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Abstract: The selective oxidation of cyclohexane to a mixture of cyclohexanol and cyclohexanone
(KA oil) is one of the imperative reactions in industrial processes. In this study, the catalytic
performance of manganese-supported gamma alumina (Mn/γ-Al2O3) catalysts is investigated in the
selective oxidation of cyclohexane at ambient conditions using ozone. The catalysts were prepared
by the wet impregnation method, and their physio-chemical properties were studied by Fourier
Transform Infrared (FT-IR) spectroscopy, X-ray diffraction (XRD) spectroscopy, Scanning Electron
Microscopy-Energy Dispersive X-ray spectroscopy (SEM-EDX), Transmission Electron Microscopy
(TEM), Inductively Coupled Plasma (ICP) spectroscopy, and Brunauer Emmett and Teller (BET).
The reaction conditions were optimised considering various parameters such as reaction time,
pH, and various percentages of the manganese supported in gamma alumina. The oxidation of
cyclohexane was conducted in an impinger reactor unit at pH 3, 7, and 11 for 1 h of ozonation
time. The aliquots were collected after 30 min and 1 h of ozonation time and analysed with GC-MS
and FT-IR spectroscopy. The 2.5% Mn/γ-Al2O3 catalyst exhibited a significantly enhanced catalytic
performance at pH 3 and 7 with a percentage conversion of 9% and 15% at pH 3 and 7, respectively,
after 30 min of ozonation time. However, after 1 h of ozonation time, the percentage conversions were
increased to 23% and 29% at pH 3 and 7, respectively. At pH 11, 5% Mn/γ-Al2O3 exhibit high catalytic
performance with a percentage conversion of 19% and 31% after 30 minutes and 1 h of ozonation
time, respectively. The percentage selectivity obtained is 100% toward KA oil and/or cyclohexanone
depending on pH and reaction time.

Keywords: oxidation; Mn/γ-Al2O3 catalyst; ozone; cyclohexane and KA oil

1. Introduction

The functionalisation of the saturated aromatic and aliphatic hydrocarbon’s C-H bond is one of the
utmost important industrial processes in the quest for economic viability and a sustainable approach
for the production of oxygenates. However, the C-H bond is very stable toward different oxidants and,
therefore, it requires extreme reaction conditions, such as high temperature and pressure. Moreover,
the corresponding oxygenates are more reactive than their respective parent hydrocarbons, and as a
result, they subsequently react to form un-wanted products [1]. One of such processes is the oxidation
of cyclohexane, which has shown increasing importance for the production of cyclohexanol and
cyclohexanone (a mixture called KA oil). The constituents of KA oil are prominent intermediates for
the production of caprolactam and adipic acid. Caprolactam and adipic acid are important precursors
for the production of nylon 6 and nylon 6,6 polymers, respectively [2–4].

The production of KA oil at an industrial scale employs the oxidation of cyclohexane at 150–160 ◦C
and 1–2 atm of temperature and pressure conditions, respectively, using sodium boric acid and
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manganese salts as homogenous catalysts. In this process, the percentage conversion obtained for
cyclohexane oxidation was 4% to 6%. These conditions were applied to avoid further oxidation of the
reaction product (cyclohexanol and cyclohexanone). The percentage selectivity obtained was as high as
70%–80% [5,6]. However, the homogenous catalysts are associated with several drawbacks, such as the
instability at high temperatures, difficulty in separating the catalysts from the reaction mixture, and the
need for the disposal of waste [7]. Furthermore, the use of high temperature and pressure conditions
has been the major safety concern ever since the cyclohexane reactor explosion, which occurred in the
Flixborough village on 1 June 1974 that caused 28 casualties [8,9]. These stumbling blocks address the
need for an agent establishment of the efficient cyclohexane oxidation process.

