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Abstract
Cadmium oxide supported on silica is a highly active and selective bifunctional catalyst for the clean synthesis of p-cymene using dehydroisomerization of cyclic monoterpenes such as α-pinene, β-pinene, limonene, α-terpinene, γ-terpinene, and terpinolene. The dehydroisomerization occurs via acid-redox bifunctional catalysis at the gas-solid interface involving isomerization of monoterpenes to p-menthadienes on acid sites of silica support followed by p-menthadiene dehydrogenation to p-cymene on oxo-metal sites of CdO. The less reactive bicyclic monoterpenes, such as α-pinene and β-pinene, give 91–95% p-cymene yields at 325–375 oC, whereas more reactive monocyclic monoterpenes, such as limonene, α-terpinene, γ-terpinene, and terpinolene, give a 100% yield at 200–250 oC. To the best of our knowledge, CdO/SiO2 has the highest efficiency in monoterpene-to-p-cymene dehydroisomerization among the catalysts reported so far. The catalyst was characterized by BET, TGA, XRD, DRIFTS, H2-TPR, and ICP–OES.
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1. Introduction 
Catalytic conversion of renewable terpene feedstocks into value-added chemicals has long been an area of considerable interest [1–5]. In the past two decades, it has become one of the priority directions for sustainable development [6–17]. In this context, our work is concerned with the development of new, more efficient catalysts for sustainable synthesis of p-cymene, which has many uses, from medical and cosmetic products to manufacturing commodity chemicals [17]. The major application of p-cymene is for the synthesis of p-cresol, an intermediate in the manufacturing of antioxidants [18]. Selective oxidation of the bio-derived p-cymene is contemplated as a sustainable route to terephthalic acid ([14–16] and references therein). Traditionally, p-cymene is produced from petroleum-based feedstocks by the Friedel-Crafts alkylation of toluene by propene [17], with an adverse effect on the environment. An alternative environment-friendly route to p-cymene utilizes dehydroisomerization of renewable monoterpene feedstocks, such as α-pinene and limonene, using bifunctional heterogeneous catalysis [17]. These monoterpenes are obtained from abundantly available low-cost resources such as turpentine oils, crude sulfate turpentine, and citrus fruits [17,19,20].
The dehydroisomerization of α-pinene to p-cymene occurs over acid-redox bifunctional catalysts at the gas-solid interface at 300–460 oC and atmospheric pressure. First, α-pinene is isomerized on acid sites to form monocyclic p-menthadienes together with bicyclic and tricyclic terpenes; this follows by p-menthadiene dehydrogenation on metal or oxo-metal sites [17] (Scheme 1). It is suggested that the isomerization proceeds through protonation of the C=C bond of α-pinene to generate pinanyl cation. The latter rearranges to bicyclic and tricyclic terpenes, such as camphene, β-pinene, and tricyclene, and to monocyclic terpenes (p-menthadienes), such as limonene, terpinolene, terpinene, etc. (Scheme 1) [17]. The formation of bicyclic and tricyclic terpenes is favored at lower temperatures, while p-menthadienes appear at higher temperatures [17]. In the dehydroisomerization of α-pinene to p-cymene, p-menthadiene dehydrogenation is likely to be the rate-limiting step, with the isomerization step probably being at quasi-equilibrium [17]. Many heterogeneous catalysts have been disclosed for α-pinene dehydroisomerization [17,21–25]. Among them are Cr2O3/Al2O3 (390–460 oC, 53% p-cymene yield) [22], zeolite Y (300 oC, 54% yield) [23], Pd/SiO2 (300 oC, 67% yield) [17], Pd-Zn/Al-SBA-15 (300 oC, 77% yield) [24], and bulk Zn(II)–Cr(III) mixed oxide (350 oC, 78% yield) [25]. Pd catalysts require hydrogen supply to prevent their deactivation [17].


Scheme 1. Reaction network for α-pinene-to-p-cymene dehydroisomerization.
The dehydroisomerization of limonene to p-cymene is easier to occur than the reaction of α-pinene. This is because the reaction of limonene does not involve C–C bond breaking. The dehydroisomerization of limonene to p-cymene probably proceeds via a bifunctional mechanism, which involves fast limonene isomerization on acid sites followed by slow dehydrogenation on metal or oxo-metal sites of a bifunctional catalyst [26–39] (Scheme 2). The dehydroisomerization of limonene can be carried out in the gas or liquid phase in the presence of various heterogeneous catalysts [27–39]. These include Ti/SBA-15 (liquid phase, 160 oC, 56% p-cymene yield) [28], Pd/HZSM-5 (liquid phase, 260 oC, 8 bar, 82% yield) [29], Pd/Al2O3 (supercritical ethanol, 300 oC, 65 bar, 80% yield) [30], TiO2 (gas phase, 300 oC, 90% yield) [31], Pd/SiO2 (gas phase, 300 oC, in H2 flow, 99% yield) [32], and others [27]. Pd/SiO2 gives the highest yield of p-cymene, however, it requires a hydrogen supply to prevent catalyst deactivation [32].


Scheme 2. Reaction pathway for limonene-to-p-cymene dehydroisomerization.
Recently, we have reported that silica-supported zinc oxide is an efficient noble-metal-free catalyst for the synthesis of p-cymene by the gas-phase dehydroisomerization of α-pinene and limonene [40]. The reaction of α-pinene over ZnO/SiO2 produces p-cymene with 90% yield at 100% conversion at 370 oC. The reaction with limonene gives a 100% p-cymene yield at 325 oC. The ZnO/SiO2 catalyst shows stable performance for over 70 h without co-feeding hydrogen.
Here, we report silica-supported cadmium oxide, CdO/SiO2, as a new highly efficient noble-metal-free catalyst for the dehydroisomerization of monoterpenes to p-cymene in the gas phase. Cadmium is a close Group 12 analog of zinc. CdO is known as a multifunctional material for its application in optoelectronic devices ([41] and references therein). It has also been reported as a Lewis acid-base and dehydrogenation catalyst, for example, for condensation of aldehydes [41], dehydration of ethanol [42], and dehydrogenation of ethylbenzene and cycloalkanes [43]. Here, it is demonstrated that CdO/SiO2 has the highest efficiency in monoterpene-to-p-cymene dehydroisomerization among the catalysts reported so far, to the best of our knowledge. A wide range of cyclic monoterpenes is studied in this work; these include not only α-pinene and limonene, which are well documented as the feedstocks for p-cymene synthesis, but also β-pinene, α-terpinene, γ-terpinene, and terpinolene. The latter are often missing from the literature but are important components of industrial turpentine feedstocks. It is demonstrated that all these monoterpenes can be converted to p-cymene with excellent yields of 91–100% using CdO/SiO2 as the catalyst.
2. Experimental
Monoterpenes α-pinene (>98%), 1S-(-)-β-pinene (99%), R-(+)-limonene (>97), terpinolene (>85%), α-terpinene (85%), and γ-terpinene (>97%) were purchased from Sigma–Aldrich and used as supplied without further purification. Hereinafter, 1S-(-)-β-pinene and R-(+)-limonene are referred to as β-pinene and limonene for short. Cd(NO3)2·4H2O was also from Sigma–Aldrich.  Aerosil 300 silica support (SBET ≈ 300 m2g-1) was from Degussa. 
CdO/SiO2 catalysts (5–30 wt% CdO loading) were prepared by wet impregnation of Aerosil 300 with Cd(NO3)2 from an aqueous solution. The catalysts were calcined in air at 400 or 500 oC for 2 h (5 oC min-1 ramp rate) to decompose Cd(II) nitrate to CdO to afford CdO/SiO2 catalysts as white powders. The catalysts were crushed to 45–140 µm particle size. From ICP–OES analysis, CdO loadings were close to the expected nominal loadings within ±1 wt%. Bulk cadmium oxide was prepared by air calcination of Cd(NO3)2·4H2O at 400 oC for 2 h with a temperature ramp rate of 5 oC min-1 to afford CdO as a black powder. Information about the catalysts prepared is given in Table 1. Cadmium is a very toxic metal. It has a variety of toxic effects including nephrotoxicity, carcinogenicity, teratogenicity and endocrine and reproductive toxicities [44]. The preparation and handling of CdO catalysts must be carried out with great care, especially at high temperatures, using appropriate personal protective equipment.
The characterization techniques (BET, XRD, TGA, H2-TPR, ICP–OES, DRIFT spectroscopy, and GC–MS) have been described elsewhere [40]; the details are given in the Supporting Information.
[bookmark: _Hlk55989199]The dehydroisomerization of monoterpenes was carried out at 200–400 oC and atmospheric pressure in a continuous flow fixed-bed quartz reactor with online GC analysis, as described previously [40]. The details of catalyst testing and product analysis are presented in the Supporting Information. Fig. S1 illustrates the GC analysis of products.

