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Abstract: A highly-efficient and stable MgO-supported Co (Co/MgO) catalyst was developed for
the oxidation of cyclohexane with oxygen. The effects of the Co loading and support on the
catalytic activity of the supported CosOs catalyst were investigated. The results show that the Co
supported on MgO presented excellent activity and stability. When the Co/MgO catalyst with the
Co content of 0.2 wt% (0.2%Co/MgO) was used, 12.5% cyclohexane conversion and 74.7%
selectivity to cyclohexanone and cyclohexanol (KA oil) were achieved under the reaction
conditions of 0.5 MPa Oz and 140 °C for 4 h. After being repeatedly used 10 times, its catalytic
activity was hardly changed. Further research showed that the high catalytic performance of the
0.29%Co/MgO catalyst is attributed to its high oxygen-absorbing ability and the high ratio between
the amount of weak and medium base sites with the help of the synergistic interaction between Co
and MgO.

Keywords: MgO-supported Co catalyst; cyclohexane oxidation; oxygen oxidant; base sites

1. Introduction

The aerobic oxidation of cyclohexane is crucial in the chemical industry, because the products
of this reaction—cyclohexanol and cyclohexanone (the mixture of the cyclohexanone and the
cyclohexanol called KA oil in industry)—are important feedstock in a variety of reactions [1]. KA oil
is also an indispensable intermediate for polyamide and plastics production, such as nylon 6 and
nylon 66 [2—4]. Currently, the commercial production of cyclohexane oxidation is processed at about
150 °C under 1~2 MPa oxygen atmosphere over the homogeneous cobalt salt catalyst, in which a low
conversion (~4%) is obtained to avoid the formation of side products and to obtain a high selectivity
(~85%) toward KA oil [5]. Therefore, it is urgent to develop a new reaction process with a high
cyclohexane conversion and high selectivity to KA oil.

To date, the varied reaction processes of cyclohexane oxidation have been exploited and can be
distinguished by their different oxidants, mainly containing hydrogen peroxide (H20z), tert-butyl
hydroperoxide (TBHP) and oxygen. As a result, various kinds of catalysts have been developed
based on the used oxidant and reaction system, such as metal coordination polymers [6-10],
supported noble metals[11-16], supported metal complexes [17-20], metal doped-molecular sieves
[21-23] and metal oxides [24-26]. There is great difference in the catalytic activity of the same
catalyst for the cyclohexane oxidation under a different catalytic system. In general, the liquid
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reaction system using hydrogen peroxide and tert-butyl hydroperoxide is inclined to achieve a high
cyclohexane conversion. For example, 15.97% conversion of cyclohexane can be achieved using
CrCoAPO-5 molecular sieves with H202 oxidant and acetone solvent at 90 °C [27]. However, only
5.9% conversion of cyclohexane was obtained with 1.0 MPa Oz at 115 °C without any solvent using
the CrCoAPO-5 catalyst [28]. However, due to ever-increasing environmental concerns, benign
oxidation is urgently required for green chemistry, such as green oxidants, solvent-free reaction and
heterogeneous catalysts. Hence, molecular oxygen as a kind of clean oxidant has garnered much
more attention due to it being environmentally friendly and readily available in comparison to other
oxidants [29].

The oxidation of cyclohexane without any solvent using O2 as an oxidant is a gas—solid-liquid
reaction system, in which the reactants are difficult to turn into a product, leading to low conversion
of cyclohexane generally. Even though significant progress has been made in the oxidation of
cyclohexane with Oz, a high conversion of cyclohexane and high selectivity to KA oil is still a
challenge, in which the key problem is to develop a highly efficient catalyst that is environmentally
benign, low-cost and with easy separation. Various heterogeneous catalysts were reported to be
active in the oxidation of cyclohexane, mainly containing precious metals (Au, Pd,) [11,12], modified
molecular sieves (AIPO [30], Bi-MCM-41 [31], Au/ZSM-5 [29], Ce-HMS [23], etc.) and metal oxides
[32-34]. Zhang et al. used MnosCeosOx catalyst with mesoporous structure and rich porosity, which
were in favor of fast mass transfer/diffusion and more active sites exposure, and 17.7% conversion of
cyclohexane was obtained at 100 °C under 1.0 MPa Oz with CHsCN solvent for 12 h [24].

As is well-known, oxidation of cyclohexane follows the free radical mechanism [35], which
requires plenty of surface defects on the catalyst to initiate the reaction. Therefore, metal oxides
characterized by low cost, abundant surface hydroxyl and surface defects show potential application
in the oxidation of cyclohexane. For example, 7.6% conversion of cyclohexane and selectivity of
89.1% to KA oil were achieved over the CosOs nanocrystals for cyclohexane oxidation with
molecular oxygen [34]. In addition, the catalytic activity of CosOs could be improved by controlling
its morphology and crystal face exposure. At the same time, its catalytic activity can also be
enhanced by improving its surface area to increase the amount of active sites on the catalyst surface.
For example, introducing Mn into CosOs to form Mn—Co mixed oxide can markedly enhance the
catalytic activity and stability of CosOs, over which 10.4% of cyclohexane conversion and 6.3% of KA
oil yield were obtained [36].