In recent years, the concept of ozone-initiated catalytic oxidation has been a promising platform for
the efficient, selective, and environmental benign contemporary transformation of hydrocarbons [10–12].
The utilisation of ozone in the course catalytic oxidation processes helps in decreasing activation
energy when compared to other oxidants such as oxygen, hydrogen peroxide, and tert-butyl
hydrogen peroxide [13,14]. Ozone is a strong oxidising agent, which is commonly used for oxidative
degradation of organic compounds to value-added products [15]. Ozone offers numerous advantages
in oxidation processes compared to other oxidants, such as mineralisation rate, short reaction duration,
higher oxidation potential (2.07 V) than the other oxidising agents such as permanganate (1.67 V),
chlorine dioxide (1.57 V), hypochlorous acid (1.49 V), chlorine (1.36 V), hypobromous acid (1.33 V),
and oxygen (1.23 V), and enhanced efficiency [16,17]. Most commonly, ozone-related oxidation
processes entail the transformation of the ozone into highly reactive secondary species, such as
hydroperoxyl and hydroxyl radicals via decomposition for optimum efficiency [18]. This is usually
achieved by utilising heterogeneous catalysts such as Ni, Mn, and Co. Mehandjiev et al. has pointed
manganese to be of the highest activity in ozone decomposition among other p-type transition
metals [19–21]. In this case, the decomposition of ozone on the Mn surface produces hydroxyl radicals,
which subsequently play a part in the oxidation reaction of the hydrocarbons [22,23]. However, due to
the stability differences between cyclohexane and the corresponding oxygenates (KA oil), not much
has been reported on catalytic oxidation of cyclohexane using ozone (“catazone”). This is because
oxygenates are further oxidised to form unwanted products. However, most of these studies are
conducted under extreme reaction conditions.

In the current study, we report the catalytic ozonation of cyclohexane over Mn/γ-Al2O3 catalysts
using ozone. Gamma alumina was selected as the support because of its mechanical strength
and high surface-to-volume ratio [21]. On the other hand, manganese is suitable for oxidation of
cyclohexane owing to its facile redox behaviour, which facilitates oxygen diffusion and high oxygen
adsorption capacity.

2. Results and Discussion

2.1. Catalysts Characterisation

2.1.1. Fourier Transform Infrared (FT-IR) Spectroscopy

Figure 1 depicts the FT-IR spectra of gamma alumina (γ-Al2O3) support and various percentages
of manganese-supported gamma alumina (Mn/γ-Al2O3) catalysts. The broad band is observed in the
FT-IR spectra of γ-Al2O3 support and all the as-synthesised Mn/γ-Al2O3 catalysts at a wavelength of
3500 cm−1, which becomes more perceptive with an increase in metal loading. This band is indexed
to the vibrational stretching frequency of the hydroxyl (O-H) groups present on Lewis acid sites of
γ-Al2O3 and Mn/γ-Al2O3 catalysts that resulted from adsorbed water molecules. Furthermore, Figure 1
also shows a weak absorption band at 1600 cm−1, which could be indexed to the asymmetric stretching
vibrations of Al-OH [24,25].
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Figure 1. FT-IR spectra of γ-Al2O3 and various percentages of Mn/γ-Al2O3 catalysts.

2.1.2. X-Ray Diffraction

The X-ray diffractograms of gamma alumina (γ-Al2O3) support, and various percentage
manganese-supported gamma alumina (Mn/γ-Al2O3) catalysts are shown in Figure 2. The characteristic
peaks observed at 2θ = 37.7◦, 45.9◦, and 67◦ refer to (331), (222), and (440) miller indices, which are
indexed to γ-Al2O3 support [26] cubic structure as confirmed by JCPDS card 1839-28. The XRD of
γ-Al2O3 exhibit characteristic peaks of a highly crystalline material. However, the incorporation of
the manganese results in crystal imperfection and a decrease in particle size of the γ-Al2O3 support,
observed by a significant degree of peak broadness in all X-ray diffraction peaks corresponding to
γ-Al2O3. This was also reported by Maldonado et al., for the incorporation of Fe in γ-Al2O3 [27].
Furthermore, the incorporation of Mn also results in a disappearance of the diffraction peaks
corresponding to (101) and (111) miller indices at 2θ = 16.87◦ and 20.43◦, respectively. The existence
of Mn in 2.5%, 5%, 7.5%, and 10% Mn/γ-Al2O3 catalysts is trivial as there are no visible diffraction
peaks corresponding to Mn. This suggests that Mn is well incorporated at the nano-sized scale of
γ-Al2O3 support. Small diffraction peaks attributed to the MnO phase are observed at 2θ = 17.24◦,
20.43◦, 31.62◦, and 43.5◦ with (200), (111), (311), and (112) miller indices in 12.5% and 15% Mn/γ-Al2O3.
There are no other manganese phases observed other than the MnO observed in the 12.5% and 15%
Mn/γ-Al2O3 catalysts.
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Figure 2. XRD patterns of γ-Al2O3 and various percentages of Mn/γ-Al2O3 catalysts.

2.1.3. Scanning Electron Microscopy (SEM)

Figure 3a–d displays SEM images of γ-Al2O3 and various percentages of Mn/γ-Al2O3 catalysts.
The γ-Al2O3 support appears as fluffy particles with poorly defined structure. The morphology
displays a rough surface with high surface defects. However, upon Mn loading, the surface becomes
fine and aggregated. This can be clearly observed with the increase in Mn content. The existence of
Manganese particles was further confirmed by Energy Dispersive X-ray spectroscopy (EDX) images
shown in Figure S3a–f.
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Figure 3. SEM images of (a) γ-Al2O3, (b) 2.5% Mn/γ-Al2O3, (c) 5% Mn/γ-Al2O3, (d) 7.5%
Mn/γ-Al2O3 catalysts.

