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Abstract:



A carbon solid acid with large surface area (CSALA) was prepared by partial carbonization of H3PO4 pre-treated peanut shells followed by sulfonation with concentrated H2SO4. The structure and acidity of CSALA were characterized by N2 adsorption–desorption, scanning electron microscopy (SEM), X-ray powder diffraction (XRD), 13C cross polarization (CP)/magic angle spinning (MAS) nuclear magnetic resonance (NMR), X-ray photoelectron spectroscopy (XPS), Fourier transform-infrared spectroscopy (FT-IR), titration, and elemental analysis. The results demonstrated that the CSALA was an amorphous carbon material with a surface area of 387.4 m2/g. SO3H groups formed on the surface with a density of 0.46 mmol/g, with 1.11 mmol/g of COOH and 0.39 mmol/g of phenolic OH. Densities of the latter two groups were notably greater than those observed on a carbon solid acid (CSA) with a surface area of 10.1 m2/g. The CSALA catalyst showed better performance than the CSA for the hydrolysis of cyclohexyl acetate to cyclohexanol. Under optimal reaction conditions, cyclohexyl acetate conversion was 86.6% with 97.3% selectivity for cyclohexanol, while the results were 25.0% and 99.4%, respectively, catalyzed by CSA. The high activity of the CSALA could be attributed to its high density of COOH and large surface area. Moreover, the CSALA showed good reusability. Its catalytic activity decreased slightly during the first two cycles due to the leaching of polycyclic aromatic hydrocarbon-containing SO3H groups, and then remained constant during following uses.
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1. Introduction


Cyclohexanol is an important intermediate in the chemical fiber industry for the production of nylon-6 and nylon-66 [1]. The industrial production of cyclohexanol relies mainly on the oxidation of cyclohexane [2], which has certain drawbacks, such as high energy consumption, a large amount of by-products, and the danger of explosion. In the 1990s, Asahi Chemical Industry Co. developed a process to synthesize cyclohexanol via the hydration of cyclohexene [3], which is a promising route because of very high selectivity and minimal disposal problems, owing to the use of an acidic zeolite catalyst, HZSM-5. However, this reaction is restricted by the poor miscibility of water and cyclohexene, and the reaction rate is very low. The yield from one cycle of Asahi’s process is only ~10%, therefore requiring multiple cycles with high energy consumption.



Fortunately, the synthesis of cyclohexanol from cyclohexene via cyclohexyl carboxylate—which can be referred to as an indirect hydration of cyclohexene—overcomes the above-mentioned drawbacks in the direct hydration of cyclohexene [4]. It is a two-step process, comprising the esterification of cyclohexene with carboxylic acid and the following hydrolysis of the formed cyclohexyl carboxylate to cyclohexanol (Scheme 1).



Steyer and Sundmacher studied the indirect hydration of cyclohexene via cyclohexyl formate over Amberlyst-15 in a reactive distillation column [5,6]. They concluded that it is possible to achieve almost complete conversion of cyclohexene to cyclohexanol. In our previous work, we studied a one-pot synthesis of cyclohexanol from cyclohexene via cyclohexyl formate over HZSM-5 [7]. Cyclohexanol was formed in yields of up to 40%, which is considerably higher than those obtained by direct hydration of cyclohexene. The reaction between cyclohexene and acetic acid, and the subsequent hydrolysis of cyclohexyl acetate over HZSM-5 was also studied [8]. It was found that cyclohexene conversion for the first step was 69.1% with 98.3% cyclohexyl acetate selectivity, which was almost the same as that seen in the reaction between cyclohexene and formic acid. However, there was a large difference between the hydrolysis of cyclohexyl acetate and that of cyclohexyl formate. At 130 °C, 63.4% of cyclohexyl acetate was converted over HZSM-5, with only 26.9% cyclohexanol selectivity. Most of the cyclohexyl acetate underwent pyrolysis to cyclohexene. Scheme 2 shows these reaction routes.



Several groups have used the hydrolysis of cyclohexyl acetate as a probe reaction to test catalytic materials [9,10,11]. In their results, pyrolysis of cyclohexyl acetate was not mentioned, and cyclohexanol was the sole product. This may be attributable to the low reaction temperature (80 °C) used in their studies, inhibiting the pyrolysis reaction. In our previous work [12], we found that the ionic liquid (IL) 1-sulfobutyl-3-methyl-imidazolium hydrogen sulfate ((HSO3bmim)HSO4) could be used as a catalyst to increase the selectivity of cyclohexanol in the hydrolysis of cyclohexyl acetate. Under optimal conditions, the cyclohexyl acetate conversion was 80.2%, with 96.6% cyclohexanol selectivity at 130 °C. These excellent results may be attributable to the high polarity of the ILs, which inhibits the formation of the transition state for the side reaction, pyrolysis of cyclohexyl acetate to cyclohexene, and then increases cyclohexanol selectivity. However, the high cost and complexity of the production of the ILs limits their application.