In this paper, we prepared the CosOs supported on MgO catalysts for the oxidation of
cyclohexane using molecular oxygen oxidant without any other solvent, and investigated the effects
of the Co amount and the acid/base property of support on the physicochemical properties and
catalytic performance of the CosOs/MgO catalyst, and the improvement of its high catalytic
performance by the synergistic effect between cobalt oxide and the MgO support. Using the hot
filtration testing and recycle usage methods, the stability of the 0.2%Co/MgO catalyst was tested,
and the results show that after being repeatedly used 10 times, the activity of this catalyst was hardly
changed.

2. Results and Discussion

2.1. Effects of the Carrier and Co Loading

The effects of the carrier on the catalytic property of the 0.2% Co catalyst for the oxidation of
cyclohexane are shown in Table 1. In the absence of any solvent with Oz oxidant, it is found that the
catalytic activity of blank support was much lower than that of the prepared catalysts. The activity of
the supported catalysts followed in the order of Co/MgO > Co/BaCOs > Co/ZrO:z = Co/SAPO-34 >
Co/AL0s > Co/TiO2 > Co/SiO: on the basis of the KA oil yield. The stronger basicity the support has,
the higher its catalytic activity was. These results indicate that the basicity of the carrier and the
interfacial interaction between the support and CosOs are critical to obtain the high activity catalyst.
The increase in basicity or the electron of the support could enhance the net negative charge density
on the support surface, and benefit the positively charged Co dispersion on the surface of the basic
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support. Similar phenomena were observed in the Al:Os, TiOz, SiO2 and MgO supported vanadium
catalysts [37,38]. On the other hand, the increase in basicity of the support can accelerate the
decomposition of intermediate product cyclohexyl hydroperoxide (CHHP) to cyclohexylperoxy
radicals (ROOr). Subsequently, the propagation sequence can be enhanced, such as H abstraction
from cyclohexane by ROO- to form CHHP accompanied by the formation of cyclohexyl radicals (R-).
As a result, the activity of catalysts supported on the carrier with strong basicity for the oxidation of
cyclohexane was improved [36]. Based on the results in Table 1, MgO was chosen as the support of
the Co catalyst for cyclohexane oxidation.

Table 1. Oxidation of cyclohexane over an oxide support and supported by 0.2% Co catalysts .

Catalyst Conversion (%) Selectivity (%) Yield of KA (%)
-nol (A) -none (K) b KA oil Acids
b

Co/MgO 12.5 38.1 36.6 74.7 52 8.8
Co/BaCOs 10.1 40.5 37.9 78.4 5.0 7.9
ZrOn 53 39.3 36.8 76.1 5.5 4,0
Co/ZrO2 10.8 35.7 33.3 69.0 7.1 7.5
Co/SAPO-34 10.2 37.2 35.6 72.8 9.2 7.4
AlLOs 4.8 32.3 35.0 67.3 4.8 3.2
Co/AL20s 9.5 34.9 35.4 70.3 8.3 6.7
TiO2 1.5 39.1 435 82.6 59 1.2
Co/TiO2 8.1 37.8 39.2 77.0 7.9 6.2
SiO2 1.1 41.6 454 87.0 31 1.0
Co/SiO2 6.8 39.5 41.2 80.7 9.5 5.5

 Reaction conditions: 4.0 g of cyclohexane, 20 mg catalyst, initial 0.5 MPa O, at 140 °C for 4 h; ® —nol and —none
denote the cyclohexanol and cyclohexanone.

Table 2 shows the catalytic performance of the MgO, CosOs and Co/MgO catalysts. By the
GC-MS analysis, the main by-products were hexanoic acid, dicyclohexyl adipate, cyclohexyl
caproate and adipic acid. As shown in the table, 1.1% conversion and 90.8% selectivity to KA oil
were reached after reaction in the blank system without any catalyst. Over the pure MgO support,
only 1.3% conversion of cyclohexane and 88.1% selectivity to KA oil were achieved, and in the N2
atmosphere, the oxidation products could not be detected, due to the absence of the oxidant. For the
Co/MgO catalysts, their catalytic activities (based on the KA oil yield) were ranked in the order of
0.2%Co/MgO > 5.0%Co/MgO > 0.5%Co/MgO = 1.0%Co/MgO > 3.0%Co/MgO > 0.1%Co/MgO > MgO.
The catalytic activity of the 0.2%Co/MgO with 12.5% conversion of cyclohexane and 74.7%
selectivity to KA oil was much higher than that of the physical mixture of CosOs and MgO catalyst (a
conversion and selectivity of 6.1% and 64.5%). However, when air was used as an oxidant instead of
Oz, the conversion of cyclohexane and the selectivity to KA oil on the 0.2%Co/MgO declined to 3.2%
and 90.1% in 0.5 Mpa air atmosphere, due to the decrease in the Oz pressure in the reaction system.
These results indicate that CosOs supported on MgO is the main active component for the oxidation
of cyclohexane, and 0.2%Co/MgO is an efficacious catalyst for cyclohexane oxidation using O:
oxidant. The Co dispersion (Dco) of the 0.2%Co/MgO was 7.5%, which was measured by the Oz pulse
chemisorption [39]. TOF (turnover frequency) of 0.2%Co/MgO was calculated to be 8.2 s by TOF =
An-ane/(ncox Dco xT) (—ane denotes the cyclohexane; An-ae—the converted cyclohexane (mol); nco—the
Co amount in the catalyst (moL); T—the reaction time (s)). As shown in Table 2, compared with the
Co-TUD-1 [40] and Au/MgO catalysts [35], the 0.29%Co/MgO catalyst exhibits higher catalytic
activity for the oxidation of cyclohexane under similar reaction conditions.