2.1.4. Transmission Electron Microscopy (TEM)

TEM images of γ-Al2O3 support, and various percentages of Mn/γ-Al2O3 catalysts, are depicted in
Figure 4. The γ-Al2O3 display spherical shaped particles with uniform particle size (13 nm). However,
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the incorporation of Mn is accompanied by the significant decrease in particle size and shape from
spherical to rod shape, which is observed in all Mn/γ-Al2O3 catalysts. The decrease in the particle size
displayed by TEM results is in good agreement with the XRD results and it becomes more perceptive
with an increase in manganese loading from 10%–15% Mn/γ-Al2O3 catalysts (Figure S2, supplementary
data). The particle size and length of the Mn/γ-Al2O3 catalysts is between 7–9 nm and 16–23 nm,
respectively. The variation in particle shape of γ-Al2O3 and Mn/γ-Al2O3 is attributed to the elongation
and agglomeration of some particles.
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Figure 4. TEM images of (a) γ-Al2O3 support, (b) 2.5% Mn/γ-Al2O3, (c) 5% Mn/γ-Al2O3, (d) 7.5%
Mn/γ-Al2O3 catalysts.

2.1.5. Inductively Coupled Plasma (ICP) and Energy Dispersed X-Ray (EDX) Spectroscopy

The theoretical and experimental weight percentage of manganese loaded γ-Al2O3 catalysts
obtained from ICP and EDX spectroscopy is presented in Table 1. The experimental Mn percentage is
very close to the anticipated theoretical percentage from the results obtained using both ICP and EDX
spectroscopy (Figure S3a–f, supplementary data), which suggest that manganese was successfully
incorporated into the γ-Al2O3 support.

Table 1. Inductively coupled plasma (ICP) and energy dispersed X-Ray spectroscopy (EDX) results of
Mn/γ-Al2O3 catalysts.

Catalyst Theoretical Mn wt % ICP Mn wt % EDX Mn wt% *

2.5% Mn/γ-Al2O3 2.50 2.48 2.33
5% Mn/γ-Al2O3 5.00 5.39 5.9

7.5 % Mn/γ-Al2O3 7.50 7.46 7.57
10% Mn/γ-Al2O3 10.0 9.18 10.23

12.5% Mn/γ-Al2O3 12.5 12.48 12.42
15% Mn/γ-Al2O3 15.0 14.94 15.64

* Figure S3a–f, supplementary data.
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2.1.6. Brunauer-Emmet-Teller (BET) Surface Area

Table 2 displays the BET results for pure γ-Al2O3 support, 2.5% and 7.5% Mn/γ-Al2O3. The surface
area of γ-Al2O3 is 295.0 m2/g. However, the surface areas of 2.5 and 7.5 % Mn/γ-Al2O3 are 167.6 and
107.8 m2/g, respectively, which are lower than that obtained from γ-Al2O3. Furthermore, the pore
volumes of 2.5% and 7.5% Mn/γ-Al2O3 are 0.3827 and 0.3022 cm3/g, respectively. The incorporation of
Mn in the γ-Al2O3 support results in the decrease in both surface area and pore volume. This becomes
more significant with increasing Mn content. This is caused by pores that are filled and blocked by Mn
particles, which results in an increased surface area of the Mn/γ-Al2O3 catalysts. However, the further
increase of the Mn content results in poor synergic interaction between Mn and γ-Al2O3.

Table 2. Brunauer-Emmet-Teller (BET) surface areas of γ-Al2O3, 2.5% and 7.5% Mn/γ-Al2O3 catalysts.

Catalysts BET Surface Area (m2/g) Pore Volume (cm3/g) Pore Size (nm)

γ-Al2O3 295.0 - -
2.5% Mn/γ-Al2O3 167.6 0.3827 9.13
7.5% Mn/γ-Al2O3 107.8 0.3022 11.21