In recent years, carbon solid acids (CSAs) have been studied by many researchers [10,13,14,15,16,17,18,19,20,21,22,23,24,25]. A CSA is an amorphous carbon material consisting of small polycyclic aromatic carbon sheets with attached SO3H groups [10]. Because of their high densities of SO3H groups, simple separation process, and environmentally friendly characteristics, CSAs are considered to be promising replacements for H2SO4, which is one of the most widely used homogeneous acid catalysts for the production of many industrially important chemicals [14]. Hara et al. [10] prepared a CSA catalyst by the sulfonation of naphthalene in concentrated H2SO4 that exhibited higher activity for the hydrolysis of cyclohexyl acetate than did H2SO4. However, they reported no detailed results from their experiments. Moreover, the CSA they used had a surface area of only 24 m2/g—in most cases, the specific surface area of CSA is less than 10 m2/g. Kitano et al. [26] indicated that a CSA exhibited high catalytic performance in the presence of hydrophilic molecules despite its relatively low specific surface area (2 m2/g), which they attributed to the incorporation of high densities of hydrophilic molecules into the carbon bulk by binding with the flexible carbon sheets. However, because the hydrophilic functional groups also prevent the incorporation of hydrophobic molecules into the bulk, acid-catalyzed hydrophobic reactions can only proceed on the catalyst surface, resulting in poor or no catalytic activity for such reactions. Therefore, a strong solid acid catalyst with high specific surface area is more desirable for acid-catalyzed hydrophobic reactions.



In this paper, a carbon solid acid with large specific surface area (CSALA) was prepared by carbonization of H3PO4-impregnated peanut shell powder followed by sulfonation. The catalytic performance of this carbon catalyst for the hydrolysis of cyclohexyl acetate to cyclohexanol was investigated. The results exhibited that the CSALA showed much higher activity than that of the CSA with small surface area. The cause is discussed and its reusability is also explored.




2. Results and Discussion


2.1. Catalyst Characterization


The surface areas of the CSA, CSALA, and their precursors were investigated by N2 adsorption–desorption at −196 °C. As shown in Table 1, the specific surface area of the CSALA is 387.4 m2/g, which is much higher than that of the CSA. The results show that H3PO4 is an effective activating agent, which can lead to the formation of porosity in the activated carbon from lignocellulosic materials [27].



Table 1. Catalytic performance of carbon solid acid (CSA) for the hydrolysis of cyclohexyl acetate.







	
Catalyst

	
SBETa (m2/g)

	
Acid Density (mmol/g)

	
Cyclohexyl Acetate Conversion (%)

	
Cyclohexanol Selectivity (%)




	
SO3H

	
COOH

	
OH

	
Total






	
pre-CSA

	
11.0

	
–

	
0.01

	
0.01

	
0.02

	
1.6

	
81.0




	
CSA

	
10.1

	
0.56

	
0.44

	
0.12

	
1.12

	
25.0

	
99.4




	
Pre-CSALA

	
977.3

	
–

	
1.08

	
0.06

	
1.14

	
31.4

	
97.9




	
CSALA

	
387.4

	
0.46

	
1.11

	
0.39

	
1.96

	
81.1

	
95.7




	
HZSM-5 b

	
416.1

	
–

	
–

	
–

	
1.70 c

	
63.4

	
26.9








Reaction conditions: cyclohexyl acetate 8 mL (55 mmol), H2O 24 mL (1333 mmol), catalyst 1.2 g, 130 °C, 5 h. a BET specific surface area; b Reproduced with permission from Yang et al, Reaction Kinetics, Mechanisms and Catalysis; published by Springer, 2016; c Measured by NH3-TPD. CSALA: carbon solid acid with large specific surface area.








Scanning electron microscopy (SEM) images, shown in Figure 1, also illustrate the differences between the surface morphologies of the CSA and CSALA. Figure 1a,b show SEM images of the CSA, which exhibits a lamellar structure that is composed of polycyclic aromatic carbon sheets. The CSALA has a similar lamellar structure, but the sheets stack much more loosely. The CSALA carbon sheets are also smaller and have rougher surfaces than the CSA sheets. All of these differences are responsible for the porosity and increased specific surface area of the CSALA compared with the CSA.


