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Abstract 
This work investigates heterogeneous oxidation of cyclohexanol to cyclohexanone in liquid 
phase solvent free conditions by commercial and laboratory prepared ZrO2 in the 
presence of molecular oxygen in a two necked typical batch reactor. Catalysts were 
characterized by X-ray diffraction, surface area and pore size analysis, particle size 
analysis and scanning electron microscopy. It was found that the rate and selectivity is 
dependent on the reaction parameters and the ZrO2 used. The catalytic activity of 
laboratory prepared ZrO2 in the cyclohexanol oxidation was higher than the activity of 
commercial zirconia. These solid ZrO2 catalysts are easy to filter and can be reused 
without any significant loss of activity. Hence these are promising catalysts for the solvent 
free oxidation reaction of different alcohols. 
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1. Introduction 
Organic chemistry is a field of immense 
importance to technology.  It includes the 
chemistry of food and clothing, rubbers 
and tires, fuel and energy, health and 
medicines, etc. The importance of organic 
substances in every day life has been 
growing apace during the last 60-90 years. 
Alcohol is an important class of organic 
compound from which various other 
important chemicals such as halides, 
alkenes, ethers, aldehyds, acids, esters, 
and ketones can be made. Selective 
oxidation of alcohols to carbonyl 
compounds is an important class of 
organic reaction, as the carbonyl 
compounds produced is widely used for 
synthesis of other useful chemicals as well 
as for research purposes. Primary alcohols 
on oxidation produce aldehydes and 

carboxylic acids, while secondary alcohols 
yield ketones. 
Catalytic oxidation has received 
considerable attention over the years 
owing to the fact that the importance of 
catalysis to society is based on its great 
financial impact in the production of a 
broad range of products that are vital to 
our standard of living and quality of life. 
The catalytic decomposition of alcohols via 
dehydration, dehydrogenation and 
oxidation provides an important route to 
producing materials of industrial 
importance. The dehydrogenation 
/oxidation of cyclohexanol are a major 
source of cyclohexanone. Cyclohexanone 
production is an initial step in the synthesis 
of caprolactum and adepic acid, which are 
competitive products and are used to 
produce nylon 6, 6 and nylon 6 
respectively [1].  Demand for caprolactum 
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and adepic acid is growing apace in the 
developing countries [2]. Cyclohexanone is 
also used as a solvent and as a building 
block in the synthesis of many organic 
compounds such as pharmaceuticals and 
insecticides. More than 106 tons [3] of 
cyclohexanol and cyclohexanone are 
made world wide per year for the 
production of nylon where as 4.6 billion 
pounds of adepic acid and 2.7 billion 
pounds of caprolactum is produced per 
year on global scale [4].  
Most of the work on the 
oxidation/dehydrogenation of cyclohexanol 
has been carried out at solid-liquid 
interfaces using various solvents and at 
solid-gas interfaces at temperatures higher 
than 100°C [5-6]. The most common 
methods in industry use stoichiometric 
quantities of oxidizing agents such as Cr 
(IV) compounds, hydrogen peroxide, 
potassium permanganate, NOCl, ozone, 
organic peroxyacids and peroxides, 
particularly in fine chemicals and 
pharmaceuticals. However, they have 
certain problems [7] such as rigorous 
control of experimental conditions for 
reproducible results, large amounts of toxic 
/ hazardous wastes, difficult separation 
processes, storage problems for potentially 
explosive reagents and high temperature 
and pressure.  
Growing environmental pollution problems 
[8-9] have diverted the attention of 
researchers to explore simple, economical, 
safe, clean and environment benign 
chemical reactions for sustainable 
development [10]. The application of 
metallic oxides for the oxidation of various 
alcohols was found selectively with air or 
oxygen as the oxidants. The impact of 
such oxidation processes on the 
environment is much lower than the 

traditional oxidation process using toxic 
oxidizing agents such as permanganate, 
chromic acid and hypochlorite and the 
reactions proceeds via an oxygen assisted 
dehydrogenation mechanism. 
Considering the importance of 
cyclohexanone  production, but keeping  in 
view the modern research requirements, 
the present  study has been specified to 
the oxidation of cyclohexanol to 
cyclohexanone at mild reaction 
temperatures (363-403 K) using 
commercial and laboratory prepared ZrO2 
as a solid catalyst in the solvent free liquid 
phase heterogeneous catalytic mode at 
normal atmospheric pressure of molecular 
oxygen. 
1. Experimental 
General 
All chemicals were supplied by Merck, 
BDH or ACROS and were used without 
further purification. Proper traps 
(C.R.S.Inc.202268), (C.R.S.Inc. 202223) 
were used for further purification of 
nitrogen and oxygen. BET surface area of 
the catalyst was determined using a 
Quanta chrome (Nova 2200e) surface area 
and pore size analyzer. Samples were 
degassed at 110 °C for 2 hours prior to 
determination. XRD analyses were 
performed on a JEOL (JDX-3532) X-ray 
diffractometer using CuKα radiation with a 
tube voltage of 40 KV and 20 mA current. 
SEM was performed using a Joel 50 H 
super probe 733 scanning electron 
microscope. Particle size was analyzed by 
a compact analystte 22 particle size 
analyzer. 