2.2. Characterisation of the Reaction Mixture

Gas Chromatography-Mass Spectrometry (GC-MS) and Fourier Transform Infrared (FT-IR)
Spectroscopy: The gas chromatography results obtained (Figure 5) display three significant
chromatographic peaks for the reaction mixture sample drawn after 30 min of ozonation time,
which corresponds to cyclohexane (3.4 min retention time), cyclohexanol (6.6 min retention time),
and cyclohexanone (6.8 min retention time). However, only two chromatographic peaks were
observed in the reaction mixture sample drawn after 1 h ozonation, corresponding to cyclohexane
and cyclohexanone at pH 3 and 7. Whereas, at pH 11 for both the samples drawn at 30 min and
1 h of ozonation time, three chromatographic peaks corresponding to cyclohexane, cyclohexanol,
and cyclohexanone were observed. The mass-spectrometry results further confirmed the identified
ozonation products (Figures S4–S6). Gas chromatogram of cyclohexane and its mass spectrum with
molecular ion peaks (m/z = 84, 56, and 29) before ozonation are represented in Figure S4 (supplementary
data). Gas chromatogram of ozonated cyclohexane after 30 min and its mass spectra for cyclohexane
with molecular ion peaks (m/z = 84, 56, and 29), cyclohexanol with molecular ion peaks (m/z = 82,
57, 29) and cyclohexanone with molecular ion peaks (m/z = 98, 55, 27) are demonstrated in Figure S5
(supplementary data). Gas chromatogram of ozonated cyclohexane after 1 h and its mass spectra
for cyclohexane with molecular ion peaks (m/z = 84, 56, and 29) and cyclohexanone with molecular
ion peaks (m/z = 98, 55, 27) are displayed in Figure S6 (supplementary data). From Figure S6, it is
evident that the cyclohexanol formed during the first 30 min of the reaction got further oxidised
to cyclohexanone.
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Figure 5. Gas chromatograms of the 2.5% Mn/γ-Al2O3 catalysed cyclohexane oxidation mixtures
(a) before ozonation, (b) after 30 min ozonation, and (c) after 1 h ozonation time at ambient conditions
and pH = 3.

FT-IR spectra in Figure 6 displays both hydroxyl (3500 cm−1) and carbonyl (1717 cm−1) groups for
the reaction mixture samples drawn after 30 min of ozonation time at pH 3, 7, and 11, corresponding
to cyclohexanol and cyclohexanone (1717 cm−1), as identified by GC-MS. From the 1 h ozonated
reaction mixture samples, only the carbonyl group was observed. Furthermore, at pH 11, hydroxyl
and carbonyl groups were observed for both the reaction mixture samples drawn after 30 min and 1 h
of ozonation time. This is in good agreement with the GC-MS results.
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Figure 6. FT-IR spectra of 2.5% Mn/γ-Al2O3 catalysed cyclohexane oxidation mixture at ambient
reaction conditions and pH = 3 drawn after 30 min and 1 h of ozonation.

2.3. Oxidation of Cyclohexane

2.3.1. Percentage Conversion

Figure 8a,b and Table 3 summarise the catalytic performance of the Mn/γ-Al2O3 catalysts in terms
of the percentage conversion in the ozone initiated oxidation of cyclohexane at pH 3, 7, and 11 (samples
were drawn after 30 min and 1 h of ozonation time); at 20 ◦C and 1 atm conditions. For comparison
purposes, blank and γ-Al2O3 catalysed ozonation reactions were initially performed, followed by the
Mn/γ-Al2O3 catalysed ozonation reactions. It can be seen from Figure 7a,b and Table 3 that in the
absence of any catalyst and in the presence of γ-Al2O3 (support only) the percentage conversion is
relatively low. The percentage conversion of cyclohexane in the absence of the catalyst is 4, 6 and
9% at pH 3, 7, and 11, respectively, for the samples drawn after 30 min of ozonation time. However,
after 1 h of ozonation time, the conversion is 9%, 12% and 16% at pH 3, 7, and 11, respectively. On the
other hand, γ-Al2O3 showed poor catalytic activity in terms of percentage conversion, and the results
observed were slightly higher than that of blank ozonation. However, these percentage conversions
appear lower when the Mn/γ-Al2O3 catalysts were employed in the cyclohexane oxidation reaction.
The Mn/γ-Al2O3 catalysts exhibit high catalytic performance at pH 3 and 7, with percentage conversion
of 9% and 15% for the reaction mixture drawn after 30 minutes of ozonation time. With 1 h ozonation
samples, the percentage conversion obtained was 23% and 28% at pH 3 and 7, respectively. At pH 11,
2.5% Mn/γ-Al2O3 catalyst exhibited high catalytic performance with a percentage conversion of 23%
and 31% (for samples drawn after 30 minutes and 1 h of ozonation time), respectively.