Figure 1. Scanning electron microscopy (SEM) images of CSA (a,b) and CSALA (c,d).
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Figure 2 shows the XRD patterns of the CSA and CSALA. In both patterns, there is one broad diffraction peak at 2θ angles of 20°–30° (002), which reflects the stacking degree of aromatic carbon sheets [28], and one weak peak at 40°–50° (101), which is attributable to the α axis of the graphite structure [14]. The XRD results indicate that both the CSA and CSALA consist of disordered polycyclic aromatic carbon sheets. However, compared with that of the CSA, the (101) peak of the CSALA is almost non-existent. This corresponds to the smaller carbon sheets in the CSALA, and is consistent with the SEM results.


Figure 2. X-ray powder diffraction (XRD) patterns of CSA and CSALA.
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Figure 3 shows the 13C CP/magic angle spinning (MAS) NMR spectra of the CSA and CSALA. The signals at 128 ppm attributable to polycyclic aromatic carbon atoms are evident in both spectra, indicating that the carbon frameworks of these two materials consist mainly of sp2-derived carbon sheets. Peaks attributable to aromatic carbon bonded to phenolic OH (153 ppm), COOH groups (164 ppm), and carbon atoms in COOH groups (179 ppm) are clearly observed in the spectrum of CSALA. However, the corresponding signals in the CSA spectrum are very weak. This demonstrates the difference between the amounts of phenolic OH and COOH groups in the CSA and CSALA. Moreover, the peaks attributable to aromatic carbon with SO3H groups (ca. 140 ppm) [29] are not obvious in either the CSA or CSALA spectra. This may be attributable to the polycyclic aromatic carbon peak (128 ppm) obscuring the peak of Ar-SO3H. The introduction of SO3H groups to the carbon solid acids was confirmed by X-ray photoelectron spectroscopy (XPS) analysis. As shown in Figure 4, a single S 2p peak at about 168 eV—which is assigned to the SO3H group—is observed in both spectra. This indicates that the sulfonation of carbon materials was successfully achieved in concentrated H2SO4, and all S atoms in the CSA and CSALA are contained in SO3H groups [20].


Figure 3. 13C CP/magic angle spinning (MAS) NMR spectra of CSA and CSALA. * denotes spinning sidebands.
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Figure 4. S 2p X-ray photoelectron spectroscopy (XPS) spectra of CSA and CSALA.
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Fourier transform-infrared spectroscopic (FT-IR) analysis was used to characterize the functional groups contained in the carbon materials. As shown in Figure 5, there are two bands at 1168 cm−1 and 1028 cm−1 in the CSALA spectrum, which can be assigned to the O=S=O symmetric and asymmetric stretching modes, respectively [30]. The same bands also appear in the spectrum of CSA. This illustrates that sulfonic acid groups have been formed on the surface of the CSA and CSALA by the sulfonation process. The band at 1702 cm−1 is attributable to the C=O stretching mode of the COOH groups. There is also a clear adsorption attributable to C=O in the COOH group in the spectrum of pre-CSALA. The generation of COOH groups can be attributed to the treatment with phosphoric acid. Moreover, the evident band around 1577 cm−1 seen in all the spectra is attributable to the C=C stretching vibration of poly aromatic rings [31].


Figure 5. Fourier transform-infrared (FT-IR) spectra of carbon materials: (a) pre-CSA; (b) CSA; (c) pre-CSALA; (d) CSALA.
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The acid densities of the carbon materials were determined by acid–base titration, and the results are given in Table 1. The total acid density of the CSALA is 1.96 mmol/g, which is higher than that of the CSA (1.12 mmol/g). However, the density of SO3H in the CSALA (0.46 mmol/g) is less than that in the CSA (0.56 mmol/g); further, the main contribution to acid density in the CSALA comes from COOH (1.11 mmol/g), which is far greater than in the CSA (0.44 mmol/g). In addition, the density of COOH in pre-CSALA is 1.08 mmol/g, which is almost the same as that in the carbon material after sulfonation. This agrees reasonably well with the FT-IR results. The abundant COOH in pre-CSALA could partially explain why the CSALA has less SO3H than the CSA. The sulfonation of polycyclic aromatic compounds is an electrophilic substitution reaction; therefore, the electron-withdrawing COOH could decrease the electron density of the aromatic ring, and thus deactivate the sulfonation reaction. This would lead to fewer SO3H groups in the CSALA, even though it has a larger surface area than the CSA. Finally, the density of phenolic OH in the CSALA (0.39 mmol/g) is also much greater than that in the CSA (0.12 mmol/g).