3. Results and discussion
3.1. Catalyst characterization
The CdO/SiO2 catalysts were prepared by wet impregnation of Cd(NO3)2 onto Aerosil 300 silica from an aqueous solution followed by air calcination at 400 or 500 oC. Upon calcination, cadmium nitrate decomposed to form CdO on the silica surface. Bulk CdO was prepared by thermal decomposition of Cd(NO3)2·4H2O at 400 oC [45]. As can be seen from the TGA trace (Fig. 1), the thermal decomposition of Cd(NO3)2·4H2O occurs in several steps including the loss of two H2O molecules at ~100 oC and the other two at 200 oC followed by the decomposition of Cd(NO3)2 to CdO starting at ~400 oC and finishing at 500 oC, with no weight loss upon further heating at least up to 700 oC.  These results are in good agreement with the previous report [45]. The formation of bulk CdO upon Cd(NO3)2·4H2O decomposition at 400 oC (air calcination at 400 oC, 5 oC min-1, 2 h) was confirmed by XRD (Fig. 2). The bulk CdO thus obtained was a crystalline material with a face-centered (fcc) structure and an average particle size of 156 nm. The XRD pattern of CdO is in perfect agreement with the literature data (JCPDS card no. 65-2908), with reflections at 33.0o (111), 38.3o (200), 55.3o (220), 65.9o (311), and 69.3o (222). No characteristic peaks for any impurities were detected, confirming that the CdO obtained was phase pure. CdO sample obtained by air calcination at 500 oC/2 h had the same XRD pattern. In contrast to the crystalline bulk CdO, the CdO/SiO2 catalysts were all amorphous (Fig. 2). Therefore, the XRD data indicates that cadmium oxide had a fine dispersion on the surface of silica.
From the BET analysis, CdO/SiO2 catalysts exhibited adsorption/desorption isotherms characteristic of mesoporous materials with an H1 hysteresis loop typical of amorphous silica (Fig. S2). Bulk CdO prepared by calcining Cd(NO3)2·4H2O at 400 oC had a low surface area of 0.35 m2g-1 and a tiny pore volume. Both the surface area and pore volume of CdO increased after calcination at 500 oC to 15 m2g-1 and 0.069 cm3g-1, respectively. As expected, supported CdO/SiO2 catalysts had a much larger total surface area; the surface area and pore volume decreased with increasing CdO loading. Similar to the bulk CdO, the surface area and porosity of CdO/SiO2 increased with increasing the calcination temperature from 400 to 500 oC (see the data for 10%CdO/SiO2 in Table 1).
[bookmark: _Hlk119332733]H2-TPR was performed on fresh 10%CdO/SiO2 calcined at 500 oC to assess the possibility of CdO reduction during terpene dehydroisomerization, which, along with p-cymene, produced hydrogen (less than 0.5% in the gas flow at 200–400 oC under our reaction conditions). As seen from the H2-TPR trace (Fig. 3), CdO in this catalyst was reduced to Cd metal at 477 oC (see the details in the Supporting Information). Additionally, TGA of bulk CdO calcined at 500 oC was performed under a mixed H2–N2 (5:95) flow (Fig. 1). The TGA shows that CdO was reduced to metal above 450 oC; the Cd metal formed (m.p. 321 oC) evaporated, with a 66% weight loss to 700 oC (only a 12% weight loss expected if CdO reduced without Cd metal evaporation). These results rule out CdO reduction during the dehydroisomerization reaction as in most cases it was carried out at 200–325 oC, with less than 0.5% H2 produced in the gas stream.
From the DRIFT spectroscopy of adsorbed pyridine, CdO/SiO2 catalysts exhibited a strong band at 1450 cm-1 (Fig. 4) indicating the presence of Lewis acid sites [46]. The band at 1540 cm-1 characteristic of Brønsted acid sites [46] was hardly seen at all. We were unable to obtain good DRIFT spectra for pyridine adsorbed on bulk CdO due to its very low surface area (Table 1). DRIFT spectrum for anhydrous Cd(NO3)2, prepared by calcining Cd(NO3)2·4H2O at 300 oC displays only Lewis acid sites (Fig. 4). These results show that the CdO catalysts possess Lewis acidity, lacking Brønsted acid sites capable of protonating pyridine.
From TGA, the CdO/SiO2 catalysts exhibited a weight loss of 3.0–6.6% upon heating from 25 to 700 oC (Table 1, Fig. S3), which can be attributed to the loss of physisorbed and chemically bound water. About half of this water was lost above 100 oC, which points to the existence of silanol groups in the catalysts. This is also supported by DRIFT spectroscopy. Fig. 5 presents the DRIFT spectra of Aerosil 300 silica and CdO/SiO2 catalysts in the region of the OH stretch of silanol groups. These spectra are similar to those for ZnO/SiO2 catalysts reported previously [40]. In the DRIFT spectrum of the neat silica, the strong band at 3744 cm-1 is assigned to the free terminal silanol groups. The bands at 3600–3700 cm-1 are attributed to the hydrogen-bonded vicinal silanols. The broad band at 3100–3600 cm-1 is assigned to silanol nests; the latter include different silanol groups linked by extended hydrogen bonding [47–49]. In CdO/SiO2 catalysts, the free terminal silanol groups and silanol nests are present, whereas the hydrogen-bonded vicinal silanols are less visible, similar to ZnO/SiO2 catalysts reported previously [40]. Despite being weak Brønsted acid sites, the silanol groups can readily isomerize α-pinene and limonene at 300 oC [17, 32]. 