Other researchers reported that a free-radical initiator (for example, TBHP) can improve the
catalytic activity of the catalyst by accelerating the auto-oxidation process at the initiation stage
using Oz oxidant [34]. Here, the effect of TBHP on the oxidation reaction over the 0.2%Co/MgO
catalyst was also examined. As shown in Table 2, in the presence of TBHP, the conversion of
cyclohexane was increased to 15.6%, and the yield of KA oil reached 10.5%. However, in the
presence of the free-radical scavenger (hydroquinone), the process of oxidation was almost forced to
stop, that is to say, this reaction procedure based on the free radical mechanism [41].
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Table 2. Catalytic performances of the MgO, CosOs and Co/MgO catalysts for the oxidation of

cyclohexane“.
Catalyst Temp./Time Pressure Conversion Selectivity (%) Yxa (%) Mass
(°Ch) (MPa) (%) -nol (A) -none Acids ? Balance ¢
(K) (%)
Blank 140/5 02/0.5 12 43.0 49.2 41 11 95
MgO 140/4 02/0.5 1.3 40.2 479 3.4 1.1 94
MgO 140/4 N2/0.5 - - - - - -
0.1%Co/MgO 140/4 02/0.5 8.2 40.3 38.1 4.2 6.4 95
0.2%Co/MgO 140/4 air/0.5 32 47.5 42.6 2.7 2.9 96
0.2%Co/MgO 140/4 02/0.5 12.5 38.1 36.6 5.2 9.3 -
0.2%Co +MgO 4 140/4 02/0.5 6.1 35.7 28.8 5.0 4.6 -
0.2%Co/MgO ¢ 140/4 02/0.5 15.6 34.7 325 6.3 10.5 -
0.2%Co/MgO f 140/4 02/0.5 - - - - - -
0.5%Co/MgO 140/4 02/0.5 12.0 36.4 34.6 9.6 8.5 95
1.0%Co/MgO 140/4 02/0.5 12.6 34.4 33.0 6.3 8.5 95
3.0%Co/MgO 140/4 02/0.5 11.7 34.2 32.8 4.5 7.9 94
5.0%Co/MgO 140/4 02/0.5 13.3 33.2 319 5.3 8.7 95
Co304 140/4 02/0.5 7.7 442 224 10.2 5.1 95
Au/MgO g of [35] 140/17 02/0.3 5.0 50 29 19 4.0 -
Co-TUD-1 "[40] 120/24 8%02/N2/1.5 3.8 56 31 - 3.3 -

* Reaction conditions: 4.0 g of cyclohexane, 20 mg catalyst, initial 0.5 Mpa Oz; " main byproducts: Adipic acid and
hexanoic acid; ¢ mass balance is equal to the weight ratio of (the products)/(the reaction mixture) without the
catalyst; 4 physical mixture of CosOs and MgO; ¢ adding a small amount (3 wt % cyclohexane) of tert-butyl
hydroperoxide (free-radical initiator); / adding a small amount (3 wt % cyclohexane) of hydroquinone
(free-radical scavenger); g of reaction conditions: 10 mL cyclohexane, 0.05 mmol tert-butylhydroperoxy (radical
initiator), 6 mg catalyst; " TUD-1 is mesoporous molecular sieve; reaction conditions: 175 mmol cyclohexane, 0.05
mmol cyclohexyl hydroperoxide (radical initiator), 0.1 mmol active metal species.

2.2. Structure and Surface Properties

XRD (X-ray powder diffraction). As shown in Figure 1, there are diffraction peaks of MgO at
20=137.0,42.9, 62.3, 74.7, and 78.7° (JCPDS No. 45-0946) for all the samples. With the increase in the
Co loading, the diffraction peaks of MgO weakened gradually. In the XRD patterns of the Co/MgO
catalysts, even though the Co loading reached 5.0%, the diffraction peaks of CosOs and CoO were
not observed, due to high dispersion of Co on the MgO support. The crystallite size of the catalysts
was calculated on the basis of the diffraction peak of (200) plane by the Scherrer formula. As shown
in Table 3, MgO exhibited the biggest crystallite size (36.6 nm), and after Co oxide was supported,
the crystallite sizes of the Co/MgO became smaller. With increasing Co amount, the crystallite size of
the Co/MgO catalyst increased and then decreased, and 1.0%Co/MgO possessed the biggest
crystallite size (24.5 nm). For the do spacing and cell parameter (a0), there is no obvious difference
between the MgO support and Co/MgO samples with a different Co amount. However, after
supporting Co on the MgO support, its BET (Brunner-Emmet-Teller measurement) surface area was
increased from 15.0 to 58.7 m? g (0.2%Co/MgO), then gradually decreased from 58.7 to 41.2 m? g~
with the increase in the Co amount from 0.2 to 3.0%. When the Co amount was increased to 5.0%, the
surface area of 5%Co/MgO instead increased to 51 m?/g, due to its smaller crystallite size (12.4 nm).