2.2. Hydrolysis of Cyclohexyl Acetate over the CSALA


Catalytic hydrolysis of cyclohexyl acetate was evaluated, and the results are shown in Table 1. The CSALA exhibits good catalytic performance, and cyclohexyl acetate conversion was 81.1%, with 95.7% cyclohexanol selectivity. However, the CSA—with higher SO3H content—shows poor activity for this reaction (25.0% cyclohexyl acetate conversion with 99.4% cyclohexanol selectivity). This indicates that SO3H is not the only active site, and there must be other factors influencing the reaction. Because there are many COOH groups in the CSALA, it is reasonable to speculate that COOH can also catalyze this reaction. To confirm this conjecture, pre-CSALA (which has almost the same COOH content as CSALA) was evaluated for the hydrolysis of cyclohexyl acetate. It was found that cyclohexyl acetate conversion could reach 31.4% with 97.9% cyclohexanol selectivity, even though there are no SO3H groups in pre-CSALA. The results indicate that COOH can also catalyze the hydrolysis of cyclohexyl acetate. However, the total conversion over pre-CSALA and CSA catalysts is still inferior to that over CSALA. This may be attributable to the high specific surface area of CSALA, which can provide good access for the hydrophobic cyclohexyl acetate molecules to approach the active acid sites [26]. Therefore, a higher cyclohexyl acetate conversion was obtained under the synergistic effect of a high COOH density and the large specific surface area of CSALA.



2.2.1. Effect of Reaction Temperature


Figure 6 shows the effect of the reaction temperature on the hydrolysis of cyclohexyl acetate over CSALA catalyst. It can be seen that cyclohexyl acetate conversion increased rapidly from 40.4% to 75.5% with the reaction temperature increasing from 90 to 110 °C. With further increases of the reaction temperature, cyclohexyl acetate conversion slightly increased and reached 84.8% at 150 °C. However, selectivity to cyclohexanol decreased gradually from 99.0% to 95.9% with the temperature increasing from 90 to 130 °C. After that, it decreased rapidly to 82.8% at 150 °C, and the main side product was cyclohexene. This indicates that the pyrolysis of cyclohexyl acetate occurred to a greater extent at high temperatures.


Figure 6. Effect of reaction temperature on the hydrolysis of cyclohexyl acetate over CSALA. Reaction conditions: cyclohexyl acetate 8 mL (55 mmol), H2O 24 mL (1333 mmol), CSALA 1.2 g, 5 h.
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2.2.2. Effect of Reaction Time


Figure 7 shows the effect of reaction time on the hydrolysis of cyclohexyl acetate over the CSALA. When the reaction time was prolonged from 2 to 3 h, cyclohexyl acetate conversion increased from 75.9% to 80.3%. With a further increase of reaction time, conversion reached a plateau. Moreover, cyclohexanol selectivity declined slightly from 97.3% to 95.9% when the reaction time increased from 2 to 4 h, after which it remained unchanged. This indicates that cyclohexyl acetate is prone to undergoing pyrolysis to cyclohexene during prolonged reaction times, but the change was not notable.


Figure 7. Effect of reaction time on the hydrolysis of cyclohexyl acetate over CSALA. Reaction conditions: cyclohexyl acetate 8 mL (55 mmol), H2O 24 mL (1333 mmol), CSALA 1.2 g, 130 °C.
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2.2.3. Effect of Catalyst Loading


The effect of CSALA catalyst loading on the hydrolysis of cyclohexyl acetate was investigated, and the results are shown in Figure 8. Cyclohexyl acetate conversion initially increased, and then reached a plateau with increasing CSALA loading. When the catalyst loading was 0.15 g CSALA/mL cyclohexyl acetate, the conversion reached 86.6% with 97.3% cyclohexanol selectivity. However, the selectivity to cyclohexanol showed a slight monotonic decrease from 98.8% to 96.6% in the catalyst loading range investigated. This indicates that the pyrolysis of cyclohexyl acetate can also be accelerated by the CSALA and is more sensitive to catalyst loading. Under the same stirring conditions, too much catalyst would result in a low mass transfer coefficient; thus, a low reaction rate for the hydrolysis was obtained. However, pyrolysis of cyclohexyl acetate is a monomolecular reaction and is not greatly affected by diffusion.