[bookmark: _Hlk83377328]3.2. Dehydroisomerization of α-pinene
Table 2 shows the results of the initial testing of CdO/SiO2 catalysts calcined at 400 oC in α-pinene dehydroisomerization (250 oC, weight hourly space velocity WHSV = 0.08 h-1, 4 h time on stream (TOS)). At such conditions, CdO/SiO2 catalysts exhibited high activity, with p-cymene selectivity of 70–75%. α-Pinene conversion reached >98% within 1 h TOS and further increased to 100% (Fig. 6). The formation of hydrogen in the reaction was confirmed by GC-TCD (see GC trace in Fig. S4). CdO loading in the range of 5–30 wt% had a small effect on catalyst performance. Nevertheless, 10%CdO/SiO2 exhibited a better performance among these catalysts, giving 75% p-cymene selectivity at 100% conversion. As can be seen from Fig. 6, this catalyst gave stable p-cymene selectivity for over 4 h TOS. There was an initial increase in α-pinene conversion before reaching a steady state (Fig. 6); this may be due to catalyst coking which could provide extra adsorption sites for α-pinene and hence enhance its conversion. 10%CdO/SiO2 calcined at 500 oC gave a higher p-cymene selectivity, 77%, compared to the catalyst calcined at 400 oC (Table 2). Although the difference in selectivity is within experimental error (≤ 5%), this trend was observed at different contact times, with a 2–3% difference in p-cymene selectivity (Fig. S5), hence appearing statistically significant. The better performance of 10%CdO/SiO2 calcined at 500 oC can be attributed to a structural change of CdO on the silica surface. As seen from the data in Table 1, the texture of bulk CdO changed greatly upon increasing the calcination temperature from 400 to 500 oC, thus indicating a significant structural change. 
Bulk CdO hardly showed any activity at all (Table 2), which can be attributed to its very low surface area (Table 1) as well as to the lack of Brønsted acidity (see above). Pure silica support in the absence of CdO showed high isomerization activity (97% α-pinene conversion, Table 2), mainly producing limonene, camphene, and other p-menthadiene isomers (referred to as “other”) together with some cracking products (referred to as “lights”). Notably, no formation of p-cymene was observed on pure SiO2, which is not unexpected because silica lacks the dehydrogenation function. p-Cymene was formed only in the presence of CdO, which is known to possess the dehydrogenation function [43]. These results are consistent with the mechanism [17,40] involving a fast step of α-pinene isomerization to p-menthadienes on acid sites (silanol groups of silica) followed by a slow step of dehydrogenation of p-menthadienes to p-cymene on oxo-metal sites of cadmium oxide (Scheme 1). 
Fig. S6 shows a long-term test (25 h TOS) for α-pinene dehydroisomerization over 10%CdO/SiO2 calcined at 500 oC. After 25 h on stream at 250 oC and WHSV = 0.013 h-1, the selectivity to p-cymene only slightly reduced from 78 to 74%. This could be attributed to catalyst coking. After the reaction, the initially white 10%CdO/SiO2 catalyst became grey; 0.5% of carbon deposition was found in the post-reaction catalyst by combustion elemental analysis. The catalyst could be regenerated in situ by the air flow at 400 oC for 3 h, which reduced coke deposition to 0.1% and restored catalyst activity (Fig. S7). XRD analysis of spent 10–30% CdO/SiO2 catalysts after α-pinene dehydroisomerization (250 oC, WHSV = 0.08 h-1, 4 h TOS) is shown in Fig. S8. The spent catalysts are amorphous; their diffractograms are similar to those for the corresponding fresh catalysts (Fig. 2). No reflections of Cd metal phase (JCPDS 03–065–3363) can be seen in these diffractograms. 
Fig. 7 shows the effect of reaction temperature on p-cymene selectivity in the presence of 10%CdO/SiO2 calcined at 500 oC; the temperature was varied from 200–375 oC at WHSV = 0.08 h-1. The conversion of α-pinene was 100% within this temperature range. The selectivity to p-cymene increases with the temperature reaching 82% at 325 oC and then declines as the temperature is further increased. The latter can be explained by catalyst coking.
Fig. 8 shows the effect of contact time, (WHSV)-1, on p-cymene selectivity at the optimum temperature of 325 oC in the presence of 10%CdO/SiO2 calcined at 500 oC. The contact time was varied by changing the flow rate from 5–20 ml min-1 and the amount of catalyst from 0.2–0.8 g. Under such conditions, α-pinene conversion was 100%. The results show that the selectivity increases steadily with the contact time, as expected for a consecutive reaction (Scheme 1), reaching 91% (91% p-cymene yield) at a contact time of 100 h (WHSV = 0.01 h-1). From these results, the CdO/SiO2 catalyst outperforms the ZnO/SiO2 catalyst reported previously [40]; the latter provides 90% p-cymene yield at the same WHSV but at a significantly higher reaction temperature of 370 oC.


3.3. Dehydroisomerization of β-pinene
Dehydroisomerization of β-pinene is less well studied as compared to α-pinene. The two pinene isomers have similar structures differing only in the position of the C=C double bond. The dehydroisomerization of β-pinene is likely to occur via a mechanism similar to that for the reaction of α-pinene, involving the isomerization of β-pinene to p-menthadienes through pinanyl cation intermediate followed by dehydrogenation to form p-cymene (Scheme 3).


Scheme 3. Dehydroisomerization of β-pinene to p-cymene.

The dehydroisomerization of β-pinene was studied in the presence of 10%CdO/SiO2 catalyst calcined at 500 oC, which showed the best performance in the reaction of α-pinene (see above). Table 3 shows representative results at different reaction temperatures 200–400 oC. The data for the reaction with 20%CdO/SiO2 calcined at 400 oC is also included for comparison with other monoterpenes studied (see section 3.6 below). As seen, in the whole temperature range, β-pinene conversion on 10%CdO/SiO2 was 99–100%. The reaction had stable product selectivity for over 4 h TOS (Fig. 9). The selectivity to p-cymene increases with increasing reaction temperature reaching a maximum of 88% at 375 oC and then declines at higher temperatures. Fig. 10 displays the effect of temperature on p-cymene selectivity in more detail, with the maximum selectivity at 375 oC. The main by-products were camphene and lights; the amount of camphene decreased whereas the amount of the lights increased with increasing temperature (Table 3).
The selectivity to p-cymene was found to increase with increasing the contact time, (WHSV)-1 (Fig. 11), similar to the reaction of α-pinene. The contact time was varied at the optimum temperature of 375 oC by changing the flow rate from 5–20 ml min-1, the catalyst amount from 0.2–0.8 g, and the β-pinene partial pressure from 0.36–0.66 kPa. As can be seen, p-cymene selectivity levels off at contact times >40 h, reaching 95% at 100% β-pinene conversion. Therefore, the dehydroisomerization of β-pinene over CdO/SiO2 gives 95% p-cymene yield at 375 oC and WHSV = 0.02 h-1, which is higher than the p-cymene yield obtained from α-pinene (91% at 325 oC), although achieved at a higher temperature. 

3.4. Dehydroisomerization of limonene
Dehydroisomerization of limonene to p-cymene occurs easier than that of α-pinene because it does not involve C–C bond breaking during the reaction (Scheme 2) and generally gives a higher p-cymene yield compared to the reaction of α-pinene [17,32,40]. In the limonene dehydroisomerization, CdO/SiO2 calcined at 400 oC was found to be a highly efficient catalyst, providing 100% p-cymene yield at 250 oC.
Table 4 shows the effect of CdO loading (10–30%) on limonene conversion and p-cymene selectivity for the reaction at two temperatures of 225 and 250 oC and a space velocity WHSV = 0.08 h-1. It can be seen that under such conditions the reaction occurs with 97–100% limonene conversion and 97–100% p-cymene selectivity. β-Pinene was the only byproduct observed in this reaction. The loading of CdO had a small effect on the performance of CdO/SiO2 catalysts. Among these catalysts, 20%CdO/SiO2 and 30%CdO/SiO2 exhibited a higher efficiency, providing 100% selectivity to p-cymene at 100% limonene conversion (100% p-cymene yield) at 250 oC. This differs from the reaction of α-pinene and β-pinene, where the optimal CdO loading was 10 wt% (Table 2). This result can be attributed to the lower temperature for the reaction of limonene (250 oC) as compared to the reactions of α-pinene and β-pinene (325–375 oC). The lower reaction temperature necessitates a higher loading of the dehydrogenation component, cadmium oxide, for the limonene-to-p-cymene dehydroisomerization. Similar results have been reported for ZnO/SiO2 catalyst [40].
Fig. 12 shows the effect of temperature on the performance of 20%CdO/SiO2 and 30%CdO/SiO2 in the temperature range of 200–300 oC at WHSV = 0.08 h-1. For both catalysts, the selectivity to p-cymene steadily grows with increasing the temperature to reach 100% at 250 oC, with limonene conversion being 100% within the entire temperature range. This confirms that the optimum temperature for the limonene-to-p-cymene conversion is 250 oC. These results are fully consistent with the view that the dehydroisomerization of limonene occurs through the rate-limiting step of p-menthadiene dehydrogenation (Scheme 2).
The contact time was optimized for 20%CdO/SiO2 catalyst; these results are presented in Fig. S9 and Fig. S10 in the Supporting Information. The p-cymene yield increased with increasing the contact time, (WHSV)-1, to reach 100% at contact times ≥12 h corresponding to WHSV ≤ 0.08 h-1. At optimum conditions (250 oC, WHSV = 0.08 h-1), the 20%CdO/SiO2 catalyst exhibited very stable performance for 24 h TOS (Fig. S11). Limonene conversion only slightly reduced from 100% to 97% in 24 h TOS, with an average conversion and p-cymene selectivity being 99.1% and 99.2%, respectively. 
Finally, in limonene dehydroisomerization, 20%CdO/SiO2 catalyst outperforms ZnO/SiO2 catalyst reported previously [40]. ZnO/SiO2 provides 100% p-cymene yield at 325 oC and WHSV = 0.08 h-1, whereas CdO/SiO2 gives 100% yield at the same WHSV but at a significantly lower reaction temperature of 250 oC.