Table 3. BET surface area (Sser), and the crystal parameters of the MgO and Co/MgO catalysts.

Co Content* (wt  Crystallite Size

Sample SpeT (M2 g71) %) (am) d200 Spacing (nm) ao¢ (nm)

MgO 15.0 - 36.6 2.106 4.21
0.2%Co/MgO 58.7 0.2 21.1 2.105 4.21
0.5%Co/MgO 49.3 0.5 22.8 2.103 4.21
1.0%Co/MgO 43.4 1.0 24.5 2.108 4.22
3.0%Co/MgO 41.2 3.0 23.4 2.104 4.21

5.0%Co/MgO 51.0 5.0 12.4 2.109 4.22
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* Co content in the bulk was determined by ICP-AES (inductively coupled plasma atomic emission
spectroscopy); ! Crystallite size was calculated by the Scherrer equation on the basis of the diffraction peak of
(200) plane; ¢ Cell parameter (a0) was calculated by ao = dao0 (4)'2.
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Figure 1. XRD patterns of the MgO and Co/MgO catalysts.

Co laser Raman spectroscopy (LRS). LRS is usually used to measure the surface properties of
solid materials, especially for transition metal oxides, because it is able to sensitively probe the
bonds of solid material and the surface structures by analyzing their vibration spectra. Laser Raman
spectra of the MgO and Co/MgO catalysts are shown in Figure 2. The Raman spectrum of MgO did
not show any characteristic bands in the region of 100~1500 cm™[42]. The band at 1100 cm™ can be
attributed to a disorder-induced two-phonon band [43], and is obvious in the Raman spectrum of
0.2%Co/MgO compared with other Co/MgO samples. Some vibration bands at 569~582 cm™
appeared in the Raman spectra of 3%~5%Co/MgO catalysts and resulted from the substitution of Co
ions by Mg ions in the solid [44]. The band at 660~680 cm is the characteristic band of the octahedral
sites (CoOs) and is assigned to the Aig symmetry mode in the On” spectroscopic space group [45,46].
The weak band at 189 cm™ of the 5%Co/MgO catalyst is attributed to the characteristic vibration
mode of Fag® symmetry from the tetrahedral sites (CoOs). For the Aig vibration mode, it shifts toward
lower wavenumber with the increase in the Co amount, which indicates the highly defective
structure in Co oxide [47,48]. Therefore, the Co/MgO catalysts are partially covered by Co oxide, and
the surface defects are increased by increasing the Co amount from 3% to 5%, which is beneficial to
the higher activity of the 5%Co/MgO catalyst compared with the 3%Co/MgO catalyst.

XPS (X-ray photoelectron spectroscopy). The XPS O 1s, Mg 1s and Co 2p spectra of the Co/MgO
samples are shown in Figure 3. Table 4 shows the surface composition of the Co/MgO samples based
on the XPS data. The results show that all Co/MgO catalysts exhibited a similar XPS O 1s spectra, in
which two sub-peaks can be resolved at binding energy of ~529.4 eV and ~531.2 eV. The peak located
at lower binding energy corresponds to the lattice oxygen O% (Out), and the one at higher binding
energy can be assigned to Oads that includes the surface oxygen (O2>- or O) belonging to the defective
oxide or hydroxyl-like group and weakly bonded oxygen species [49-51]. The ratio of Oads/(Otat +
O.ds) on the Co/MgO samples is similar except for the 0.5%Co/MgO sample, as shown in Table 1. The
0.5%Co/MgO sample shows the lowest ratio of Oads/(Otat + Oads) of 0.47. To a certain extent, this trend
is opposite to their activity for cyclohexane oxidation. In the XPS Mg 1s spectra of the Co/MgO
samples, there is only one peak at binding energy of 1304.4 eV, and no obvious difference can be
observed with the increase in the Co amount. Because of the low Co amount, no peak was shown in
the XPS Co 2p spectrum of the 1.0%Co/MgO sample. However, the 3.0%Co/MgO and 5.0%Co/MgO
samples exhibit two peaks assigned to Co* and Co?" at binding energy of 780.6 eV and 782.0 eV,
respectively. In addition, the peak at about 787.4 eV is the satellite peak of Co 2p [52,53]. Compared
with the atomic ratios of Co®**/Co (0.7) and Co%/Co?" (2.0) on the surface of the 5.0%Co/MgO catalyst,
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the corresponding values of the 3.0%Co/MgO catalyst are 0.6 and 2.0. These results indicate the same
valence state of Co in the 3.0%Co/MgO and 5.0%Co/MgO samples. Therefore, the difference in their

catalytic activities is due to other structure factors.
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Figure 2. Laser Raman spectra of the MgO and Co/MgO catalysts.
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Figure 3. XPS O 1s and Mg 1s spectra of 0.2%Co/MgO, 0.5%Co/MgO and 5.0%Co/MgO; Co 2p spectra of
1.0%Co/MgO, 3.0%Co/MgO and 5.0%Co/MgO.

