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Abstract 

A potential industrial process is profitable only if it is successfully implemented by the 

continuously developing chemical industry.  Throughout last decades heterogeneous catalysis 

has opened doors to the creation of various know-how products which previously were 

considered unfeasible. Moreover, the use of heterogeneous catalysts allows improving existing 

processes to shift towards more ecological and cost efficient practices. In particular, polymer or 

fuel compounds could be eco-friendly produced from wood extractives, as an alternative to the 

conventional oil resources. This goal becomes even more attractive in light of the upcoming 

peak-oil [1].  

In the Nordic pulping industry turpentine is widely available as a tonnage by-product. 

Despite its interesting properties and promising application possibilities this fraction is 

commonly burned in the recovery boilers for energy. Although the chemical composition of 

turpentine depends strongly on the specific pulping process, α-pinene is the predominant 

compound and as such most studied. The general message of this thesis is the successful 

implementation of the heterogeneous catalysts in one-pot value-added upgrading of crude 

turpentine and specific terpenes, particularly α-pinene. Concepts allowing the production of 

fragrances, resins, plastics and pharmaceutical compounds are presented in the current study. 

Both commercial (Amberlyst 70) and self-prepared (Me/Al-SBA-15 or TiO2) catalysts were 

studied in several reactions including: acetoxylation, isomerization, dehydroisomerisation and 

oxidation. Both commercially purified α-pinene and crude thermo-mechanical turpentine were 

used as raw materials in the catalytic one-pot synthesis of value-added compounds. 

The experiments were performed in both batch and continuous reactor systems depending 

on the studied reaction. Successful results were obtained in case of several reactions. As an 

example, upon acetoxylation of α-pinene valuable fragrances – α-terpinyl and bornyl acetates – 

were produced with yields of 35 and 40 wt-%, respectively. Furthermore, in the 

dehydroisomerisation reaction of α-pinene, a yield of around 80 wt-% of an important fragrance, 

solvent and plastics precursor, ρ-cymene, was obtained. In the last case, thermo-mechanical 

turpentine was also successfully utilized. Still, some α-pinene oxidation tests leading to α-pinene 

oxide and verbenone fragrances were also carried out. Upon this study, further oxidation of ρ-

cymene lead to the formation of ρ-methyl-acetophenone, a product essential for perfumery, 

pharmaceutical and pesticide industry as well as a potent polymer precursor. In addition, 

isomerization reactions were performed. Additionally, the catalytic materials were thoroughly 

characterized and analyzed. 
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This thesis also contains information on kinetic experiments and modeling. The reaction 

network upon acetoxylation and dehydroisomerisation reactions was studied. The behavior of 

systems was described in a satisfactory manner with a good degree of explanation. 
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Introduction 

A modern biorefinery faces serious challenges in terms of reducing its environmental 

impacts. Although largely of biological origin, one needs to reduce the emissions of CH4, CO2, 

N2O and other greenhouse gases having their origin in the processes operated. By the year 2012 

the global increase in these greenhouse gases (GHG) had reached 151, 40 and 20%, respectively 

[1]. Still, petrochemical industry is one of the largest energy-consuming and GHG generating 

manufacturing sectors [2]. On the other hand, the worldwide depletion of petrochemicals and 

related products is a well-known fact.  Moreover, the processing cost of ‘green’ renewables costs 

are overestimated since the common synthesis processes are traditionally tuned for the 

processing of petrochemicals [3]. 

Obviously, emerging research is to apply heterogeneous catalysis to transform various 

biorefinery (side-) streams. Particularly, terpene feed-stocks are highly available from pulping as 

well as from orange juice production [4-6]. Approximately 350 000 ton of turpentine is produced 

annually worldwide [7-8]. Commonly, these fractions are burned in the recovery boilers 

although they could be effectively utilized in other processes on site [9]. 

α-Pinene and turpentine substrates 

The chemical composition, purity and production capacity of pulping turpentine are 

highly depending on the pulping process employed. Upon chemical pulping, in case of the 

sulfate process (Kraft, alkaline), crude turpentine is condensed from the digester vapors in 

amounts around 2-16 Kg/ton of pulp. In those cases, when the sulfite process (acidic) is applied, 

turpentine is skimmed from pulping liquor, neutralized with NaOH and distilled. As a result 

roughly 0.3-1.0 Kg of turpentine is produced per ton of pulp [9-10]. Also, via direct steaming of 

chopped tree trunks minor amounts of the superior purity wood turpentine can be produced [11]. 