[bookmark: _Hlk106108908]3.5. Dehydroisomerization of α-terpinene, γ-terpinene, and terpinolene
	There is little data on the dehydroisomerization of the above monoterpenes in the literature. Since their framework is the same as that of limonene, differing only in the position of C=C double bonds, they can be expected to undergo an easy dehydroisomerization similar to limonene (Scheme 2).
	The dehydroisomerization of α-terpinene, γ-terpinene, and terpinolene was studied using 20%CdO/SiO2 catalyst calcined at 400 oC, which gave the best performance in the reaction of limonene (see above). Table 5 shows the results for these substrates at 250 oC and WHSV = 0.08 h-1. The results for limonene are also included for comparison. As expected, all these monoterpenes exhibit similar dehydrogenation activities with 99–100% p-cymene yield under such conditions. The time courses for α-terpinene, γ-terpinene, and terpinolene are shown in Fig. S12, S13, and S14, respectively. In all cases, an average monoterpene conversion is 100% within 1–4 h TOS, with a stable p-cymene selectivity at ≥99% for at least 4 h TOS. β-Pinene was the only by-product observed (≤1%).
Fig. 13 shows the effect of reaction temperature on p-cymene yield in dehydroisomerization of α-terpinene, γ-terpinene, and terpinolene in the temperature range of 175–400 oC at a space velocity WHSV = 0.08 h-1. It can be seen that α-terpinene and γ-terpinene reach 100% yield already at 200 oC, whereas for terpinolene this yield is reached at 275 oC and remains at this level at least up to 400 oC. However, at a longer contact time, WHSV = 0.04 h-1, terpinolene gives a 100% p-cymene yield at a lower temperature of 250 oC (Fig. S15).
Therefore, not only α-pinene and limonene, which are well documented as the feedstocks for p-cymene synthesis, but also β-pinene, α-terpinene, γ-terpinene, and terpinolene that are important components of industrial turpentine feedstocks can be converted to p-cymene with excellent yields using CdO/SiO2 as the catalyst.
Industrial turpentine streams are often contaminated with sulfur compounds [17]. It has been shown that sulfur can poison Pd catalysts during crude sulfate turpentine dehydroasomerization [17]. In contrast to Pd catalysts, CdO/SiO2 may be expected to be tolerant to sulfur impurities because silica-supported metal sulfides, such as ZnS, CuS, CoS, etc., have been found to perform significantly better in alkane dehydrogenation than their corresponding oxides [50]. However, the tolerance of CdO/SiO2 catalysts to sulfur impurities is an open research issue.

3.6. Reaction mechanism
	It is suggested that the mechanism of dehydroisomerization of monoterpenes to p-cymene on bifunctional catalysts involves two steps: fast isomerization of monoterpene reactant on Brønsted acid sites to form p-menthadiene intermediates followed by their slow dehydrogenation on metal or oxo-metal sites to p-cymene [17,25,32,40]. The mechanism of the first step is well documented in the literature. It is presented in Scheme 1. In the case of Pd/SiO2 [17,32] and ZnO/SiO2 [40] catalysts, this step has been shown to occur on the silanol groups of silica support possessing mild Brønsted acidity. This is also the case for the CdO/SiO2 catalyst, as demonstrated by the data in Table 2. This data shows that α-pinene isomerization to p-menthadienes proceeds in the presence of silica alone with almost 100% conversion at 250 oC, whereas CdO alone, lacking Brønsted acidity, exhibits no isomerization activity. On the other hand, silica, lacking dehydrogenation ability, is incapable to dehydrogenate p-menthadienes to p-cymene, which occurs efficiently on CdO.
A proposed mechanism for the dehydrogenation step on oxo-metal sites of CdO/SiO2 catalyst is shown in Scheme 4 for the dehydrogenation of α-terpinene. The dehydrogenation is suggested to proceed through the abstraction of allylic hydrogen from the substrate by the oxo-Cd(II) site followed by the elimination of another hydrogen atom to form p-cymene π-bonded to Cd(II). Then, the elimination of the p-cymene molecule and H2 closes the catalytic cycle. This mechanism is based on knowledge about the mechanism of hydrocarbon dehydrogenation on metal oxides [51].



Scheme 4. Proposed mechanism of monoterpene dehydrogenation on oxo-metal sites of CdO/SiO2 catalyst.

The bicyclic monoterpenes, such as α-pinene and β-pinene, are less reactive than the monocyclic ones, such as limonene, α-terpinene, γ-terpinene, and terpinolene, since the latter do not require C–C bond breaking to form p-cymene. The bicyclic monoterpenes give 91–95% p-cymene yields at 325–375 oC, whereas the monocyclic ones give a 100% yield at 200–250 oC. The monoterpenes can be ranked more accurately in their reactivity by comparing p-cymene selectivity at 100% conversion under the same reaction conditions (250 oC, 20%CdO/SiO2, WHSV = 0.08 h-1): β-pinene (66%) < α-pinene (73%) < terpinolene (99%) ≤ limonene, α-terpinene, γ-terpinene (100%). The importance of these results is twofold: (i) all these monoterpenes give p-cymene with excellent yields on CdO/SiO2; and (ii) the results support the bifunctional reaction mechanism. It should be noted that ranking the reactivity of monoterpenes by measuring differential rates or conversions is not possible because monoterpene conversion is determined by the fast isomerization step (~100% above 200 oC), and practically no p-cymene is formed at low conversions.

4. Conclusions
In summary, CdO/SiO2 is a new highly efficient noble-metal-free catalyst for the green synthesis of p-cymene by the dehydroisomerization of cyclic monoterpenes (α-pinene, β-pinene, limonene, α-terpinene, γ-terpinene, and terpinolene). In the α-pinene-to-p-cymene reaction, this catalyst provides 91% p-cymene yield at 100% α-pinene conversion at 325 oC and WHSV = 0.01 h-1. The CdO/SiO2 catalyst surpasses Pd/SiO2 [17], Pd-Zn/Al-SBA-15 [24], bulk Zn(II)–Cr(III) mixed oxide [25], and ZnO/SiO2 [40], which provide either lower p-cymene yields (Pd catalysts) or operate at a higher temperature (ZnO/SiO2 at 370 oC) or both (Zn-Cr oxide). Moreover, the Pd catalysts require continuous hydrogen supply to prevent catalyst deactivation [17,24]. The noble-metal-free CdO/SiO2 catalyst does not require any hydrogen supply and it can be regenerated by air. The dehydroisomerization of β-pinene over CdO/SiO2 gives 95% p-cymene yield at 375 oC and WHSV = 0.02 h-1, which is higher than the p-cymene yield obtained from α-pinene, although achieved at a higher temperature. The dehydroisomerization of limonene is much more feasible than that of α-pinene and β-pinene. The CdO/SiO2 catalyst outperforms the best catalysts for the gas-phase limonene-to-p-cymene dehydroisomerization reported so far. Thus, Pd/SiO2 provides a 99% yield of p-cymene at 300 oC and requires hydrogen supply to prevent catalyst deactivation [32]. ZnO/SiO2 catalyst gives 100% p-cymene yield at 325 oC and WHSV = 0.08 h-1. In contrast, the 20%CdO/SiO2 catalyst gives 100% p-cymene yield at 250 oC and the same space velocity. α-Terpinene, γ-terpinene, and terpinolene readily undergo dehydroisomerization over CdO/SiO2 similar to limonene with 100% p-cymene yield at 200–250 oC and WHSV = 0.04–0.08 h-1. The most abundant monoterpenes, such as α-pinene and limonene, and industrial waste turpentine streams, such as the crude sulfate turpentine, containing a mixture of common p-menthadienes, are the renewable feedstocks for the sustainable production of p-cymene. The new CdO/SiO2 catalyst is promising for the sustainable synthesis of p-cymene from renewable terpene feedstocks.
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Table 1 
Information about catalysts.
	Catalyst a
	SBET b
m2 g-1
	Pore volume c
cm3 g-1
	Pore size d
[bookmark: _Hlk56070601]Å
	Weight loss e
wt%

	CdO
	0.35
	0.00013
	15
	1.0

	CdO f
	15
	0.069
	185
	0.2

	5%CdO/SiO2
	250
	1.05
	167
	3.0

	10%CdO/SiO2
	208
	0.86
	156
	6.5

	10%CdO/SiO2 f
	230
	1.04
	180
	4.0

	20%CdO/SiO2
	172
	0.89
	207
	6.6

	30%CdO/SiO2
	126
	0.74
	235
	4.2


a Catalysts calcined in air at 400 oC unless stated otherwise. b BET surface area. c Single point total pore volume. d Average pore diameter by BET method. e From TGA in the temperature range of 25–700 oC. f Catalysts calcined in air at 500 oC.