From these results, it can be postulated that the high catalytic performance of the Mn/γ-Al2O3

catalyst is attributed to the incorporation of manganese into γ-Al2O3. The optimum catalytic
performance of Mn/γ-Al2O3, in terms of percentage conversion, results from a vast number of factors.
For example, in comparison with γ-Al2O3, the XRD results exhibit a decreased particle size and crystal
stability of the Mn/γ-Al2O3 catalyst. The decrease in particle size results into an increase in surface
area, and therefore, a more active site available to the substrate. The decrease in particle size is typical
for metal-supported catalysts [28]. Similarly, the TEM results confirm the decrease in particle size of
the Mn/γ-Al2O3 catalyst and further reveal the change in particle shape from spherical to rod-shaped
particles when compared with that of γ-Al2O3. The rod-shaped particles also provide high surface



Catalysts 2019, 9, 958 9 of 16

area compared to spherical shaped particles [29]. In addition, the high catalytic performance of
the Mn/γ-Al2O3 catalysts can also be explained by aspects of the metal-support relationship of the
metal-supported catalysts [28,30–32]. That is, the γ-Al2O3 support stabilises the MnO nanoparticles
through electron transfer between the support and the metal. In this manner, the surface charge
(superoxide) of the Mn is induced. Consequently, the surface charge either directly participates in C-H
bond activation via hydrogen abstraction or induces surface hydroxide species through dissociative
adsorption of water molecules [33]. The hydroxide species decomposes ozone to form a hydroxide
radical and subsequently, the hydroxide radical [34]. The existence of the hydroxyl species is evidenced
in the FT-IR results of the Mn/γ-Al2O3 catalysts. The catalytic performance of the Mn/γ-Al2O3 catalysts
gradually decreased with an increase in percentage of Mn incorporation into γ-Al2O3. This is common
for metal-supported catalysts. This is probably caused by the blockage of the γ-Al2O3 pores by excess
Mn, therefore limiting cyclohexane diffusion into the active sites inside the pore. This is in good
agreement with the BET results of the 2.5% and 7.5% Mn/γ-Al2O3 catalysts shown in table 2, in which
the pore volume decreases with increasing Mn content.

Table 3. Cyclohexane percentage conversion and selectivity toward KA oil at 20 ± 1 ◦C and 1 atm.

Catalyst Reaction
Time

Conversion (%)
Selectivity (%)

Cyclohexanol Cyclohexanone

pH 3 pH 7 pH 11 pH 3 pH 7 pH 11 pH 3 pH 7 pH 11

Blank ozonation
30 min 3 6 9 9 12 14 91 88 86

1 h 9 12 16 ----- ----- 2 100 100 98

γ-Al2O3
30 min 7 9 11 8 10 11 92 90 89

1 h 11 13 19 ----- ----- 6 100 100 94

2.5% Mn/γ-Al2O3
30 min 9 15 17 6 7 15 94 93 95

1 h 23 29 28 ----- ----- 3 100 100 97

5% Mn/γ-Al2O3
30 min 7 11 23 4 8 7 86 92 93

1 h 19 21 31 ----- ----- 7 100 100 93

7.5% Mn/γ-Al2O3
30 min 9 8 19 7 13 13 93 87 87

1 h 17 19 28 ----- ----- 5 100 100 95

10% Mn/γ-Al2O3
30 min 6 9 16 8 10 6 92 90 94

1 h 14 18 24 ----- ----- 2 100 100 98

12.5% Mn/γ-Al2O3
30 min 8 11 14 2 6 9 98 94 91

1 h 12 18 20 ----- ----- 8 100 100 92

15% Mn/γ-Al2O3
30 min 5 7 15 12 8 11 88 92 89

1 h 11 14 17 ----- ----- 4 100 100 96
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2.3.2. Percentage Selectivity