Table 4. Compositions of the 0.2%Co/MgO, 0.5%Co/MgO and 5.0%Co/MgO samples determined by

XPS.
Sample Surface Atom Mg/O (Atom)  Co?*/Co Atomic Co*/Co** Qads/(Oads + Olat)
Concentration (%) Ratio Atomic Ratio
Mg o
0.2%Co/MgO 29.6 49.5 0.60 - - 0.63
0.5%Co/MgO 28.8 51.8 0.56 - - 0.47
1.0%Co/MgO 34.6 65.4 0.53 - - 0.63
3.0%Co/MgO 33.4 66.6 0.50 0.6 2.0 0.65
5.0%Co/MgO 22.8 51.9 0.44 0.7 2.0 0.60

2.3. Surface Basic Property (Temperature Programmed Desorption of CO: (CO-TPD))

CO»x-TPD was used to investigate the surface basicity of the Co/MgO catalysts and the CO>-TPD
results of the MgO and Co/MgO samples are shown in Figure 4a. In the CO2-TPD pattern of the MgO
support, there are three CO:2 desorption peaks (o at 75 °C, 3 at 160 °C, v at 235 °C) at <400 °C, which
can be assigned as different kinds of basic sites with two strengths, i.e.,, “weak” (30~115 °C),
“medium” (115~375 °C) basic sites; the desorption peak at >400 °C is ascribed to the “strong” basic
sites. The “weak” sites probably correspond to Bronsted basicity, which most likely originates from
the hydroxyl groups on the surface. The “medium” and “strong” sites are most likely associated
with Lewis basicity which resulted from the three- and four-fold-coordinated O anions [48]. As is
well-known, the surface of most oxides is hydroxylated due to the dissociative chemisorption of
water [54].

After cobalt oxide was loaded onto the MgO support, the positions of desorption peaks are
hardly changed, this is to say, the surface acidic strength on the Co/MgO is unchanged, but their
peak areas are increased obviously, which may be ascribed to the increase in the surface area with
increasing Co amount (Table 3). At this stage, the numbers of the weak and medium base sites per
square meter were calculated and the results are listed in Table 5. With the increase in the Co
loading, the weak base density (a.u. m=2) per square meter is decreased from 4.7 to 3.2 a.u. m2 except
for the 5.0%Co/MgO catalyst (5.2 a.u. m?); for the medium base sites, there is no obvious change
tendency. The ratios of weak base/medium base and weak base/(weak + medium) base were ranked
in the order of 0.29%Co/MgO > 5.0%Co/MgO > 0.5%Co/MgO > 1.0%Co/MgO > 3.0%Co/MgO > MgO.
The trends of KA oil yield and the ratio of weak base/medium base are shown in Figure 4b, and the
consistency between them is illustrated. Therefore, the relative amount of weak base sites compared
with medium base sites is one of the key parameters that influences the catalytic activity of the
Co/MgO catalyst for the oxidation of cyclohexane.

weak medium strong a —a—Yield of KA oil b
—eo— Weak base/Medium base
.N— Weak base /(Weak + Medium) base
—~ —MgO
2 ——0.2%Co/MgO . T
; — 0.5%Co/MgO
= — 1.0%Co/MgO —_
g —3.0%Co/MgO .
= —
E 5 'O%CO/MgO \l\l\.\.
.\l
J 0‘)& J"oi O'J‘o /'00 \J‘)Oo
' J T < Q K o T(wo K o
29 29 29 29 =,
0 200 400 600 800 4@0 /%OO 4{00 4{00 4{00

Temperature (°C)

Figure 4. CO>-TPD profiles of the MgO and Co/MgO catalysts (a) and trends between KA yield and

weak base ratio (b).
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Table 5. The numbers (a.u. m?) of the weak and medium base sites per square meter on MgO and

Co/MgO.
Sample Weak Base (a.u. m?2) Medium Base (a.u. m?2) Weak Base/Medium Base =~ Weak Base/(Weak +
Medium) Base
MgO 47 23.2 0.20 0.17
0.2%Co/MgO 47 9.0 0.52 0.34
0.5%Co/MgO 45 114 0.39 0.28
1.0%Co/MgO 43 14.1 0.31 0.23
3.0%Co/MgO 32 11.9 0.27 0.21
5.0%Co/MgO 5.2 12.7 041 0.29