Figure 8. Effect of catalyst loading on the hydrolysis of cyclohexyl acetate over the CSALA. Reaction conditions: cyclohexyl acetate 8 mL (55 mmol), H2O 40 mL (2222 mmol), 130 °C, 3 h.
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2.2.4. Catalyst Reusability


The reusability of the CSALA for the hydrolysis of cyclohexyl acetate was investigated. After the first run, the catalyst was filtered from the mixture, washed with water, and dried. It was then used directly in a new cycle without any further treatment. As shown in Figure 9, high selectivity (not less than 97.3%) for cyclohexanol was obtained in every cycle; however, the cyclohexyl acetate conversion decreased from 86.6% to 84.9% (second cycle) to 83.2% (third cycle). After this, the conversion remained constant with reuse from the third to the fifth cycles. The CSALA catalyst that had been used for five cycles was characterized by elemental analysis, and the S content was 1.51 wt %. Compared with the fresh CSALA S content of 1.86 wt %, it can be concluded that the activity decrease was partly caused by S (SO3H) leaching. Although sulfonated carbons are considered to be insoluble in some solvents [14], some researchers have found that the catalytic deactivation of carbon solid acids was caused by the leaching of polycyclic aromatic hydrocarbon containing SO3H groups, especially in polar media [32]. The catalytic activity of CSALA decreased during the initial cycles, but reached a plateau after three cycles in this study. This indicated that the leaching of the active species on the CSALA does stop. This may be attributable to the different natures of the acid sites—some sites are readily leached, while others are not. It has been estimated that around 75%–80% of acid sites in a sulfonated carbon catalyst are relatively stable and are not readily leached [32]. This is in accordance with the elemental analysis results. In addition, it can be seen that the activity loss is not proportional to the decrease of the S content. This may be explained by the fact that SO3H groups are not the only active sites. As mentioned above, both the high density of COOH and the high surface area of CSALA contribute greatly to the high activity.


Figure 9. Reusability of CSALA for the hydrolysis of cyclohexyl acetate. Reaction conditions: cyclohexyl acetate 8 mL (55 mmol), H2O 40 mL (2222 mmol), CSALA 1.2 g, 130 °C, 3 h.
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3. Materials and Methods


3.1. Preparation of Carbon Solid Acid with Large Surface Area


The CSALA was prepared using peanut shells as the raw material. First, the peanut shells were dried overnight at 80 °C. They were then ground into particles of 0.15–0.2 mm (80–100 mesh). The particles were then impregnated in a phosphoric acid solution (1.22 g/mL) at room temperature for 16 h, at a 3:1 mass ratio of phosphoric acid solution-to-peanut shell. After drying at 80 °C, the impregnated peanut shells were calcined at 300 °C under N2 flow for 2 h. After calcination, the sample was washed with HCl solution (0.1 mol/L) at 100 °C for 1 h and then washed repeatedly with hot deionized water (≥80 °C) until free of Cl−. After this, the sample was dried at 110 °C to obtain the carbon precursor for the CSALA (denoted as pre-CSALA). In the next step, the pre-CSALA was sulfonated with concentrated H2SO4 (25 mL/g pre-CSALA) at 160 °C for 10 h under N2 flow. Finally, the solid carbon material was washed with hot deionized water (≥80 °C) until the filtrate was free from SO42− and dried at 80 °C to obtain the CSALA.



For comparison, a CSA with a small surface area was also prepared. First, peanut shells were dried overnight at 80 °C. They were then ground into particles of 1–5 mm. After that, the peanut shells were calcined at 550 °C for 10 h under a N2 flow to obtain the carbon precursor for the CSA (denoted as the pre-CSA). Next, the pre-CSA was sulfonated with concentrated H2SO4 (25 mL/g pre-CSA) at 160 °C for 10 h under N2 flow. Finally, the solid carbon material was washed with hot deionized water (≥80 °C) until the filtrate was free from SO42− and dried at 80 °C to obtain the CSA.




3.2. Catalyst Characterization


The specific surface area and pore structure of the samples were measured by N2 isothermal adsorption–desorption method using a Micromeritics ASAP 2020 instrument. The surface area was calculated by Brunauer–Emmett–Teller (BET) method. The morphologies of the samples were recorded by scanning electron microscopy (SEM) on FEI Nova NanoSEM 450 (Hillsboro, OR, USA) and Hitachi S-4800 scanning electron microscopes (Tokyo, Japan). The X-ray diffraction (XRD) pattern was observed on a Rigaku D/Max-2500 X-ray diffractometer (Tokyo, Japan) with Cu Kα radiation operating at 40 kV and 100 mA, over a 2θ range of 5°–80° at a scanning speed of 8°/min. 13C CP/MAS NMR spectra were measured at room temperature using a Bruker AV 600 spectrometer (MAS probe: 4 mm and spectra window: 75 kHz, Karlsruhe, Germany). The magic angle spinning rate was 4.5 kHz. FT-IR spectra were obtained on a Nicolet Nexus 470 spectrometer (Madison, WI, USA) with KBr pellet technique. X-ray photoelectron spectroscopy (XPS) was carried out with a Thermo Fisher K-Alpha spectrometer (Tewksbury, MA, USA) with Al Kα radiation. The composition of the samples was determined by the elemental analysis of C, H, N, S, and O using an Elementar Vario EL elemental analyzer (Frankfurt, Germany).