2.2. Preparation of catalyst 
Two types of ZrO2 catalysts were used in 
this research. 
i. Laboratory prepared ZrO2 
ii. Commercial ZrO2 
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2.2.1 Laboratory prepared ZrO2 
Zirconia was obtained from ammonia 
hydrolysis of ZrOCl2.8H2O. Zirconyl 
chloride (24g) was dissolved in distilled 
water (300ml). 42ml of NH3 was added 
drop-wise over approximately 12 hours, 
which made it basic with a pH of 9- 11. 
The white precipitate Zr (OH) 4 was filtered 
and was washed many times by distilled 
water till the Chlorine ion test (by adding a 
drop of aqueous AgNO3 solution) was 
negative. The white precipitate free from 
Chlorine ion was dried in a furnace at 
120°C for 12 hours then cooled in the 
desiccator and then ground to powder. The 
powder was calcined in Nabertherm C-19 
programmed control furnace at a rate of 
0.5°C/min to reach a temperature of 600°C 
and was kept for 4 hours at temperature 
600°C. 
2.2.2 Commercial ZrO2 
Commercially supplied ZrO2 was ground to 
powder and passed through different US 
standard test sieves, mesh 300, and 
tolerance 200 mm, to get reduced particle 
size of the catalyst. The catalyst was 
heated at 100°C, cooled in a desiccator 
and was kept in a sealed bottle for further 
study. 
2.2.3 Regeneration of the catalyst 
The catalyst becomes deactivated after 
being used several times due to the 
deposition of coke on its surface. However 
the deactivated catalyst can be 
regenerated by treating at 873K under 
nitrogen flow of 40 mL/min for an hour.  
2.3 Catalytic test 
The catalytic properties of laboratory 
prepared and commercial zirconia were 
studied for cyclohexanol oxidation in a two- 
necked batch reactor fitted with a 
condenser. The condenser was connected 
to an ice trap (Dewar flask containing ice) 
to condense any outgoing gaseous 
product or reactant from the condenser. 

Typically 10 mL of cyclohexanol and 
300mg of ZrO2 were added to the reactor. 
The reaction mixture was continuously 
stirred using a magnetic stirrer. The 
reaction temperature (363-403 K) was 
maintained using heating tape. Oxygen 
and nitrogen gases were bubbled through 
the experimental runs for 24 hours. All the 
reactants were brought to reaction 
temperature before adding to the reactor. 
Periodically the reaction mixture was 
analyzed with GC.  
3. Results and Discussion 
3.1 Characterization of catalyst 
The surface area of ZrO2 was found to 
depend on the calcination temperature 
used in the preparative method. 
Laboratory prepared ZrO2 has high surface 
area of 82.8m2/g, while commercially 
available ZrO2 had a low surface area of 
1.5 m2/g. Figure 1 shows the X-ray 
diffraction patterns of laboratory prepared 
and commercially available neat ZrO2 
samples. A sharp peak at 30.5 of 2θ is 
characteristic for the tetragonal phase 
whereas a weak peak at 28.2° and 31.4° of 
2θ is characteristic for the monoclinic 
phase. Both samples have a mixture of 
tetragonal and monoclinic crystal phases 
of zirconia.  

 
Figure 1: XRD of a; commercial b; 
laboratory prepared ZrO2 sample. 
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The SEM pictures of the vacuum dried 

neat commercial ZrO2 and laboratory 

prepared ZrO2 calcined at 600°C are 

shown in Fig. 2. The morphology shows 

that the material is a kind of aggregate 

material. Average particle sizes calculated 

by the intercept method from the SEM 

images were approximately 140 µm and 

80 µm respectively, which are in close 

agreement with that measured by particle 

size analyzer using the wet method for 

commercial ZrO2 (110-135 µm) and Lab 

prepared ZrO2 (75-90 µm).  

3.2 Catalytic test of commercial and 

laboratory prepared ZrO2. 