Mechanical pulping methods also provide high purity turpentine via steam-distillation in the 

amounts around 0.3 Kg/ton of pulp [9, 12]. The chemical compositions for various types of 

turpentine are depicted in Figure 1. 
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Figure 1. Chemical components (wt-%) of various turpentines by countries [9-10, 12-13, 

14-16] 

 

As can be seen in Figure 1, the chemical composition of turpentine varies strongly not 

only in accordance with the selected pulping process, but also with the wood species and 

biomass growth region [10]. More of β-pinene is contained in Kraft turpentine form USA, while 

the opposite situation is observed in case of sulfate turpentine originated from Swedish mills. ρ-

Cymene is the main component of sulfite turpentine [9-10, 14-15]. Also, a strong variation in the 

content of 3-carene, limonene and camphene is characteristic. Still, α-pinene is the main 

turpentine compound for the nowadays predominant sulfate processes and was thus primarily 

investigated upon the catalytic experiments. 

Sulfur from the cooking chemicals is remaining in the turpentine mainly as the three 

following species: dimethyl sulfide, dimethyldisulfide and methylmercaptane. Contamination 
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with sulfur complicates further use and catalytic upgrading of turpentine, since it causes serious 

deterioration of active sites of particularly noble metal catalysts [10, 13, 17-18]. Thus, the 

development of an efficient desulphurization technique is required. Various fractionation, 

absorption, hypochlorite and metal treatments are recommended [19-20]. Catalytic 

hydrodesulphurization is also a promising technique, successfully demonstrated by two groups 

[21-22]. Purified turpentine founds limited application as a solvent for dyes and varnishes or as a 

5-20 wt-% fuel blend due to its advantageous volumetric heat of combustion [12, 16, 23]. 

Literature overview 

Isomerization of pinenes occurs irreversibly as a pre-step in case of most reactions 

studied (acetoxylation, dehydroisomerization, dimerization etc.) [4, 15, 23-26]. This reaction 

allows for obtaining monocyclic (α- and γ-terpinenes, limonene, terpinolene etc.), bicyclic 

(camphene) and tricyclic (tricyclene) compounds [27]. In particular, camphene and limonene are 

among most valuable products. Camphene is directly utilized as a fragrance and as a solvent for 

varnishes [15]. Furthermore, camphene is a precursor to camphor - compound used in 

insecticides, plastics and explosives [11, 15, 28-29]. Conventional synthesis of camphor involves 

homogeneous catalysis with TiO2/H2SO4 and, as most homogeneous processes, is related with 

equipment corrosion, environmental pollution and separation difficulties [11, 15, 28]. In 

comparison with camphene, limonene is of less value and is demanded to some extent in 

pharmaceutical industry, resin synthesis and perfumery industry [15, 30-32]. Orange juice 

production is the additional source of limonene [4, 6]. Other isomerization products are today 

mainly considered as waste products but still of calorific value and can be burned. 

Heterogeneously catalyzed isomerization of α-pinene was studied extensively during the 

last decades. Akgul et al. and Simakova et al. maximized yields of camphene up to 61 and 66 

wt-% using Fe exchanged clinoptilolite and Au/Al2O3 catalysts, respectively [4, 33]. The same 

reaction was also studied previously whereupon the reaction occurred on the ammonium forms 

of ferrierite [11, 32]. Implementing AlCl3/γ-Al2O3 in one pot process Yihui et al. obtained 41 and 

53 wt-% of camphene and limonene, respectively [32]. Alsalme et al. obtained up to 50 wt-% of 

camphene using solid heteropoly acid supported on titania [30]. It is obvious that in many cases 

up to 50 wt-% of limonene is often produced as a by-product. Thus, not unexpected, in our case 

43 wt-% of limonene was obtained upon acetoxylation of α-pinene. Highly acidic commercial 

polymer catalyst – Amberlyst 70 was used [34]. 