Table 3 and Figure 8a–c display the percentage selectivity plot of cyclohexane oxidation at pH 3, 7,
and 11 after 30 min and 1 h of reaction time. Theoretically, the oxidation of cyclohexane is anticipated
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to selectively result in the mixture of cyclohexanol and cyclohexanone and other by-products, such as
cyclohexyl hydroperoxide, hexanolactone, adipic acid, and ester dicyclohexyl adipate [7,20]. Contrarily,
from the percentage selectivity plot in Figure 8a–c and Table 3, it can be noted that the current study was
solely selective to either both cyclohexanol and cyclohexanone and/or cyclohexanone. Nevertheless,
most cyclohexane oxidation studies have been conducted at high temperatures and pressure conditions
to enhance percentage conversion [1,2,7,20]. High temperature and pressure conditions are highly
vigorous and advance the production of the radicals, which subsequently react with cyclohexanol and
cyclohexanone to produce undesired products. This is mainly because cyclohexanol and cyclohexanone
are more reactive than cyclohexane, and therefore, when available, they can be easily oxidised to
hexanolactone, adipic acid, dicylcohexyl adipate, and the ester more rapidly. With that being said, the
current study opted for ambient temperature (20 ± 1 ◦C) and pressure (1 atm) conditions, therefore,
limiting the production of the radicals. As a result, the 100% selectivity toward the desired products
(mixture of cyclohexanol and cyclohexanone) is obtained, which has never been reported before.
The overall percentage selectivity range toward cyclohexanol and cyclohexanone was 2%–12% and
88%–98% at pH 3, 6%–13% and 87%–94% at pH 7, and 9%–22% and 78%–91% at pH 11, respectively,
after 30 min of ozonation time. After 1 h of ozonation time, the percentage selectivity was 100% toward
cyclohexanone at pH 3 and 7. However, at pH 11, the overall percentage selectivity range was 3%–7%
and 93%–97% toward cyclohexanol and cyclohexanone, respectively. This suggests that cyclohexane is
first converted to cyclohexanol and then further oxidised to cyclohexanone. This is in good agreement
with the literature [29].
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2.3.3. The Effects of the pH

From the results displayed in Table 3 and Figures 7 and 8, it can be seen that pH is one of the
uppermost important parameters affecting percentage conversion and selectivity in the cyclohexane
ozonation. The percentage conversion increases with an increase in pH from pH = 3, 7, and 11 for
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both blank ozonation and the catalysed ozonation reactions. Furthermore, the selectivity toward
cyclohexanol gradually increases with an increase in pH from pH = 3, 7, and 11 for both 30 min and 1 h
of ozonation time. However, selectivity toward cyclohexanone decreases with an increase in pH from
pH= 3, 7, and 11. This is mainly because the pH substantially controls the decomposition pathway of
ozone. At acidic conditions, the proton readily reacts with ozone to form molecular oxygen (O2) and
water (H2O) (Equation (1)). However, under basic conditions, the hydroxide ion (OH−) reacts with
ozone (O3) to form a hydroxyl radical (Equation (2)), which is more reactive than ozone and oxygen.
Therefore, the hydroxyl radical provides higher oxidation potential than ozone and oxygen [34].

Acidic conditions: O3 + 2H+ + 2e−→ O2 + H2O (1)

Basic conditions: O3 + OH−→ O3
• + OH• (2)

In order to rationalize the effect of the reaction pH in both percentage conversion and selectivity,
it is of crucial importance to consider the general free radical chain reaction mechanism proposed for
the cyclohexane oxidation reactions [29,31,32]. The initial step of the oxidation involves C-H bond
activation via hydrogen atom abstraction from cyclohexane to form cyclohexyl radical (i). This occurs
by a number of events, such as: (1) the H-abstraction by an oxidant, (2) H-abstraction by the radical
species present in a solution, (3) the cleavage by the unsaturated metal centre, and (4) H-abstraction
by the superoxide oxide species bound to metal oxide or the metal centre [34]. The proposed
mechanism for the ozone-initiated oxidation of the cyclohexane is shown in Scheme 1. In general,
the ozonation of cyclohexane in the absence of the catalyst is initiated by cyclohexane H-abstraction
by the ozone-producing cyclohexyl radical and hydrogen trioxide radical (i) [33–35]. Subsequently,
hydrogen trioxide radical dissociates to the oxygen and hydroxide radical (ii) [35]. The hydroxide
radical reacts with the cyclohexyl radical to form the cyclohexanol (iii) [34]. Ozone further abstracts
the hydrogen atom from cyclohexanol to form cyclohexyl hydrogen monoxide radical and hydrogen
trioxide radical (iv). The hydrogen trioxide radical dissociates into oxygen and hydroxide radical
(ii) [35,36], which subsequently react with cyclohexyl hydrogen monoxide to form cyclohexyl diol.
The cyclohexyl diol upon dehydration produces cyclohexanone (v) [33].
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Based on the reaction shown in Equation (1), the oxidation of cyclohexane under acidic conditions
proceeds through C-H bond activation by H-abstraction by oxygen to form a cyclohexyl radical and
hydrogen peroxide radical. Since the oxygen molecule is less reactive than ozone, the rate of the
cyclohexane H-abstraction in acid medium is slower than under neutral conditions [20]. Consequently,
oxygen reacts with the cyclohexyl radical to form the cyclohexyl peroxide radical, which redly abstract
the hydrogen atom from cyclohexane to form cyclohexyl hydrogen peroxide. The formation of
cyclohexanol proceeds through the decomposition of cyclohexyl hydrogen peroxide [33]. However,
under basic conditions, the H-abstraction is promoted by the hydroxide radical from ozone
decomposition to form a cyclohexyl radical and water molecule [34]. Ultimately, cyclohexanol is
formed from the reaction between the cyclohexyl radical and hydroxide radical [29,33]. Therefore,
cyclohexane oxidation at high pH is dominated by rapid production of cyclohexanol. This justifies the
high cyclohexanol product selectivity obtained at pH =11 in this study when compared to pH = 3 and
pH = 7.