Table 2 
Dehydroisomerization of α-pinene to p-cymene over CdO/SiO2.a 
	Catalyst
	Conversion % b
	Selectivity %mol b

	
	
	Lights
	Camphene
	Limonene
	p-Cymene
	Other

	SiO2
	97
	25
	21
	16
	0
	38

	CdO c
	1
	0
	0
	0
	0
	1

	5%CdO/SiO2 c
	100
	8
	15
	0
	75
	2

	10%CdO/SiO2 c
	100
	8
	15
	0
	75
	2

	10%CdO/SiO2 d
	100
	9
	13
	0
	77
	1

	20%CdO/SiO2 c
	100
	9
	17
	0
	73
	1

	30%CdO/SiO2 c
	100
	9
	19
	0
	70
	2


a 0.20 g catalyst, 250 °C, 0.48 kPa α-pinene partial pressure, 10 ml min-1 flow rate, 4 h TOS, WHSV = 0.08 h-1. b Average conversion and product selectivity within 1–4 h TOS. c The catalysts calcined at 400 oC. d 10%CdO/SiO2 calcined at 500 oC.




Table 3 
Effect of temperature on β-pinene dehydroisomerization over 10%CdO/SiO2.a 
	Temp. oC
	Conv.b  %
	Selectivity %mol b

	
	
	Lights
	α-Pinene
	Camphene
	α-Terpinene
	ρ-Cymene
	γ-Terpinene
	Terpinolene

	200
	99
	6
	1
	24
	10
	52
	3
	4

	225
	100
	5
	1
	20
	6
	63
	2
	3

	250
	100
	7
	0
	14
	1
	78
	0
	0

	250c
	100
	8
	2
	22
	3
	66
	0
	0

	275
	100
	8
	0
	12
	0
	80
	0
	0

	300
	100
	9
	0
	9
	0
	82
	0
	0

	325
	100
	9
	0
	8
	0
	83
	0
	0

	350
	100
	8
	0
	7
	0
	85
	0
	0

	375
	100
	8
	0
	4
	0
	88
	0
	0

	400
	100
	9
	0
	4
	0
	86
	1
	0


a 0.20 g 10%CdO/SiO2 catalyst calcined at 500 oC, 0.47 kPa β-pinene partial pressure, 10 ml min-1 flow rate, WHSV = 0.08 h-1. b Average conversion and product selectivity within 1–4 h TOS. c 20%CdO/SiO2 catalyst calcined at 400 oC.

Table 4 
Dehydroisomerization of limonene to p-cymene over CdO/SiO2.a
	Catalyst b
	Temperature
	Conversion c
%
	Selectivity %mol c

	
	oC
	
	β-Pinene
	p-Cymene

	10%CdO/SiO2
	225
	98
	3
	97

	10%CdO/SiO2
	250
	100
	1
	99

	20%CdO/SiO2
	225
	100
	2
	98

	20%CdO/SiO2
	250
	100
	0
	100

	30%CdO/SiO2
	225
	97
	2
	98

	30%CdO/SiO2
	250
	100
	0
	100


a 0.20 g catalyst, 10 ml min-1 flow rate, 0.47 kPa limonene partial pressure, WHSV = 0.08 h-1, 4 h TOS. b The catalysts calcined at 400 oC. c Average conversion and product selectivity over 1–4 h TOS.



Table 5
Dehydroisomerization of monoterpenes to p-cymene over 20%CdO/SiO2.a
	Monoterpene
	Conversion % b

	Selectivity %mol b

	
	
	β-Pinene
	p-Cymene

	Limonene
	100
	0
	100

	α-Terpinene
	100
	0
	100

	γ-Terpinene
	100
	0
	100

	Terpinolene
	100
	1
	99


a 0.20 g 20%CdO/SiO2 catalyst calcined at 400 oC, 250 oC reaction temperature, 10 ml min-1 flow rate, 0.47 kPa monoterpene partial pressure, WHSV = 0.08 h-1, 4 h TOS. b Average conversion and product selectivity over 1–4 h TOS.


Figure captions
Fig. 1. TGA of Cd(NO3)2·4H2O in air flow, 10 oC min-1 (1); and TGA of CdO calcined at 500 oC, in H2–N2 (5:95) flow, 20 oC min-1 (2).
Fig. 2. Powder XRD (CuKα) for bulk CdO (1), 5%CdO/SiO2 (2), 10%CdO/SiO2 (3), 20%CdO/SiO2 (4) and 30%CdO/SiO2 (5); all catalysts calcined at 400 oC.
Fig. 3. H2-TPR of 10%CdO/SiO2 (40 mg) calcined at 500 oC in H2–N2 (5:95) flow (40 ml min-1), 20 oC min-1.
Fig. 4. DRIFT spectra of adsorbed pyridine (powdered KBr mixtures versus KBr): anhydrous Cd(NO3)2 calcined at 300 oC (1), Aerosil 300 silica (2), 5%CdO/SiO2 (3), and 10%CdO/SiO2 (4).
Fig. 5. DRIFT spectra of SiO2 (1), 5%CdO/SiO2 (2), 10%CdO/SiO2 (3), 20%CdO/SiO2 (4), and 30%CdO/SiO2 (5) calcined at 400 oC (powdered KBr mixtures versus KBr).
Fig. 6. Time course for α-pinene dehydroisomerization over 10%CdO/SiO2 calcined at 400 oC: 0.20 g catalyst, 250 oC, 0.48 kPa α-pinene partial pressure, 10 ml min-1 flow rate, WHSV = 0.08 h-1.
Fig. 7. Effect of temperature on α-pinene dehydroisomerization over 10%CdO/SiO2 calcined at 500 oC: 0.20 g catalyst, 0.48 kPa α-pinene partial pressure, 10 ml min-1 flow rate, WHSV = 0.08 h-1.
Fig. 8. α-Pinene conversion and p-cymene selectivity for 10%CdO/SiO2 calcined at 500 oC at different contact times (325 °C, 0.48 kPa α-pinene partial pressure, 4 h TOS); the contact time varied by changing flow rate (5–20 ml min-1) and catalyst amount (0.2–0.8 g).
Fig. 9. Time course for β-pinene dehydroisomerization over 10%CdO/SiO2 calcined at 500 oC: 0.20 g catalyst, 375 oC, 0.47 kPa β-pinene partial pressure, 10 ml min-1 flow rate, WHSV = 0.08 h-1.
Fig. 10. Effect of temperature on β-pinene dehydroisomerization over 10%CdO/SiO2 calcined at 500 oC: 0.20 g catalyst, 0.47 kPa α-pinene partial pressure, 10 ml min-1 flow rate, WHSV = 0.08 h-1.
Fig. 11. Plot of β-pinene conversion and p-cymene selectivity over 10%CdO/SiO2 calcined at 500 oC versus contact time at 375 oC; the contact time varied by changing flow rate (5–20 ml min-1), catalyst amount (0.2–0.8 g) and β-pinene partial pressure (0.36–0.66 kPa).
Fig. 12. Effect of temperature on limonene dehydroisomerization over 20%CdO/SiO2 and 30%CdO/SiO2: 0.20 g catalyst, 0.47 kPa limonene partial pressure, 10 ml min-1 flow rate, 4 h TOS, WHSV = 0.08 h-1; 100% limonene conversion in all cases.
Fig. 13. Effect of temperature on p-cymene yield in monoterpene dehydroisomerization over 20%CdO/SiO2 calcined at 400 oC: 0.20 g catalyst, 0.47 kPa monoterpene partial pressure, 10 ml min-1 flow rate, 4 h TOS, WHSV = 0.08 h-1.
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Fig. 1. TGA of Cd(NO3)2·4H2O in air flow, 10 oC min-1 (1); and TGA of CdO calcined at 500 oC, in H2–N2 (5:95) flow, 20 oC min-1 (2).


Fig. 2. Powder XRD (CuKα) for bulk CdO (1), 5%CdO/SiO2 (2), 10%CdO/SiO2 (3), 20%CdO/SiO2 (4) and 30%CdO/SiO2 (5); all catalysts calcined at 400 oC.