2.4. Redox Property (Hz Temperature-Programmed Reduction (H>-TPR) and Temperature Programmed
Desorption of O2 (O-TPD))

The H>-TPR profiles of the MgO and Co/MgO samples are shown in Figure 5. Note that there
are two negative peaks at ~330 °C and ~400 °C in the H2>-TPR profiles of the MgO, 0.2%Co/MgO,
0.5%Co/MgO and 1.0%Co/MgO catalysts, which could be attributed to the release of H2 adsorbed on
the catalyst surface, because MgO is an excellent hydrogen storage material [55]. When the Co
loading was <1.0%, the Co3Os reduction peaks could not be observed, which is probably because the
amount of hydrogen released from MgO is much greater than the amount of hydrogen consumed
for the CosOs reduction. In the TPR profiles of the 3.0%Co/MgO and 5.0%Co/MgO catalysts, there is
a similar reduction peak at 350 °C~500 °C, which is ascribed to the reduction of Co0304[37,48,56]. Its
H: consumption amount is increased with the increase in the Co amount. Compared with the
3.0%Co/MgO catalyst, the reduction peak of the 5.0%Co/MgO catalyst moves to a lower
temperature. This result indicates the better reduction property of 5.0%Co/MgO, which is favorable
to improve its catalytic activity, since the decomposition of reaction intermediate cyclohexyl
hydroperoxide (CHHP) is proposed to involve one-electron redox cycles [26,30].

403

5.0%Co/MgO
423

/T\f 3.0%Co/MgO
— 0%Co/MgO
0.5%Co/MgO
0.2%Co/MgO
W
T T T T T T T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

H, Consumption (a.u.)

Figure 5. H>-TPR profiles of the MgO and Co/MgO catalysts.

In the O2-TPD profiles of 0.2%Co/MgO, 0.5%Co/MgO, 1.0%Co/MgO and 3.0%Co/MgO (Figure
6), there are two broad peaks at 95~500 °C, and only one peak is observed at < 290 °C for the
5.0%Co/MgO sample. Generally, the difficulty in desorption of oxygen species from the catalyst is in
the following sequence: Oz (ad) <Oz (ad) <O- (ad) <O2 (lattice) [57,58]. In the O2-TPD profiles over
the Co/MgO catalysts, the desorption peaks below 95 °C are assigned to physically adsorbed
oxygen, and the a peak at 95~290 °C can be ascribed to chemically adsorbed oxygen Oz (ad) or Oz
(ad) species [58]. The P peak at 290~500 °C can be ascribed to weak surface lattice oxygen O
(surface) and chemically absorbed oxygen O- (ad) on the vacancies. Besides, bulk lattice oxygen O
(lattice) can be desorbed at high temperature (> 750 °C) [59]. More attention should be paid to the a
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and [ peaks because only chemically adsorbed oxygen and surface lattice oxygen can participate in
the oxidation reaction. When the Co amount was increased to 5.0%, its a peak reached the maximum
value (5.2, a.u. peak area). For the 3 peak, it was decreased with the increase in the Co amount. The
total area of a0 and P peaks is decreased in the order of 0.2%Co/MgO (9.8) > 0.5%Co/MgO (5.7) =
1.0%Co/MgO (5.5) > 3.0%Co/MgO (4.8), which coincides with the change order of the catalytic
activity shown in Table 2.

5.0%Co/MgO

3.0%Co/MgO

: 1.0%Co/MgO

Intensity (a.u.)

0.5%Co/MgO

0.2%Co/MgO

T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6. O2-TPD profiles of the Co/MgO catalysts.

2.5. SEM (scanning electron microscope) and TEM (transmission electron microscope) Images

The SEM images of the catalysts are shown in Figure 7. The 0.2%Co/MgO and 5.0%Co/MgO
catalysts exhibited a similar and sheet-like morphology with a clear boundary and interconnection;
with the increase in the Co amount, many pores developed in the sheet crystallites, which shows
that the sheets consisted of many small particles by aggregation. In the TEM image of 0.2%Co/MgO
(Figure 8a), the CosOs was well dispersed on the MgO surface with a tiny (0.2%) Co amount, which
meant that the lattice fringes of the Co3Os could not be observed during the TEM measurement; the
stripe type particles with 30~50 nm x 100 nm should result from the MgO support. In comparison
with the 0.2%Co/MgO catalyst, the 5.0%Co/MgO sample exhibited smaller CosOs particles,
consistent with the crystallite size (Table 3). However, the interplanar spacings of 0.46 nm and 0.20
nm, assigned to the (111) and (400) planes of CosOs, can be observed in HTEM (high resolution
transmission electron microscopy) image of 5%Co/MgO catalyst [60,61].

5-3400 15.0kV 5.3mmx30{0k SE $-3400,15.0kV 4.6mm x30.0k SE

Figure 7. SEM images of the (a) 0.2%Co/MgO and (b) 5.0%Co/MgO catalysts.
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Figure 8. TEM images of the (a) 0.2%Co/MgO and (b,c) 5.0%Co/MgO catalysts.

2.6. The Stability of the 0.2%Co/MgO Catalyst

Firstly, the hot filtration experiment was adopted to test the stability of the 0.2%Co/MgO
catalyst [62]. The reaction solution was filtered after 1.5 h of reaction, and then kept at 140 °C for a
further 2.5 h under the same conditions. It was found that the cyclohexane conversion in the filtrate
was slightly increased from 6.0% to 6.5%, which is much lower than that (12.5%) over the catalyst at
140 °C for 4 h.