Isomerization of α-pinene oxide, which is commonly obtained by the oxidation of α-

pinene, opens up an interesting route towards valuable fragrances – campholenic aldehyde 

(campholenal) and trans-carveol [29, 35-36]. Benzene with ZnCl2 or ZnBr2 is involved in the 



4 
 

environmentally harmful conventional homogeneous process [37]. Hence, the heterogeneously 

catalyzed isomerization of α-pinene oxide interested numerous researches. Various 

heterogeneous catalysts like Fe-H-MCM-41, tungsten containing indenyl complexes, metal-

organic networks, silica supported heteropolyacids and zeolites were successfully applied to 

obtain up to 85 wt-% of campholenic aldehyde [38-42]. Selective isomerization of α-pinene 

oxide to trans-carveol was reported by Costa et al. whereby 72 wt-% yield was obtained using 

heterogeneous sol-gel Ce/SiO2 [36]. 

ρ-Cymene is, perhaps, the most desirable product of terpene dehydrogenation since it 

could be converted to terephthalic acid and ρ-cresol, precursors for polymers and antioxidants [7, 

15, 24, 29, 43-44]. Also, raw ρ-cymene is applicable as a solvent and fragrance [15, 29, 43, 45]. 

An old-fashioned, conventional process includes Friedel–Crafts alkylation of benzene or toluene 

with propene. Considering that this process is carried out as a homogeneous reaction with acids 

as AlCl3 or H2SO4, serious improvements are in need [45]. Furthermore, the product is obtained 

as a mixture of o-, m- and ρ-cymene isomers and further separation is required, thus increasing 

the cost of the products [45]. As mentioned, ρ-cymene is the main compound of tonnage sulfite 

turpentine, however heavy contamination with sulfur complicates its potential utilization. 

Mentioned problems could be omitted via heterogeneous catalytic upgrading of terpenes 

allowing obtaining ρ-cymene with superior purity [6, 25]. To transform the bicyclic structure of 

pinenes, as the isomerization step precedes the actual dehydrogenation, the term 

dehydroisomerisation is more accurate [15-16, 25]. Oppositely, when limonene or terpinene 

substrates are utilized, the only reaction occurring is the dehydrogenation reaction [15, 25, 34]. 

Several studies aimed for ρ-cymene have been previously conducted in both liquid and 

gas phases. In the current study, we maximized the ρ-cymene yield in a flow-through reactor 

reaching good results (80 wt-%). Hereupon the successful application of Pd-Zn/Al-SBA-15 

catalysts resulted in our recent publication [25]. Comparable results were obtained by other two 

groups over dealuminated modernite Y and ZnO/CrO mixed oxides. However, higher 

temperatures and toxic chromium were applied [46-47]. Around 70 wt-% yields could also be 

obtained over silica-supported heteropolyacid and alumina supported palladium [24, 48]. 

Recently, we obtained up to 63 wt-% of ρ-cymene using an AuNi-TiO2/SBA-15 catalyst [49]. In 

fact, while converting limonene, no isomerization step is required and higher yields of ρ-cymene 

are obtained [5-6, 15]. Utilizing limonene, Buhl et al. produced 99 wt-% of the desired product 

over Pd/SiO2 catalyst [5]. Also, Kamitsou et al. succeeded in converting 90 wt-% of limonene to 

ρ-cymene using TiO2 anatase catalyst [6]. 

Oxidation and epoxidation of terpenes is a popular research. Conventional expensive and 

hazardous metallic oxidants should be omitted and heterogeneous catalysts should be developed 
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[50]. Oxidation involves mainly the treatment of the substrate by air or oxygen gas and/or acidic 

catalysts, while peroxides are taking part in the epoxidation process [15, 51-53]. Obviously, 

pinene and limonene substrates were investigated by many authors. Fragrances in high demand – 

verbenone, verbenol and α-pinene oxide are obtained by oxidation of α-pinene [54]. Meanwhile, 

limonene-1,2-epoxide, also a fragrance and surfactant compound, is produced via limonene 

epoxidation [15, 55]. 

