios, AA 
yield drop from 53 to 2% was observed.

Adipic acid synthesis from cyclohexanone/
cyclohexanol oxidation

The AA synthesis was also performed via -one/-ol mix-
ture oxidation in the presence of  HZnPMo12O40, with a 
catalyst/-one molar ratio of 1.89 × 10−3. Different -one/-ol 
ratios were examined (100/0, 75/25, 50/50, 25/75, 100/0). 
The obtained results (Fig. 7) showed that ketone oxidation 
alone led to 53% of AA yield and that of alcohol alone 
to 9%, whereas similar AA yields (4–5%) were obtained 
with -one/-ol ratios of 75/25 and 25/75. With an equimo-
lar mixture (50/50%), AA formation was not observed, 
contrarily to the industrial process. The negative effect 
of alcohol presence in the reaction mixture has already 
been mentioned [4, 8, 20, 26, 28, 39]. It was attributed to 
the formation of hydrogen bonds between the C=O group 
of the ketone and the hydrogen of the C–OH group of 
cyclohexanol, which makes the -one oxidation of the mix-
ture difficult.

Comparative study

Table 4 shows the adipic acid yields obtained by oxidation of 
cyclohexanone over various catalysts reported in literature. 
The use of various organic and inorganic solvents and Mn/
Co-based materials as catalyst leads to AA yields slightly 
higher compared to those obtained with Dawson or Keggin 
POMs as catalysts, in free solvent (75–91% against 57–75%). 
It is noted that the AA yields (57–75%) are higher than those 
obtained with vanadium based POMs, in the presence of 
 CH3COOH,  CH3CN,  CH3OH as solvent (50–54%). These 
latter’s are similar to that obtained with  HZnPMo12O40 
(53%) used in this study. In conclusion, the comparison 
between these different processes shows well that the use of 
POMs in the absence of the solvent leads to a process that is 
much cleaner and with appreciable AA yields.

Reaction pathway

The catalytic process of cyclohexanone oxidation by hydro-
gen peroxide in the presence of POM is composed of three 
steps. The first step corresponds to the substrate oxidation by 

Fig. 6  AA yields as a function 
of catalyst/-one molar ratio, 
(catalyst:  HZnPMo12O40, Treact = 
90 °C, agitation rate: 1000 rpm, 
reaction time = 20 h,  H2O2 addi-
tion mode: 0.5–0.1 ml)

Fig. 7  AA yields as a function 
of -one/-ol mixture composi-
tion (catalyst:  HZnPMo12O40, 
Treact = 90 °C, agitation 
rate: 1000 rpm, reaction 
time = 20 h, mcatalyst = 0.12 g, 
n-one = 30 mmol,  H2O2 addition 
mode: 0.5–0.1 ml)
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the POM. The latter changes color from yellow, the charac-
teristic color of POM at the oxidized state (noted POMox), 
to blue, the characteristic color of POM at the reduced state 
(noted POMred). It was reported that the POMox, corre-
sponding to  [PMo12O40]3−, Keggin anion (noted α (0)), 
undergoes successive reductions from α (0) to α(II) and β(II) 
 [PMo12O40]5− and to α(IV) and β(IV)  [PMo12O40]7−, in the 
presence of the reducing agent [2]. In addition, a Mars and 
Van Krevelen mechanism can be assumed, in which POMox 
oxygen atoms participate in the oxidation process by giv-
ing lacunary POMs (noted POM lac) as  [PMo11O39]7− and 
 [PMo9O34]9− [25]. In these latter species, there is a depar-
ture of both molybdenum and oxygen atoms (Eq. 1). On 
the other hand, during this first step, a keto–enol tautomeric 
equilibrium catalyzed by the Brønsted acidity of the POM 
 (HMPMo12O40) is attained, a necessary step for substrate 
activation (Eq. 2).

This step can be explained by the following reactions 
shown in the equations (Eqs.  1 and 2) that take place 
simultaneously:

In the second step, the addition of hydrogen perox-
ide led to a POM color change from blue to yellow that 
is attributed to the POMred oxidation. It was reported 
that in the presence of hydrogen peroxide, peroxo spe-
cies such as {PO4[MoO(O2)2]4}3−, {PMo3Om}n− and 
{PO4[MoO(O2)2]2}2− (noted peroxo-POM) are formed, as 
evidenced by multinuclear NMR spectroscopy [2, 21]. This 
step can be explained by the following equation:

(1.)
Substrate + POMox → products + POMred + POMlac.

(2.)

(3)POMred + H2O2 → peroxo-species

During the 20 h of reaction, the peroxo-POM species will 
react with some products from the Eq. (1) to form final prod-
ucts including adipic acid according with Eq. (4). In this last 
step, we can also assume another similar mechanism to that 
of Mars and Van Krevelen, where the oxygen atoms of the 
peroxo-POM would intervene in the intermediate products’ 
oxidation:

Conclusion

The oxidation of cyclohexanone and that of cyclohexanol/
cyclohexanone mixture was carried out in the homogenous 
phase at 90 °C using  H2O2 (30%) in the presence of a 
series of Keggin-type POMs of formula  HMPMo12O40 
(M:Co, Ni, Mn, Cu or Zn).

The formulation,  HMPMo12O40, was evidenced by TG 
analysis for proton amount and complexation characteris-
tic test of each metal in the cationic position. FT-IR and 
UV–Vis spectroscopies have evidenced the Keggin anion 
structure.

The catalytic results showed that  HZnPMo12O40 
exhibits the highest adipic acid yield (53%), evidenc-
ing the efficiency of the presence of a metal compared 
to that of a transition metal as a counter-ion of the 
 [PMo12O40]3− system.

A reaction pathway was proposed showing different 
steps of the oxidation process.

The use of both hydrogen peroxide, green oxidant and 
 HMPMo12O40, non-polluting catalyst can be an attractive 
route for developing a clean adipic acid industrial process 
compared to the  HNO3 method.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

(4)
Peroxo − POMox + intermediate species

→ reaction products + POMox

Table 4  Comparison between 
several processes of adipic acid 
synthesis from cyclohexanone 
oxidation

Catalyst Solvent T (°C) AA yield (%) Refs.

Mn(OAc)2 CH3COOH/CF3COOH 65 75 [10]
Mn(NO3)2/Co(NO3)2 CH3COOH + HNO3 40 91 [15]
Co/Mn cluster CH3COOH/H2O 100 85 [6]
H7PMo8V4O40 CH3COOH/H2O 70 50 [3]
H5PMo10V2O40 CH3CN/CH3OH 60 54 [9]
H1Mn0.25Co0.75PMo12O40 75 [28] Free 90 75 [29] (in press)
K6P2Mo6W12O62 Free 90 58 [30]
(NH4)0,5Sn1.25PMo12O40 Free 90 57 [31]
HZnPMo12O40 Free 90 53 This work

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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