Subsequently, the catalytic performance of the recycled 0.2%Co/MgO catalyst was tested with
the same procedure as its first reaction, and the results for repeated usage (10 times) are shown in
Figure 9. It is found that the cyclohexane conversion and the selectivity of KA oil are hardly changed
after being repeatedly used 10 times. This research indicates the relative stability of the 0.2%Co/MgO
catalyst for the oxidation of cyclohexane. After the first run, the contents of Co and Mg were
measured to be 0.62 ppm and 0.78 ppm in the reaction solution by inductively coupled plasma
atomic emission spectroscopy (ICP-AES), which indicates barely any Co and Mg loss during the
reaction. Further, analysis of the mass ratio of Co/Mg in the 0.2%Co/MgO catalyst by ICP-AES
showed that the Co loading is the same as the fresh catalyst after being repeatedly used 10 times,
that is, 0.2%Co on MgO is not varied.

Unfortunately, as shown in the TEM/SEM images (Figure 10), the structure and morphology of
the 0.29%Co/MgO catalyst have been changed to some degree, because the regenerated catalyst was
calcinated at 500 °C for 2 h after every run. However, the diffraction peaks of CosOs and CoO were
still not observed in the XRD pattern (Figure 10) of the catalyst after the tenth recycling cycle,
indicating a high dispersion of Co on the MgO support. That is the reason why the activity of the
regenerated catalyst for cyclohexane oxidation can be retained.

854 - Sel. K+A%

51-; —

Conversion and selectivity (%)

1 2 3 4 5 6 7 8 9 10
Number of cycle (times)

Figure 9. The recycling tests on the catalytic activity of 0.2%Co/MgO for the cyclohexane oxidation.
Reaction conditions: 4.0 g of cyclohexane, 20 mg catalyst, initial 0.5 MPa Oz, at 140 °C for 4 h.
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fresh catalyst

intensity (a.u.)

regenerated catalyst
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Figure 10. TEM (left) and SEM (middle) images, as well as XRD pattern (right) of the regenerated
catalyst after the tenth recycling cycle.

3. Materials and Methods

3.1. Synthesis of Catalysts

The MgO-supported Co catalysts with different Co content were synthesized by the incipient
impregnation method whilst controlling the dosage of Co(NOs):6H20 (Sinopharm Chemical
Reagent Co., Ltd., Beijing, China). The prepared catalysts were kept in an 80 °C drying oven
overnight, followed by calcination at 500 °C for 4 h in static air. The obtained catalysts were designed
as x%Co/MgO, where x was the Co content in the prepared catalysts determined by inductively
coupled-plasma atomic emission spectroscopy, i.e., 0.2, 0.5, 1.0, 3.0 or 5.0.

The MgO support was purchased from Sinopharm Chemical Reagent Co. Ltd. ZrO: (Sinopharm
Chemical Reagent Co., Ltd., Beijing, China), TiO2 (Sinopharm Chemical Reagent Co., Ltd., Beijing,
China), BaCOs (Sinopharm Chemical Reagent Co., Ltd., Beijing, China), SiOz (Sinopharm Chemical
Reagent Co., Ltd., Beijing, China), Al2Os (commercial, Jiangyan, China), and SAPO-34 (commercial,
Shanghai, China) were used as the support materials, and the 0.2%Co/support catalysts were
prepared with the same procedure as the Co/MgO catalyst.

Co0304 was prepared by the precipitation method with the Co(NOs)26H20 aqueous solution and
the NaOH (Sinopharm Chemical Reagent Co., Ltd. Beijing, China) aqueous solution as the
precipitant. Typically, 1 M NaOH solution was dropped to 200 mL 0.2 M Co(NOs)2 solution under
stirring until the pH of the synthesis solution was 8. After this synthesis solution was stirred for 6 h,
the formed solids were collected by filtration, dried within a 120 °C oven, and kept for 4 h in a 500 °C
furnace in the air atmosphere. A physical mixture of 0.2%Co and MgO was prepared by Co3Os
(equivalent 0.2 wt % Co) and MgO.

3.2. Characterization of Catalysts

The XRD characterization was obtained by a Bruker D8 Focus X-ray diffractometer equipped
with CuKa radiation (A = 0.15406 nm). N2 adsorption—-desorption isotherms were conducted on an
ASAP 2010 equipment (Micromeritics Co., Ltd., Atlanta, GA, USA). Scanning electron microscope
(SEM) photos were obtained on a JSM-6360LV microscope (JEOL, Tokyo, Japan). Transmission
electron microscopy (TEM) photographs were obtained by a JEM-2100 (JEOL, Tokyo, Japan)
instrument, and the catalyst was dispersed on a copper grid in ethanol solution. The bulk
composition of the catalyst was measured by inductively coupled plasma atomic emission
spectroscopy (ICP) analysis on an Agilent 725 ES instrument (Palo Alto, CA, USA). Laser Raman
spectra (LRS) were collected through a Renishaw spectrometer adopted with a 514-nm line of a
Spectra Physics Ar* laser.