The acid density of the catalyst was estimated by acid–base titration method. To obtain SO3H density, about 0.25 g of catalyst sample was put into a NaCl solution (0.05 mol/L, 30 mL). Then, the mixture was sonicated for 1 h in an ultrasonic bath at room temperature. After that, the solids were filtered off and washed with water. The combined filtrate was titrated with a NaOH solution (0.05 mol/L) using phenolphthalein as indicator. The densities of SO3H were thus obtained based on the results.



The densities of other acidic functional groups of the carbon solid acid—such as carboxyl and phenolic hydroxyl—can be determined by Boehm titration method [33]. About 0.5 g of catalyst was sonicated with 25 mL 0.05 mol/L NaOH (or NaHCO3) solution for 1 h and then soaked for 24 h. After filtration, 50 mL of 0.05 mol/L HCl was added into the solution. Then, the excess HCl were measured by anti-titration with NaOH (0.05 mol/L) using phenolphthalein as indicator. The acid densities—SO3H + COOH + OH (or SO3H + COOH)—could be calculated with the results. At last, the quantities of COOH and OH can be obtained by subtracting the density of SO3H.




3.3. Catalytic Activity Test


Hydrolysis of cyclohexyl acetate was carried out in a stainless steel Teflon-lined autoclave equipped with a magnetic stirrer. In a typical experiment, cyclohexyl acetate, H2O, and an appropriate amount of catalyst were added into the autoclave. The autoclave was sealed and tested for leaks with N2, then purged and pressurized with N2 (0.6 MPa). The temperature was adjusted to the desired value. At the end of reaction, the autoclave was cooled to room temperature and vented. The catalyst was recovered by filtration, and the products were analyzed by capillary gas chromatography using an Agilent 7890 instrument (Santa Clara, CA, USA) with a 30 m × 0.32 mm KB-Wax column and flame ionization detector (FID). The area normalization was applied for quantitative analysis.





4. Conclusions


A peanut shell-derived carbon solid acid with large specific surface area (CSALA, 387.4 m2/g) exhibits high activity for the hydrolysis of cyclohexyl acetate to cyclohexanol. At the optimal reaction conditions (reaction for 3 h at 130 °C; H2O-to-cyclohexyl acetate volume ratio of 5:1; and catalyst loading of 0.15 g/mL of cyclohexyl acetate), the cyclohexyl acetate conversion is 86.6% with 97.3% selectivity for cyclohexanol. Compared with a CSA with small surface area (10.1 m2/g), the CSALA catalyst shows much better activity. This is because of the high density of COOH, which is also active to hydrolysis of cyclohexyl acetate, as well as the large surface area, which can provide good access for the hydrophobic cyclohexyl acetate molecules to approach the active acid sites. The initial slight decreases of the catalytic activity during the first two reuses are due to the leaching of polycyclic aromatic hydrocarbon containing SO3H groups. Because of the different natures of the acid sites in the catalyst, the leaching stops, and the catalytic activity remains stable in the succeeding reusability tests.







Acknowledgments


This work was supported by the National Natural Science Foundation of China (21236001, 21176056), the Programme for 100 Excellent Talents in University of Hebei Province (II) (BR2-208), and the Natural Science Foundation of Hebei Province (B2015202228).




Author Contributions


Wei Xue and Fang Li designed the experiments and wrote the paper; Lijun Sun and Fang Yang performed the experiments; Zhimiao Wang and Fang Li analyzed the data.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Li, J.; Yang, L.; Li, F.; Xue, W.; Wang, Y. Hydration of cyclohexene to cyclohexanol over SO3H-functionalized imidazole ionic liquids. React. Kinet. Mech. Catal. 2015, 114, 173–183. [Google Scholar] [CrossRef]

	2. 
Zhou, W.; Wischert, R.; Xue, K.; Zheng, Y.; Albela, B.; Bonneviot, L.; Clacens, J.; Campo, F.; Pera-Titus, M.; Wu, P. Highly selective liquid-phase oxidation of cyclohexane to KA oil over Ti-MWW catalyst: Evidence of formation of oxyl radicals. ACS Catal. 2014, 4, 53–62. [Google Scholar] [CrossRef]

	3. 
Nagahara, H.; Ono, M.; Konishi, M.; Fukuoka, Y. Partial hydrogenation of benzene to cyclohexene. Appl. Surf. Sci. 1997, 121, 448–451. [Google Scholar] [CrossRef]