Fig. 3. H2-TPR of 10%CdO/SiO2 (40 mg) calcined at 500 oC in H2–N2 (5:95) flow (40 ml min-1), 20 oC min-1.
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Fig. 4. DRIFT spectra of adsorbed pyridine (powdered KBr mixtures versus KBr): anhydrous Cd(NO3)2 calcined at 300 oC (1), Aerosil 300 silica (2), 5%CdO/SiO2 (3), and 10%CdO/SiO2 (4).
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Fig. 5. DRIFT spectra of SiO2 (1), 5%CdO/SiO2 (2), 10%CdO/SiO2 (3), 20%CdO/SiO2 (4), and 30%CdO/SiO2 (5) calcined at 400 oC (powdered KBr mixtures versus KBr).



Fig. 6. Time course for α-pinene dehydroisomerization over 10%CdO/SiO2 calcined at 400 oC: 0.20 g catalyst, 250 oC, 0.48 kPa α-pinene partial pressure, 10 ml min-1 flow rate, WHSV = 0.08 h-1.

Fig. 7. Effect of temperature on α-pinene dehydroisomerization over 10%CdO/SiO2 calcined at 500 oC: 0.20 g catalyst, 0.48 kPa α-pinene partial pressure, 10 ml min-1 flow rate, WHSV = 0.08 h-1.


Fig. 8. α-Pinene conversion and p-cymene selectivity for 10%CdO/SiO2 calcined at 500 oC at different contact times (325 °C, 0.48 kPa α-pinene partial pressure, 4 h TOS); the contact time varied by changing flow rate (5–20 ml min-1) and catalyst amount (0.2–0.8 g).


Fig. 9. Time course for β-pinene dehydroisomerization over 10%CdO/SiO2 calcined at 500 oC: 0.20 g catalyst, 375 oC, 0.47 kPa β-pinene partial pressure, 10 ml min-1 flow rate, WHSV = 0.08 h-1.

Fig. 10. Effect of temperature on β-pinene dehydroisomerization over 10%CdO/SiO2 calcined at 500 oC: 0.20 g catalyst, 0.47 kPa α-pinene partial pressure, 10 ml min-1 flow rate, WHSV = 0.08 h-1.


Fig. 11. Plot of β-pinene conversion and p-cymene selectivity over 10%CdO/SiO2 calcined at 500 oC versus contact time at 375 oC; the contact time varied by changing flow rate (5–20 ml min-1), catalyst amount (0.2–0.8 g) and β-pinene partial pressure (0.36–0.66 kPa).

Fig. 12. Effect of temperature on limonene dehydroisomerization over 20%CdO/SiO2 and 30%CdO/SiO2: 0.20 g catalyst, 0.47 kPa limonene partial pressure, 10 ml min-1 flow rate, 4 h TOS, WHSV = 0.08 h-1; 100% limonene conversion in all cases.
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Intensity (a.u.)