Two types of ZrO2 catalysts (commercial 

and laboratory prepared) were used for the 

catalytic oxidation of cyclohexanol in the 

liquid phase at normal atmospheric 

pressure. These investigations were 

carried out by suspending 300 mg of 

catalyst in 10 mL of cyclohexanol at 

various partial pressures of oxygen and 

various temperatures. Feed gases were 

passed through the reaction mixture at a 

flow rate of 40 mL min-1 for 24 hours. The 

results (Tables 1 and 2) demonstrate that 

both the catalysts are active for oxidation 

of cyclohexanol. However, the catalysts 

exhibit slightly different levels of activity 

producing different results of mole % 

formation of cyclohexanone. Commercially 

available ZrO2 catalyst exhibits low mole % 

formation of cyclohexanone (Table 1) as 

compared to the results obtained using 

laboratory prepared ZrO2 catalyst (Table 

2). The maximum mole% cyclohexanone 

produced using commercial ZrO2 was 

34.99 % at 403 K and pO2 = 760 torr, while 

using laboratory prepared ZrO2, a 

maximum of 35.14 mole % cyclohexanone 

was formed at the same temperature and 

pO2. This is due the fact that the 

commercial ZrO2 shows low surface area 

as compared to the laboratory prepared 

catalyst. Both the catalysts show the same 

gradual increase of mole % formation of 

cyclohexanone with increasing reaction 

temperature from 363 K to 403 K along 

with an increase in pO2 from 95 torr to 760 

torr. The experimental data were tested for 

moderate adsorption according to the 

Langmuir – Hinshelwood model [11].  

2

1 1 1
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Figure 2: Scanning Electron Micrograph of 
a; commercial ZrO2 b; Lab prepared ZrO2 
Condition: Magnification = 2500, WD = 
1600 mm, Spot Size = 8.00 µm 
 

The data plotted at temperatures 363-403 
K for commercial ZrO2 as well as for 
laboratory prepared ZrO2 show good linear 
regression residuals of R2 = 0.994 and R2 
= 0.991 respectively Fig.3.  Furthermore 
the increase of rate with temperature 363 – 
403 K and pO2 from 95 to 760 Torr 
indicates that reaction is kinetically 
controlled.  
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Figure 3: L-H plot for moderate adsorption 
on commercial and laboratory prepared 
ZrO2 at 403K. Reaction conditions: 
reaction time = 24 hours, Amount of 
cyclohexanol = 10 mL, Amount of catalyst 
(commercial or Lab prepared ZrO2) = 300 
mg, Flow rate of feed gases = 40 cm3 min-1 
= 1 atm Reaction temperature = 403 K. 

 

Table 1. Activity profile of commercial ZrO2 towards oxidation of cyclohexanol at various 
temperatures and pO2  (Reaction conditions: Amount of cyclohexanon= 10 mL, Amount of 
catalyst (Commercial ZrO2) =  300 mg, Reaction time =  24 hours, Flow rate of feed gases 
=  40 ml min-1  = 1 atm.) 
 

Temperature 
(K) ↓ 

                            Mole % formation of cyclohexanone 

363 0.95 1.933 2.688 3.417 4.136 5.518 6.833 8.498 

373 1.299 2.414 3.372 5.539 7.104 8.318 10.386 14.040 

383 2.387 4.220 6.241 8.490 10.920 11.770 15.550 21.350 

393 4.210 7.342 9.810 14.520 17.940 20.860 24.340 27.610 

403 6.180 11.110 14.36 18.430 20.570 24.330 28.64 34.990 

Po2 (torr) 95 190 285 380 475 570 665 760 
    

Table 2. Activity profile of laboratory prepared ZrO2 towards oxidation of cyclohexanol at 
various temperatures and pO2 (Reaction conditions: Amount of cyclohexanol= 10 mL, 
Amount of catalyst (Lab prepared ZrO2) = 300 mg, Reaction time = 24 hours, Flow rate of 
feed gases = 40 ml min-1 = 1 atm.) 
 

Temperature 
(K)  

                                     Mole% formation of cyclohexanone 

363 1.038 2.041 2.895 3.677 4.837 6.119 7.297 9.185 

373 1.506 2.778 3.965 6.137 7.679 8.979 11.123 14.497 

383 2.27 4.833 6.236 9.248 11.559 13.245 16.596 22.076 

393 4.046 7.297 10.548 15.839 18.222 22.270 25.147 28.665 

403 7.10 13.301 16.297 19.780 22.496 25.441 34.729 35.143 

Po2 (torr)  95 190 285 380 475 570 665 760 
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Conclusion 
In this research laboratory prepared ZrO2 
show higher catalytic activity for oxidation 
of cyclohexanol than commercial ZrO2. 
This high activity is attributed to the high 
surface area of laboratory prepared ZrO2. 
Both ZrO2 samples follow the Langmuir–
Hinshelwood model for moderate 
adsorption in the solvent free oxidation of 
cyclohexanol at 403 K and atmospheric 
pressure of molecular oxygen.  We expect 
further modifications in the surface 
properties of ZrO2 would allow it to become 
a very attractive and reusable commercial 
catalyst in a number of industrial oxidation 
reactions. 
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