	4. 
Imam, R.A.; Freund, H.; Guit, R.P.M.; Fellay, C.; Meier, R.J.; Sundmacher, K. Evaluation of different process concepts for the indirect hydration of cyclohexene to cyclohexanol. Org. Process. Res. Dev. 2013, 17, 343–358. [Google Scholar] [CrossRef]

	5. 
Steyer, F.; Sundmacher, K. Cyclohexanol production via esterification of cyclohexene with formic acid and subsequent hydration of the esters reaction kinetics. Ind. Eng. Chem. Res. 2007, 46, 1099–1104. [Google Scholar] [CrossRef]

	6. 
Katariya, A.; Freund, H.; Sundmacher, K. Two-step reactive distillation process for cyclohexanol production from cyclohexene. Ind. Eng. Chem. Res. 2009, 48, 9534–9545. [Google Scholar] [CrossRef]

	7. 
Du, W.; Xue, W.; Li, F.; Wang, Y. Study on the catalytic synthesis of cyclohexanol from cyclohexene via cyclohexyl formate. J. Hebei Univ. Technol. 2012, 41, 34–39. [Google Scholar]

	8. 
Yang, L. Hydration of Cyclohexene Catalyzed by Brönsted Acidic Ionic Liquid. Master’s Thesis, Hebei University of Technology, Tianjin, China, 10 June 2013. [Google Scholar]

	9. 
Kimura, M.; Nakato, T.; Okuhara, T. Water-tolerant solid acid catalysis of Cs2.5H0.5PW12O40 for hydrolysis of esters in the presence of excess water. Appl. Catal. A 1997, 165, 227–240. [Google Scholar] [CrossRef]

	10. 
Hara, M.; Yoshida, T.; Takagaki, A.; Takata, T.; Kondo, J.N.; Hayashi, S.; Domen, K. A Carbon Material as a Strong Protonic Acid. Angew. Chem. Int. Ed. 2004, 43, 2955–2958. [Google Scholar] [CrossRef] [PubMed]

	11. 
Yang, Q.; Kapoor, M.P.; Shirokura, N.; Ohashi, M.; Inagaki, S.; Kondo, J.N.; Domen, K. Ethane-bridged hybrid mesoporous functionalized organo-silicas with terminal sulfonic groups and their catalytic applications. J. Mater. Chem. 2005, 15, 666–673. [Google Scholar]

	12. 
Yang, F.; Xue, W.; Zhang, D.; Li, F.; Wang, Y. Hydrolyis of cyclohexyl acetate to cyclohexanol with high selectivity over SO3H-functionalized ionic liquids. React. Kinet. Mech. Catal. 2016, 117, 329–339. [Google Scholar] [CrossRef]

	13. 
Toda, M.; Takagaki, A.; Okamura, M.; Kondo, N.J.; Hayashi, S.; Domen, K.; Hara, M. Biodiesel made with sugar catalyst. Nature 2005, 438, 178. [Google Scholar] [CrossRef] [PubMed]

	14. 
Okamura, M.; Takagaki, A.; Toda, M.; Kondo, J.N.; Domen, K.; Tatsumi, T.; Hara, M.; Hayashi, S. Acid-catalyzed reactions on flexible polycyclic aromatic carbon in amorphous carbon. Chem. Mater. 2006, 18, 3039–3045. [Google Scholar] [CrossRef]

	15. 
Nakajima, K.; Hara, M. Amorphous carbon with SO3H groups as a solid Brønsted acid catalyst. ACS Catal. 2012, 2, 1296–1304. [Google Scholar] [CrossRef]

	16. 
Geng, L.; Yu, G.; Wang, Y.; Zhu, Y. Ph-SO3H-modified mesoporous carbon as an efficient catalyst for the esterification of oleic acid. Appl. Catal. A 2012, 427, 137–144. [Google Scholar] [CrossRef]

	17. 
Liu, W.; Tian, K.; Jiang, H.; Yu, H. Facile synthesis of highly efficient and recyclable magnetic solid acid from biomass waste. Sci. Rep. 2013, 3, 2419. [Google Scholar] [CrossRef] [PubMed]

	18. 
Deshmane, C.A.; Wright, M.W.; Lachgar, A.; Rohlfing, M.; Liu, Z.; Le, J.; Hanson, B.E. A comparative study of solid carbon acid catalysts for the esterification of free fatty acids for biodiesel production. Evidence for the leaching of colloidal carbon. Bioresour. Technol. 2013, 147, 597–604. [Google Scholar] [CrossRef] [PubMed]