477 oC

37.846415069999992	37.920309369999998	37.989240620000004	38.058282160000005	38.122360650000005	38.181476090000004	38.24555457999999	38.299706969999988	38.358932699999997	38.403269280000004	38.472200529999995	38.516537110000002	38.560983980000003	38.615136369999988	38.664435999999995	38.713735629999988	38.748146109999993	38.777814120000002	38.812224599999993	38.846745370000008	38.881266140000008	38.915786909999994	38.945344629999994	38.979865399999994	39.004460070000007	39.029054739999992	39.053759700000001	39.07835437	39.103059329999994	39.127654000000007	39.14739591	39.171990579999999	39.191732489999993	39.2114744	39.226253259999993	39.231106019999999	39.255810979999993	39.265626789999985	39.285368700000006	39.30511061	39.309963369999991	39.33466833	39.33466833	39.354299949999998	39.359262999999999	39.383967960000007	39.383967960000007	39.393783769999999	39.398746819999985	39.408562630000006	39.413525679999992	39.423341489999984	39.423341489999984	39.428304539999999	39.433157300000005	39.438120349999991	39.433157300000005	39.433157300000005	39.438120349999991	39.433157300000005	39.433157300000005	39.433157300000005	39.447936159999998	39.457862259999999	39.457862259999999	39.46271501999999	39.507161889999992	39.610613909999998	39.78310746999999	40.108352679999982	40.556791820000001	41.182687569999999	42.010524310000008	43.00600184999999	44.144415229999993	45.430617210000008	46.800639590000003	48.210035500000004	49.678657139999999	51.147168489999999	52.591085169999985	54.010407179999987	55.400061179999994	56.740525840000004	58.046469729999998	59.332671709999985	60.599242070000003	61.85588632999999	63.127309449999998	64.418474479999986	65.719455319999994	67.050104169999983	68.385605780000006	69.750665109999986	71.105798339999993	72.485746819999989	73.870437769999995	75.245423199999991	76.630224439999992	78.019878439999999	79.404679680000001	80.799296729999995	82.213655689999996	83.637940749999999	85.062115519999992	86.501069149999992	87.930206969999986	89.374123650000001	90.818040330000002	92.257104249999998	93.701020929999999	95.154753419999992	96.583891239999986	98.032770970000001	99.496429559999996	100.95016204999999	102.43356255	103.91685276000001	105.41006907000002	106.90824842999999	108.41128054999999	109.91927572	111.43212364999999	112.94508187	114.46289284999997	115.96107221	117.47888318999998	118.98191531000001	120.49487352999998	122.00286869999999	123.52564273000002	125.05337981	126.57119078999997	128.08900177000001	129.61177579999998	131.14932869	132.68688158	134.23425028	135.77676621999998	137.30946634999998	138.82727733000002	140.35490411999999	141.86289929	143.37089445999999	144.87888963	146.37706898999997	147.88991691999999	149.39305932999997	150.88616535	152.39416051999999	153.91693454999998	155.45448743999998	157.01178224	158.56907704	160.13618764999998	161.69833521000001	163.26555611000001	164.82770367000001	166.39481427999999	167.96688793999999	169.52418273999999	171.09614610999998	172.67814587000001	174.26488809999998	175.84192480999999	177.44355618999998	179.04518757	180.64681895000001	182.25330309	183.87467637999998	185.50586547999998	187.14201763	188.77805949	190.41421163999999	192.05521654999998	193.69633174999998	195.33733665999998	196.97834157	198.62430952999998	200.27027748999998	201.92120850000001	203.57699226999998	205.23288633000001	206.90344895999999	208.57897463999998	210.24468450999998	211.92517323999999	213.63025663999997	215.33048728	217.03557068000001	218.74065407999998	220.45566357999999	222.16074697999997	223.85105151999997	225.55624521000001	227.25636555999998	228.94667009999998	230.65186378999996	232.34702108999997	234.06699363999999	235.76711399000001	237.49193929999998	239.21676461000001	240.95140573	242.69100989999995	244.43557711999998	246.18510739000001	247.91974851000001	249.65935268000001	251.39895684999996	253.14837682999999	254.90275985999997	256.65229012999998	258.41648896999993	260.17087200000003	261.94499694000001	263.69937997	265.46854185999996	267.22292488999994	268.99208678000002	270.73665399999993	272.49600008000004	274.27012502000002	276.04413966999994	277.82322766000004	279.61698421999995	281.41085107000004	283.22434954000005	285.03299525	286.86127257999999	288.68954990999998	290.50315866999995	292.31169408999995	294.10059789000002	295.88950168999997	297.66362662999995	299.44260432999999	301.21672926999997	303.00563307000004	304.80435267999997	306.60803534000001	308.41657076000001	310.24495837999996	312.06341989999999	313.90151304000005	315.74953227999993	317.57295684999997	319.40619722999998	321.23943760999998	323.06771493999997	324.88121340999999	326.70463797999992	328.53291531000002	330.36130292999997	332.20932216999995	334.06219417	335.92499227000008	337.78790065999999	339.64573570999994	341.49871800000005	343.33195837999995	345.18979343000001	347.02799686000003	348.86608999999999	350.71410923999997	352.57205457999999	354.42503686999999	356.28783496999995	358.15548582999998	360.02324697999995	361.88604507999992	363.76362203999997	365.63634623999997	367.52373900999999	369.39646320999998	371.29378208000003	373.19595371000003	375.09823562999998	377.00040725999997	378.88791032000006	380.75070842000002	382.62332232999995	384.48612043000003	386.34406577000004	388.20190081999999	390.04495700999996	391.89793929999996	393.73614272999998	395.58416196999997	397.40758654000001	399.22108500999991	401.03954653000005	402.83826613999997	404.66169071000002	406.48996804000001	408.32320842000001	410.13670689000003	411.96013145999996	413.76866687999996	415.57731259000002	417.38099525000007	419.19449371999997	421.01295524	422.83637981000004	424.66465714000003	426.47815560999993	428.28183826999998	430.09048397999993	431.90398244999994	433.71251787000006	435.51134776999993	437.34458815000005	439.17286548000004	440.99132699999996	442.80482546999997	444.60354508	446.38748582999995	448.16657382000005	449.96033037999996	451.75419722999993	453.52832217000002	455.31226291999997	457.08142481000004	458.85058670000001	460.63452744999995	462.43324705999999	464.23692972000003	466.05539123999995	467.86888971000008	469.67753542000003	471.47140227	473.27497463999998	475.07865729999992	476.87252415	478.65150184999993	480.43058983999993	482.21453058999998	483.99350828999991	485.78737513999999	487.54175816999998	489.31092005999994	491.08504499999992	492.86898574999998	494.64807373999997	496.4270514399999	498.20613943000001	499.98511712999994	501.7542790199999	503.52344090999998	505.27782393999996	507.04698582999993	508.82607382000003	510.61001456999998	512.40388141999995	514.21241683999995	515.99635758999989	517.76066672000002	519.52982860999998	521.29402744999993	523.07311544000004	524.83235122999997	526.57195539999998	528.33130147999998	530.09064755999987	531.85484639999993	533.59445056999994	535.34398083999997	537.1229585399999	538.89708347999999	540.69580309000003	542.48966993999989	544.26864764000004	546.03780953	547.79715561	549.56631749999997	551.33062662999998	553.12438319	554.92310280000004	556.74156431999995	558.53046812000002	560.29963000999999	562.03923417999988	563.77883835	565.50366365999992	567.24326783000004	568.99279809999996	570.73725503000003	572.47685919999992	574.21161060999987	575.95121477999999	577.70063475999996	579.43527587999995	581.18480614999999	582.93422612999996	584.67383029999996	586.39865560999999	588.12348092000002	589.83352736999996	591.56331572999989	593.31273570999997	595.09667645999991	596.86098558999993	598.60058975999993	600.35982554999998	602.10439277	603.86373885	605.59837996999988	607.32320528000002	608.95439437999994	609.65418442999999	608.94943132999992	607.12115399999993	604.49448735999999	601.30115069999988	31.724699999999999	31.773900000000001	31.787299999999998	31.796199999999999	31.8141	31.827500000000001	31.849799999999998	31.858799999999999	31.8811	31.894500000000001	31.907900000000001	31.930199999999999	31.916799999999999	31.9392	31.9436	31.9526	31.979399999999998	31.970500000000001	31.979399999999998	32.0017	31.997299999999999	31.966000000000001	31.988299999999999	31.992799999999999	32.0017	31.907900000000001	31.756	31.782800000000002	31.8185	31.8766	31.836400000000001	31.921299999999999	31.8856	31.899000000000001	31.899000000000001	31.8811	31.8766	31.872199999999999	31.840900000000001	31.840900000000001	31.8811	31.89	31.907900000000001	31.899000000000001	32.0062	32.095599999999997	32.0777	32.1	32.086599999999997	32.1	32.104500000000002	32.104500000000002	32.104500000000002	32.104500000000002	32.059800000000003	31.988299999999999	31.992799999999999	32.0062	32.0017	31.988299999999999	32.0062	31.983899999999998	31.992799999999999	31.988299999999999	31.988299999999999	31.992799999999999	31.974900000000002	31.961500000000001	31.773900000000001	31.6934	31.6219	31.796199999999999	31.934699999999999	31.858799999999999	31.706800000000001	31.635300000000001	31.639800000000001	31.501300000000001	31.519200000000001	31.4879	31.4834	31.505800000000001	31.510200000000001	31.505800000000001	31.505800000000001	31.4834	31.671099999999999	31.697900000000001	31.68	31.742599999999999	31.791699999999999	31.791699999999999	31.738099999999999	31.6175	31.577300000000001	31.545999999999999	31.532599999999999	31.523599999999998	31.501300000000001	31.505800000000001	31.5504	31.4879	31.465499999999999	31.47	31.47	31.47	31.461099999999998	31.452100000000002	31.447700000000001	31.4343	31.407499999999999	31.4298	31.4253	31.411899999999999	31.4343	31.4253	31.4298	31.4298	31.4343	31.447700000000001	31.452100000000002	31.4343	31.4298	31.478899999999999	31.4924	31.532599999999999	31.5594	31.572800000000001	31.5594	31.568300000000001	31.5549	31.478899999999999	31.380600000000001	31.286799999999999	31.286799999999999	31.277899999999999	31.2287	31.224299999999999	31.224299999999999	31.242100000000001	31.255500000000001	31.255500000000001	31.255500000000001	31.268899999999999	31.255500000000001	31.26	31.251100000000001	31.242100000000001	31.26	31.264500000000002	31.277899999999999	31.246600000000001	31.143799999999999	31.139399999999998	31.143799999999999	31.1617	31.1572	31.1617	31.1572	31.1617	31.251100000000001	31.3628	31.3672	31.371700000000001	31.380600000000001	31.389600000000002	31.389600000000002	31.3672	31.385100000000001	31.371700000000001	31.394100000000002	31.411899999999999	31.411899999999999	31.402999999999999	31.407499999999999	31.411899999999999	31.402999999999999	31.407499999999999	31.411899999999999	31.411899999999999	31.4253	31.4343	31.443200000000001	31.438700000000001	31.456600000000002	31.501300000000001	31.697900000000001	31.769400000000001	31.787299999999998	31.791699999999999	31.8141	31.791699999999999	31.778300000000002	31.787299999999998	31.8141	31.827500000000001	31.827500000000001	31.863199999999999	31.827500000000001	31.823	31.840900000000001	31.831900000000001	31.863199999999999	31.849799999999998	31.858799999999999	31.872199999999999	31.8856	31.89	31.916799999999999	31.934699999999999	31.934699999999999	31.9481	31.970500000000001	31.979399999999998	31.974900000000002	31.988299999999999	31.983899999999998	31.849799999999998	31.863199999999999	31.8811	31.8811	31.89	31.9392	31.9436	31.961500000000001	32.104500000000002	32.171500000000002	32.278799999999997	32.372599999999998	32.3279	32.305599999999998	32.341299999999997	32.345799999999997	32.363700000000001	32.3994	32.457500000000003	32.4754	32.520099999999999	32.515599999999999	32.529000000000003	32.573700000000002	32.595999999999997	32.640700000000002	32.671999999999997	32.689900000000002	32.734499999999997	32.774700000000003	32.7971	32.837299999999999	32.873100000000001	32.926699999999997	33.007100000000001	33.0518	33.091999999999999	33.141100000000002	33.181399999999996	33.261800000000001	33.3065	33.360100000000003	33.431600000000003	33.485199999999999	33.538800000000002	33.583500000000001	33.650500000000001	33.7042	33.713099999999997	33.722000000000001	33.744399999999999	33.744399999999999	33.7712	33.744399999999999	33.731000000000002	33.605800000000002	33.601399999999998	33.583500000000001	33.601399999999998	33.623699999999999	33.641599999999997	33.686300000000003	33.865000000000002	33.896299999999997	33.918599999999998	33.936500000000002	33.958799999999997	33.990099999999998	34.048200000000001	34.0929	34.137599999999999	34.177799999999998	34.240299999999998	34.293999999999997	34.3386	34.405700000000003	34.445900000000002	34.508400000000002	34.579900000000002	34.651400000000002	34.704999999999998	34.785499999999999	34.839100000000002	34.932899999999997	35.004399999999997	35.080399999999997	35.187600000000003	35.285899999999998	35.3887	35.478099999999998	35.571899999999999	35.755099999999999	35.898099999999999	35.9696	36.072299999999998	36.188499999999998	36.313600000000001	36.4253	36.536999999999999	36.648699999999998	36.756	36.849800000000002	36.934699999999999	37.033000000000001	37.113399999999999	37.193899999999999	37.269799999999996	37.341299999999997	37.412799999999997	37.435200000000002	37.493200000000002	37.555799999999998	37.600499999999997	37.618400000000001	37.640700000000002	37.676400000000001	37.689900000000002	37.671999999999997	37.627299999999998	37.591500000000003	37.529000000000003	37.462000000000003	37.372599999999998	37.243000000000002	37.059800000000003	36.796199999999999	36.635300000000001	36.487900000000003	36.295699999999997	36.125999999999998	35.947200000000002	35.732700000000001	35.513800000000003	35.397599999999997	35.303800000000003	35.169699999999999	34.946300000000001	34.758699999999997	34.584400000000002	34.4146	34.262700000000002	34.133099999999999	34.003500000000003	33.851599999999998	33.708599999999997	33.588000000000001	33.467300000000002	33.360100000000003	33.239400000000003	33.145600000000002	33.038400000000003	32.917700000000004	32.837299999999999	32.747900000000001	32.662999999999997	32.618400000000001	32.5379	32.493200000000002	32.444099999999999	32.3994	32.377099999999999	32.354700000000001	32.323500000000003	32.301099999999998	32.269799999999996	32.234099999999998	32.220700000000001	32.234099999999998	32.193899999999999	32.167099999999998	32.140300000000003	32.135800000000003	32.122399999999999	32.091099999999997	32.0822	32.055399999999999	32.050899999999999	32.064300000000003	32.059800000000003	32.050899999999999	32.046399999999998	32.046399999999998	32.046399999999998	32.033000000000001	32.015099999999997	31.988299999999999	31.979399999999998	31.957100000000001	31.957100000000001	31.966000000000001	31.9436	31.925799999999999	31.934699999999999	31.930199999999999	31.907900000000001	31.867699999999999	31.863199999999999	Temperature (oC)