H: temperature-programmed reduction (H>-TPR) curves were tested on a PX200 apparatus
(Tianjin Golden Eagle Technology Limited Corporation, Tianjin, China) and detected by TCD
(thermal conductivity detector). The catalyst of 50 mg was heated to 800 °C at 10 °C min in the 5
vol-% Hz/N2 reduction atmosphere with a gas flow rate of 45 mL min.
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Temperature programmed desorption of CO: (CO2-TPD) and O>-TPD were conducted on a
conventional flow system equipped with a U-shape quartz reactor and a mass spectrometer (HIDEN
HPR 20, Warrington, England). A 100-mg sample was used and pre-treated in He (50 mL min™) at
400 °C for 30 min followed by cooling to ambient temperature. The catalyst was exposed to CO:z (50
mL min™) or 3 vol % Oz/He (50 mL min™) for 1 h, and then purged with He for 1 h at ambient
temperature. The catalyst was then heated from ambient temperature to 800 °C at a speed of 10 °C
min~ under He flow gas (50 mL min™). The desorption amount of CO2/O2 was detected by the mass
spectrometer.

3.3. Catalytic Activity Testing

The catalytic procedure of cyclohexane oxidation was carried out in a stainless-steel batch tank
reactor (50 mL) equipped with an explosion-proof pressure sensor and a magnetic stirrer [63]. A
20-mg catalyst (~3000 mesh) and 4.0 g of cyclohexane were added to the reactor. After purging with
oxygen three times, the reactor was charged to 0.5 MPa and then heated to 140 °C under stirring at a
speed of 800 rpm and maintained for 4 h. In some cases, hydroquinone (free-radical scavenger) and
tert-butyl hydroperoxide (TBHP, free-radical initiator) were used by adding them into the reaction
system. Under the conditions of 4.0 g of cyclohexane, 20 mg catalyst, 140 °C and 0.5 MPa O, the
effect of the diffusion on the conversion of cyclohexane was excluded by changing the granular size
of the catalyst and rotation speed, that is to say, the oxidation reaction occurred in the kinetics
control region.

After the autoclave was thoroughly cooled, a certain amount of ethanol was added to the
product mixture to dissolve all of the by-products, followed by separation of the catalyst with
centrifugation. An amount of 0.25 g of methylbenzene was added to the reaction mixture as an
internal standard substance. Excess triphenylphosphine (PPhs) was used to decompose cyclohexyl
hydroperoxide (CHHP) to cyclohexanol in a mixture solution before analysis because of the easy
decomposition of CHHP in the GC injector [64,65]. The remaining amount of cyclohexane and the
main resultant cyclohexanol and cyclohexanone were quantified by an Agilent gas chromatograph
(7890B) assembled with a FID (flame ionization detector) and HP-5 column. Other products were
further identified by GC-MS (Agilent 7890A-5975C, Palo Alto, CA, USA). Formed acids were titrated
by 0.1 M NaOH aqueous solution.

The conversion of cyclohexane (X), the selectivity (S) to cyclohexanol (A) or cyclohexanone (K)
and the yield (Y) of KA oil were calculated by the following formulas:

N_gne(Substrate) — n_g,.(residual)

B 0,
3 n—ane(SUbStTate) %X 100% (1)

n—nol(or—none)
N_gne(substrate) — n_,,. (residual)

x 100% )

S—nol(or—none) =

Yika = (S-not + S-none) X X 3)

where n.nol and nnone denote the mole amount of cyclohexanol and cyclohexanone in the products
mixture. n-ane (substrate) and n-ane (residual) refer to the mole amount of cyclohexane substrate and
the remaining amount in the system, respectively.

3.4. Repeated Usage of the Catalyst

The 0.2%Co/MgO sample was collected from the mixture by filtration after each reaction. After
being washed with ethyl alcohol three times under stirring, the catalyst was dried at 80 °C and
calcined in atmosphere at 500 °C for 2 h, obtaining our regenerated catalyst. If necessary, the
regenerated catalyst was supplemented with live catalyst, and the activity property of the
regenerated catalyst was tested under the same operational process as the live catalyst.

4. Conclusions
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In summary, changing the Co loading (0.2~5 wt %) and support would affect the bulk
compositions, surface areas, surface oxygen species, basicity and reactivity of supported Co oxide
catalyst. Furthermore, for the cyclohexane oxidation by oxygen, alkaline MgO is an appropriate
support for CosOs, and its catalytic activity was ranked in the order of 0.29%Co/MgO > 5.0%Co/MgO
>0.5%Co/MgO = 1.0%Co/MgO > 3.0%Co/MgO > MgO, which is the same as the rank for the ratios of
weak base/medium base and weak base/(weak + medium) base of the Co/MgO catalysts, and similar
to the change tendency for their ratio of Oads/(Oads + Olat) calculated by the XPS data and the
oxygen-absorbing ability. Over the 0.2%Co/MgO catalyst, conversion of cyclohexane up to 12.5%
and selectivity to KA oil up to 74.7% can be achieved at 140 °C reacted for 4 h, and its TOF reached
8.2 57, which is higher than the results reported. After being repeatedly used 10 times, the activity of
the 0.2%Co/MgO catalyst was hardly changed, showing that this catalyst has good operational
stability. The high catalytic performance of the 0.29%Co/MgO catalyst should be attributed to its high
oxygen-absorbing ability and the high ratio between the amount of weak and medium base sites
with the help of the synergistic interaction between Co and MgO.
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