If classifying oxidation reactions by the type of final product, successful epoxidations of 

α-pinene to verbenone were previously studied by Romanenko et al. and our group [56-57]. Fe-

pillared montmorillonite and AuCu/TiO2 catalysts, respectively, were used resulting in 84 and 46 

wt-% yields of the desired product [56-57]. Under current study, 50 wt-% of verbenone was also 

obtained in the absence of any catalyst. In addition, oxidations with Ru(III)Saloph-Y and Si-Ti 

gel were studied but the results were not too impressive [4, 58]. Ancel et al. produced 27 wt-% 

of verbenol from α-pinene in a two-step oxidation/reduction reaction over Pd/C [59] whereas α-

Pinene oxide was synthesized by several groups. High yields (from 91 to 97 wt-%) were 

achieved over silica-supported heteropolyacid, Ti-SBA-15 as well as immobilized Co and Mn 

salen complexes [55, 60-62]. Out of the previously mentioned catalysts, Ti-SBA-15 and Mn 

salen complex were also nicely applied in limonene oxidation; limonene-1,2-epoxide was 

obtained with yields reaching 97 and 87 wt-%, respectively [55, 62]. 

Oxidation of ρ-cymene is an alternative and challenging topic of research, which, as 

mentioned, leads to terephthalic acid (TPA) and ρ-cresol. In addition, acetophenone (AP) and ρ-

methyl-acetophenone (PMA) could also be obtained by this reaction and further used as 

perfumery, polymer, pharmaceutical and pesticide industry compounds [63-64]. 

For now, no significant research achievements were demonstrated in terms of this 

reaction when applying heterogeneous catalysis, though many homogeneous methods are 

reported [65-70]. One early study reports the straight oxidation of α-pinene to TPA in a 

heterogeneous flow-through reactor packed with V2O5. However, only 20 wt-% yield was 

obtained [71]. In addition, some by-products were also obtained from ρ-cymene substrate by 

other groups. As an example, Peter Makgwane reported the conversion of ρ-cymene to ρ-cymene 

hydroperoxides – stable intermediates, which could be further utilized to produced TPA or PMA 

[72-73]. Also, Vetrivel and Pandurangan obtained 38 wt-% of PMA over the Mn/MCM-41 

catalyst [64]. Further, in a previous study, 51 wt-% of ρ-isopropylbenzoic acid was obtained by 

Martins et al. whereupon Mn (III) porphyrin complex was used as the catalyst [74]. 

On site hydrogenation, acetoxylation and hydration of terpenes are mainly targeting 

fragrance compounds. Actually, trans- and cis-pinanes are produced via hydrogenation of α- and 

β-pinenes, respectively [75-76]. The reaction was intensively studied and yields from 80 up to 95 
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wt-% were obtained over various catalysts [43, 75, 77-78]. Still, hydrogenation of ρ-cymene 

produces ρ-menthane, which is applicable as a rocket fuel in blends [25, 79-82]. 

Limonene, α- and β-pinenes acetoxylation produces fragrances – α-terpinyl, bornyl, 

fenchyl and verbenyl acetates, which could be utilized  as single compounds or as a mixture [34, 

58, 83-85]. Homogeneous method involves a two stage hydration-acetoxylation reaction 

encompassing treatment with inorganic acids (for example sulfuric or phosphoric acids) and, 

thus should be replaced with an another technology [83-84]. As an alternative, via heterogeneous 

catalysis α-pinene could be effectively transformed to α-terpinyl [84, 86-87] and bornyl [58] 

acetates or a process where limonene was successfully converted to α-terpinyl acetate published 

by Hensen et al. [86]. Two analogous studies were published by our group and are further 

described it the current thesis. α-Terpinyl and bornyl acetates were obtained with yields 

approaching 35 and 40 wt-%, respectively. Highly acidic, commercial ion-exchange resin 

catalyst – Amberlyst 70 was applied [34]. 

The most valuable monocyclic terpene alcohol – α-terpineol is obtained from α-pinene 

and limonene via hydration reaction and is further used in bath products, pharmaceutical and 

perfumery products. α-Terpineol is often formed as a by-product of the acetoxylation reaction 

[15-16, 87-89]. USY and H-beta zeolites were previously applied for α-pinene and limonene 

hydrations [88-90]. 

The dimerization of terpenes is a unique topic and was recently studied by two groups [8, 

23]. Usually, for dimers two units of original olefin are included [91]. The volumetric heat of 

combustion is improved due to the increased density of the original monomeric substrate [92]. In 

fact, volumetric heating values of terpene dimers are comparable with those of some widely used 

tactical fuels which renders the dimerization of terpenes very attractive [92]. 