Intensity (a.u.)



Conversion	0	19.000000000000014	39.000000000000021	58.99999999999995	79.000000000000043	99.000000000000043	118.99999999999997	139.00000000000006	159	178.99999999999991	199	219.00000000000011	239.00000000000003	258.99999999999994	90.50773276809548	97.972890296792784	98.80861881275429	99.103061763557434	99.240733484391583	100	100	100	100	100	100.00000000000001	100	100	p-Cymene	0	19.000000000000014	39.000000000000021	58.99999999999995	79.000000000000043	99.000000000000043	118.99999999999997	139.00000000000006	159	178.99999999999991	199	219.00000000000011	239.00000000000003	258.99999999999994	70.754952239485633	75.251866448336159	75.387759121571705	74.781847890327128	75.318447646405815	74.701194095516357	74.630721519762588	75.656818803409266	74.689997839706194	74.548469549420133	74.773458378011981	74.982814412420566	75.107481877558925	Camphene	0	19.000000000000014	39.000000000000021	58.99999999999995	79.000000000000043	99.000000000000043	118.99999999999997	139.00000000000006	159	178.99999999999991	199	219.00000000000011	239.00000000000003	258.99999999999994	18.937233684986605	14.863589686658711	14.203678172238908	13.819776806925242	13.685523650388548	13.939951153201834	13.865829282823052	13.822917073660825	13.900950529271981	13.899744396797566	13.896960369800375	13.818330175656264	13.646070007004116	Lights	0	19.000000000000014	39.000000000000021	58.99999999999995	79.000000000000043	99.000000000000043	118.99999999999997	139.00000000000006	159	178.99999999999991	199	219.00000000000011	239.00000000000003	258.99999999999994	7.9951426310025893	8.1575587688379461	8.6870353045447821	9.7012503911093599	9.3388420293669956	9.611425412744163	9.7596418847817734	8.8206565118135281	9.6597537265068052	9.7097530577325255	9.6689242120351775	9.5289192920096806	9.5882376388722808	Other	0	19.000000000000014	39.000000000000021	58.99999999999995	79.000000000000043	99.000000000000043	118.99999999999997	139.00000000000006	159	178.99999999999991	199	219.00000000000011	239.00000000000003	258.99999999999994	2.3126714445251593	1.7269850961671895	1.7215274016445909	1.6971249116382556	1.6571866738386534	1.7474293385376418	1.743807312632581	1.6996076111163827	1.7492979045150141	1.8420329960497688	1.6606570401524536	1.6699361199134852	1.6582104765646799	Time (min)


Conversion & Selectivity (%)




Conversion	200	225	250	275	300	325	350	375	100	100	100	100	100	100	100	100	p-Cymene	200	225	250	275	300	325	350	375	35	70	77	79	80	82	76	70	Temperature (oC)


Conversion & Selectivity (%)




Conversion	6	12	24	36	49	73	98	100	100	100	100	100	100	100	p-Cymene	6	12	24	36	49	73	98	69	83	86	87	89	88	91	(WHSV)-1 (h)

Conversion & Selectivity (%)



Conversion	0	20.000000000000089	40.000000000000014	60.000000000000028	80.000000000000114	100.00000000000004	119.99999999999997	140.00000000000006	159	179.00000000000009	199	219.00000000000011	239.00000000000003	258.99999999999994	80.706696576068992	97.182527264930528	98.887390771827626	98.854081036378233	98.782002010287954	98.806074971468689	98.728110952431166	98.72188139059304	98.622506805126378	98.661218812483696	98.571207010197355	98.518703289745091	98.510303252794387	p-Cymene	0	20.000000000000089	40.000000000000014	60.000000000000028	80.000000000000114	100.00000000000004	119.99999999999997	140.00000000000006	159	179.00000000000009	199	219.00000000000011	239.00000000000003	258.99999999999994	86.070412824269596	90.511854219338844	87.912945731593084	87.699629295661751	87.621954869216481	87.698306925317155	87.263848707842257	88.430083151754403	88.141519904919988	88.159504997992968	88.035205034910007	87.840956675008997	87.725681334523244	Lights	0	20.000000000000089	40.000000000000014	60.000000000000028	80.000000000000114	100.00000000000004	119.99999999999997	140.00000000000006	159	179.00000000000009	199	219.00000000000011	239.00000000000003	258.99999999999994	8.7850174761333406	6.693091338965961	8.3080311654092771	8.2234789584715795	8.1465933502828207	8.1975048527590015	8.23612854993147	7.1892966006868075	7.2730090767308271	7.3236933360379419	7.3717575898569274	7.2846411405217157	7.3315879471746959	Camphene	0	20.000000000000089	40.000000000000014	60.000000000000028	80.000000000000114	100.00000000000004	119.99999999999997	140.00000000000006	159	179.00000000000009	199	219.00000000000011	239.00000000000003	258.99999999999994	3.0444712574334227	2.6010113056337354	3.685547159599492	3.9815649734495535	4.1310029728058097	4.0051335209042902	4.393918800846552	4.2875428705431737	4.4838864933355582	4.4174229741240056	4.4861834988691118	4.764872576420065	4.8318606635349957	Time (min)


Conversion & Selectivity (%)




Conversion	200	225	250	275	300	325	350	375	400	99	100	100	100	100	100	100	99	99	p-Cymene	200	225	250	275	300	325	350	375	400	52	63	78	80	82	83	85	88	86	Temperature (oC)


Conversion & Selectivity (%)




Conversion	6	12	24	36	49	73	98	33	18	Conversion	6	12	24	36	49	73	98	33	18	99	99	99	100	100	100	100	100	100	p-Cymene	6	12	24	36	49	73	98	33	18	86	88	91	93	95	94	94	95	88	(WHSV)-1 (h)


Conversion & Selectivity (%)




20%CdO/SiO2	200	225	250	275	300	92	98	100	100	100	30%CdO/SiO2	200	225	250	275	300	87	98	100	100	100	Temperature (oC)


p-Cymene selectivity (%)




Terpinolene	200	225	250	275	300	325	350	375	400	80.099999999999994	97.02	99	100	100	100	100	100	100	alpha-Terpinene	175	200	225	250	84.28	100	100	100	gamma-Terpinene	175	200	225	250	300	91.2	100	100	100	100	Temperature (oC)


p-Cymene yield (%)
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