3. Materials and Methods

Cyclohexane (99.99%, Aldrich, St. Louis, MO, Germany), manganese chloride tetrahydrate (98%,
Aldrich, St. Louis, MO, Germany), gamma alumina nano-powder (99.99%, Aldrich, St. Louis, MO,
Germany), Acetic acid (99.8%, Merck, Gauteng, 1645, South Africa), Sodium hydroxide (99.99%,
Merck, Gauteng, 1645, South Africa), hydrofluoric acid (40%, Merck, Gauteng, 1645, South Africa),
nitric acid (45%, Merck, Gauteng, 1645, South Africa), toluene (98% Merck, Gauteng, 1645, South Africa),
and hydrochloric acid (37%, Merck, Gauteng, 1645, South Africa) were purchased and used without
further purification.

3.1. Catalyst Preparation

The catalysts (2.5%, 5%, 7.5%, 10%, 12.5%, and 15% Mn/γ-Al2O3) were prepared using the
wet impregnation method. The amount of the MnCl2.4H2O dissolved in 100 mL of distilled water
was calculated based on the percentage of manganese supported in γ-Al2O3. In a typical method,
an adequate amount of manganese chloride tetrahydrate (MnCl2.4H2O) was dissolved in 100 mL
of distilled water. The resultant solution was slowly (dropwise) dispensed into a 250 mL beaker
containing bare γ-Al2O3 nano-powder supported with vigorous stirring for homogenous dispersion
of Mn into γ-Al2O3. Consequently, water was evaporated by placing the beaker on a hot plate at
70 ◦C for 2 h until a thick paste was obtained. The evaporation of water was completed by drying the
catalyst precursor at 90 ◦C in an oven overnight under oxygen flow followed by calcination at 300 ◦C
for 5 h [37].

3.2. Catalyst Characterisation

FT-IR spectroscopy analysis was performed with a Bruker Tensor 27 FT-IR spectrometer (Bruker,
Gauteng, South Africa) with a standard ATR cell. Ethanol was used to clean the surface of the cell
prior to every analysis. The pressure was adjusted to 90 gauge for proper contact between the surfaces.

The powder X-ray diffraction (XRD) analysis was performed using Bruker AXS-D8 diffractometer
with a CuKα as the radiation source of wavelength = 1.5406 Ȧ at 40 kV, 40 mA, and at room temperature
conditions. The scan speed was set to be 0.5/min over 10◦–90◦ scan range.

Carl Zeiss FE-SEM Sigma VP-03-67, with operating conditions of 20 kV over the working distance
of 6–9 mm, was used to study the morphological characteristics of the catalysts. All the samples were
ground into a fine powder with a mortar and pestle prior to the analysis. The analysis was completed
by placing a small amount of the powdered sample to a piece of two-way carbon tape and mounted
to a sample holder (stub). The elemental composition of the sample was carried out on an Oxford
instruments X-MaxN 50 model 54-XMX1003 EDX analyser.

TEM analysis was conducted using a JOEL JEM-1010 transmission electron microscope with an
acceleration voltage of 100 kV. The images were captured with a Meagaview III camera and analysed
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with iTEM imaging software. The sample preparation involved dispersing the powdered samples into
toluene for 20 min. The analysis was conducted by placing a drop of the catalyst sample on a copper
grid coated with formvar with a mesh size of 150 and allowing it to dry at room temperature before
the TEM images were captured.

An Agilent 700 series ICP-OES with a 710 ICP-OES detector instrument was used to quantify
manganese content from the Mn loaded γ-Al2O3 catalysts. A series of standard solutions were prepared
from manganese chloride tetrahydrate. The samples were prepared by digestion of 0.15 g of the
2.5%, 5%, 7.5%, 10%, 12.5%, and 15% Mn/γ-Al2O3 catalysts in a mixture of 3 mL HCl, 3 mL HNO3,
and 4 mL HF at 60 ◦C for 1 h until digestion was complete. The sample preparation was completed
by subsequent dilution of the resultant solution with distilled water up to the 100 mL mark of the
volumetric flask to make 25, 50, 75, 100, 125, and 150 ppm for 2.5%, 7.5%, 5%, 10%, 12.5%, and 15%
Mn/γ-Al2O3 catalysts, respectively.