Consequently, out of the abovementioned reactions, the current thesis presents the results 

of acetoxylation, dehydroisomerisation and oxidation studies of α-pinene and, in some cases, ρ-

cymene and crude turpentine substrates. Further, some results of the side isomerization reaction 

are also reported. 

Catalysis 

As claimed, the isomerization activity of a material strongly depends on the catalyst 

acidity. In fact, Algul et al. observed an increase in the selectivity towards camphene with an 

increase in the amount of Brønsted sites, after Fe
3+

 and Cr
3+

 ions were introduced to the 

framework of their clinoptilolite catalyst [4]. Moreover, Brønsted acid sites dominated in the 

catalytic system where Rachwalik et al. obtained 32 wt-% of camphene over ferrierite catalysts. 

Nevertheless, the selectivity towards limonene was also somewhat stimulated [11]. In both of the 



7 
 

mentioned cases, prolonged time-on-stream (TOS) resulted in stable camphene selectivity if the 

catalyst just remained stable and did not deactivate [4, 11]. Simakova et al. stated that the gold 

sites of their alumina catalysts were active and responsible for the isomerization; meanwhile, 

non-impressive results were obtained over the neat alumina support [33]. In a study by Alsalme 

et al., the titania supported heteropolyacid, H3PW12O40, demonstrated various levels of Brønsted 

and Lewis acidity: pinene substrate was rapidly converted, although rapid deactivation of the 

catalyst also followed. On the contrary, catalysts with moderate acidities resulted in more stable 

performance and improved the camphene selectivity [30]. As observed by Yihui et al. and also 

by our group, high isomerization activity prevailed when highly acidic catalysts like AlCl3/γ-

Al2O3 and Amberlyst 70 were applied [32, 34]. The amount of alumina present was the main 

factor stimulating the acidity for zeolites and other alumosilicate materials [15, 25, 32]. 

Framework and of non-framework Lewis sites promote the synthesis of bicyclic terpenes. 

Simultaneously, the framework Brønsted sites are also responsible for the formation of bicyclics 

[31, 93]. Equally, the acid strength is also important. Precisely, weak acid sites are preferably 

promoting the formation of bicyclic compounds (camphene), while the formation of monocyclics 

(limonene) is favored by stronger acid sites [11, 15, 30]. 

Moderate Brønsted and Lewis acidities, as well as optimal textural properties (porosity, 

morphology) are required in case of the α-pinene oxide isomerization [37, 42, 94]. As an 

example, a representative case was reported by Wilson et al. who with their silica-supported zinc 

triflate catalysts obtained a yield of 69 wt-% of campholenal. Their catalyst demonstrated 

combined strong Lewis acidity with low Brønsted acidity [94]. Similar conclusions were drawn 

by Holderich et al. with H-US-Y zeolite [41]. Further, nearly equal performance was 

demonstrated by Alaerts et al. who’s catalyst with dominant Lewis acidity and no Brønsted sites 

in the metal-organic framework gave excellent yields of campholenal [39]. Nevertheless, the 

minor concentration of Brønsted sites is beneficial for the initial isomerization steps and 

stimulates the conversion. On the other hand, the campholenal yield was suppressed by an 

increase in the Brønsted acidity [42]. Still, moderate Brønsted acidity has a positive influence on 

the yield of trans-carverol [35, 37-38, 41, 95]. Large surface area and pore volume are also 

beneficial characteristics of a tailor-made catalyst for α-pinene oxide isomerization [39, 41-42, 

94]. 

Dehydroisomerisation catalysts should bring some complementary isomerization activity 

to open the internal ring of α-pinene. Meanwhile, the dehydrogenation step is usually metal-

catalyzed [15, 24-25, 36]. Hence, the potential dehydroisomerisation catalyst should at first meet 

similar acidity requirements as in the above mentioned examples. In case of our recent study, the 

dehydrogenation activity was realized by zinc and palladium sites, evenly distributed on the 
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acidic Al-SBA-15 support [25]. Strong dehydrogenation activity of zinc was also demonstrated 

by Al-Wadaani et al. when ZnO/CrO catalyst was used [47].  Presumably, to promote the 

dehydrogenation and decrease the isomerization activity, Lewis acidity of the catalyst should 

dominate over the Brønsted one [47]. 