	19. 
Thombal, S.R.; Jadhava, R.A.; Jadhav, H.V. Biomass derived β-cyclodextrin-SO3H as a solid acid catalyst for esterification of carboxylic acids with alcohols. RSC Adv. 2015, 5, 12981–12986. [Google Scholar] [CrossRef]

	20. 
Dehkhoda, A.M.; West, A.H.; Ellis, N. Biochar based solid acid catalyst for biodiesel production. Appl. Catal. A 2010, 382, 197–204. [Google Scholar] [CrossRef]

	21. 
Kitano, M.; Yamaguchi, D.; Suganuma, S.; Nakajima, K.; Kato, H.; Hayashi, S.; Hara, M. Adsorption-enhanced hydrolysis of β-1,4-Glucan on graphene-based amorphous carbon bearing SO3H, COOH, and OH groups. Langmuir 2009, 25, 5068–5075. [Google Scholar] [CrossRef] [PubMed]

	22. 
Suganuma, S.; Nakajima, K.; Kitano, M.; Yamaguchi, D.; Kato, H.; Hayashi, S.; Hara, M. Hydrolysis of cellulose by amorphous carbon bearing SO3H, COOH, and OH groups. J. Am. Chem. Soc. 2008, 130, 12787–12793. [Google Scholar] [CrossRef] [PubMed]

	23. 
Wang, J.; Xu, W.; Ren, J.; Liu, X.; Lu, G.; Wang, Y. Efficient catalytic conversion of fructose into hydroxymethylfurfural by a novel carbon-based solid acid. Green Chem. 2011, 13, 2678–2681. [Google Scholar] [CrossRef]

	24. 
Xue, W.; Zhao, H.; Yao, J.; Li, F.; Wang, Y. Esterification of cyclohexene with formic acid over a peanut shell-derived carbon solid acid catalyst. Chin. J. Catal. 2016, 37, 769–777. [Google Scholar] [CrossRef]

	25. 
Shen, S.; Cai, B.; Wang, C.; Li, H.; Dai, G.; Qin, H. Preparation of a novel carbon-based solid acid from cocarbonized starch and polyvinyl chloride for cellulose hydrolysis. Appl. Catal. A 2014, 473, 70–74. [Google Scholar] [CrossRef]

	26. 
Kitano, M.; Arai, K.; Kodama, A.; Kousaka, T.; Nakajima, K.; Hayashi, S.; Hara, M. Preparation of a sulfonated porous carbon catalyst with high specific surface area. Catal. Lett. 2009, 131, 242–249. [Google Scholar] [CrossRef]

	27. 
Guo, Y.; Rockstraw, A.D. Physicochemical properties of carbons prepared from pecan shell by phosphoric acid activation. Bioresour. Technol. 2007, 98, 1513–1521. [Google Scholar] [CrossRef] [PubMed]

	28. 
Shen, S.; Wang, C.; Cai, B.; Li, H.; Han, Y.; Wang, T.; Qin, H. Heterogeneous hydrolysis of cellulose into glucose over phenolic residue-derived solid acid. Fuel 2013, 113, 644–649. [Google Scholar] [CrossRef]

	29. 
Melero, J.A.; Van Grieken, R.; Morales, G.; Nuno, V. Friedel Crafts acylation of aromatic compounds over arenesulfonic containing mesostructured SBA-15 materials. Catal. Commun. 2004, 5, 131–136. [Google Scholar] [CrossRef]

	30. 
Geng, L.; Wang, Y.; Yu, G.; Zhu, Y. Efficient carbon-based solid acid catalysts for the esterification of oleic acid. Catal. Commun. 2011, 13, 26–30. [Google Scholar] [CrossRef]

	31. 
Mar, W.W.; Somsook, E. Sulfonic-functionalized carbon catalyst for esterification of high free fatty acid. Procedia Eng. 2012, 32, 212–218. [Google Scholar] [CrossRef]

	32. 
Mo, X.; López, D.E.; Suwannakarn, K.; Liu, Y.; Lotero, E., Jr.; Goodwin, J.G.; Lu, C. Activation and deactivation characteristics of sulfonated carbon catalysts. J. Catal. 2008, 254, 332–338. [Google Scholar] [CrossRef]

	33. 
Li, S.; Gu, Z.; Bjornson, B.E.; Muthukumarappan, A. Biochar based solid acid catalyst hydrolyze biomass. J. Environ. Chem. Eng. 2013, 1, 1174–1181. [Google Scholar] [CrossRef]








[image: Materials 09 00833 sch001 550]





Scheme 1. Synthesis of cyclohexanol from cyclohexene via cyclohexyl carboxylate. 
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Scheme 2. Cyclohexyl acetate hydrolysis and pyrolysis reactions. 
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