The surface areas of the catalysts were analysed with Brunauer-Emmet-Teller (BET) surface
area analyser. Prior to the analysis, the catalysts were degassed at 250 ◦C for 12 h under N2 flow
in micrometrics flow prep 060. Subsequently, the catalysts were analysed in an automated single,
and then multiple, point micrometrics Gemini 2360 BET surface area analyser under nitrogen flow.

3.3. Oxidation of Cyclohexane

The oxidation of cyclohexane was carried out in an impinger reactor with a porous bubbler.
The substrate (cyclohexane) was added into the reaction vessel. The ozone was fed into the reaction
vessel through the porous bubbler. Initially, cyclohexane ozonation was studied in a catalyst-free
system. Subsequently, ozonation reaction was catalysed with bear γ-Al2O3 and various percentages of
Mn/γ-Al2O3 catalysts. All ozonation reactions were studied at pH 3, 7, and 11. Aqueous solutions of
acetic acid (0.1 M) and sodium hydroxide (0.1 M) were used to adjust pH. Two solutions resulted upon
the acetic and hydroxide addition. A total of 50 mL of cyclohexane and 0.2 g of the catalysts were used
in all oxidation reactions. The pH of the reaction mixture increased from pH = 7.1 to pH = 7.9 upon
addition of the catalysts. Acetic acid was used to obtain pH = 7. The typical cyclohexane oxidation
setup is shown in Figure 9.
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3.4. Reaction Products Characterisation

Fourier transform infrared spectroscopy: The typical FT-IR spectroscopy, as discussed in Section 2.2
for the analysis of catalysts, was also used to analyse the reaction products. However, the pressure
applied for proper contact between the sample and the sample holder was not adjusted to 90 gauge
because the reaction products were in liquid form with low viscosity.
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Gas Chromatography-Mass Spectroscopy (GC-MS)

The gas chromatography-mass spectroscopy analyses were conducted using an Agilent 7890A gas
chromatograph and helium as a carrier gas at a flow rate of 0.7 mL/min and Agilent HP-5MS, 5% phenyl
methyl siloxane column with column dimensions of 30 m × 250 µm × 0.25 µm. The gas chromatograph
was coupled with a 5975VL mass selective detector (MSD). The initial oven temperature was 60 ◦C,
and it was kept constant for 2 min and then ramped up to a final temperature of 280 ◦C at a rate
of 10 ◦C/min. A total of 2 µL of the sample was injected manually through the column inlet using
a microsyringe.

4. Conclusions

The catalytic effect of the Mn/γ-Al2O3 catalysts has been evaluated for selective oxidation of
cyclohaxane at 20 ◦C and 1 atm of temperature and pressure conditions, respectively. It has been
demonstrated that the Mn/γ-Al2O3 catalysts are highly active and selective for the oxidation of
cyclohexane to KA oil. The optimisation of the reaction time from 30 min to 1 h and pH 3, 7,
and 11 increased the percentage conversion of cyclohexane without compromising the selectivity.
The increase in the percentage of the Mn loading onto γ-Al2O3 from 2.5% to 15% is accompanied
by a decrease in percentage conversion of cyclohexane. However, the selectivity to KA oil and/or
cyclohexanone is not compromised. The results indicate that the 2.5% Mn/γ-Al2O3 catalyst exhibit
better catalytic performance with cyclohexane percentage conversion of 13% at pH 3, 16% at pH 7,
and 23% at pH 11 after 30 min of ozonation time. The selectivity is 100% toward KA oil. After 1 h
of ozonation time, the percentage conversion of cyclohexane is 23 at pH 3, 29 at pH 7, and 36 at pH
11. The percentage selectivity at pH 3 and 7 is 100% toward cyclohexanone. Nevertheless, at pH
11, the mixture of cyclohexanol and cyclohexanone (KA oil) is obtained. From the reaction products
obtained, it can be concluded that cyclohexane is first oxidised to cyclohexanol, which is further
oxidised to cyclohexanone. Furthermore, the increase in pH is accompanied by an increase in radical
production from the decomposition of ozone, which provided better oxidation potential than ozone,
hence the observed increase in cyclohexane percentage conversion at pH 11. Lastly, the use of ambient
temperature and pressure conditions (20 ◦C and 1 atm) plays a crucial role in optimising the percentage
selectivity towards KA oil. In conclusion, the Mn/γ-Al2O3 catalyst presents great potential as the
industrial catalyst for the oxidation of cyclohexane at ambient temperature and pressure.
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before ozonation.; Figure S5: (a) Gas chromatogram and mass spectra of (b) cyclohexane, (c) cyclohexanol,
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