Mesoporous SBA-15 is a highly stable support material with high surface area and 

relatively large size pores. We used this type of catalyst, at first, in the dehydrogenation reaction 

[43]. As mentioned earlier, several authors recommend Pd and Zn sites for dehydroisomerization 

and dehydrogenation reactions [5, 24, 47]. To exemplify this, while hydrogenating acetylene 

over Pd/Al2O3 catalyst, Chinayon et al. improved the substrate conversion and selectivity 

towards ethylene by modifying their catalyst with zinc [96]. We, on the other hand, studied 

dehydroisomerization reactions over Pd-Zn/Al-SBA-15 and AuNi-TiO2/SBA-15 catalysts. 

As already mentioned, oxidation and epoxidation are, respectively, initiated by oxygen 

gas (or air) or peroxide promoter. Thus, for the potential terpene oxidation process, specific 

characteristic properties of the catalyst are obviously required. Particularly, large pore volume 

and pore size of the catalyst are beneficial in α-pinene oxidation. In fact, when comparing α-

pinene with limonene, the latter molecule is small and if utilized as a substrate could give higher 

yields of epoxide [53, 62]. For the heterogeneously catalyzed oxidation of ρ-cymene authors 

claimed Co, Mn, Br and V as potent active sites [65-71, 97]. 

Titania is commonly applied in photo-catalytic reactions, environmental applications and 

upon preparation of various, more specialized nanomaterials, such as titanium nanowires. These 

materials also provide interesting properties as catalytic supports [98]. As commonly perceived, 

bulk gold is catalytically inactive. However, if small gold nanoparticles or quantum dots are 

distributed on a highly porous surface, it exhibits high activity e.g. in low temperature oxidation 

reactions [57, 99]. We used gold supported on titanium nanowires and the resulting catalyst was 

used to oxidize α-pinene. Respectively, Mn and Co deployed on the same support was utilized in 

the ρ-cymene oxidation reaction. 

As in a case of abovementioned common isomerization reactions, the optimal acidity is 

required in the acetoxylation. The corresponding carbenium ion (Scheme 1) is stabilized in 

accordance with the catalyst acidity and is further acetoxylated. Hence, the specific terpene 

acetate could be obtained [58, 86-96]. 

In the acetoxylation reaction the ion-exchange resin catalyst, Amberlyst 70, was used. 

This low-degree cross-linked chlorinated and sulfonated styrene-divinylbenzene resin is 

characterized by its benefitial thermal stability, low price and low toxicity [100]. Earlier, various 

alkylation, etherification, dehydration and hydrolysis studies involved ion-exchange resin 

catalysts [100]. In particular, Amberlyst 70 was implemented in the esterification reaction of the 
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mixed succinic/acetic acids [101]. In addition, a polystyrene sulfonic acid resin, Amberlyst 15, 

was applied for acetoxylation and esterification of terpenes, though this catalyst demonstrated 

low activity [15, 102]. Also, another common commercial catalyst, Amberlyst 35, has previously 

been tried in isomerization of α-pinene to camphene [28]. 

Reaction networks upon production of terpenoids 

The overall reaction mechanism for the reactions studied is presented in Scheme 1. The 

mechanism is based on cases observed in the literature, our observations and the consecutive 

kinetic modelling [4, 15, 24-25, 30, 58, 83, 86-87, 95, 103-104]. Acetoxylation and 

dehydroisomerization mechanisms are described in detail in the discussion part of the current 

thesis. 
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Scheme 1. Products originating from α-pinene: an overall mechanism [4, 15, 24-25, 30, 

58, 83, 86-87, 96, 104-105]. 

 



11 
 

Evidently, hydrogenation and some oxidation reactions of α-pinene proceed straight-

forward without any cation formation. However, pinyl, terpinyl, bornyl and fenchyl cations are 

formed prior to the actual isomerization. Furthermore, the isomerization steps preceded the 

acetoxylation, hydration and dehydrogenation reactions. Thus, isomerization products could be 

obtained as relatively stable products (camphene, tricyclene, bornylene), or as intermediate 

products (limonene, terpinenes, fenchenes), depending on the reaction conditions. 

For the oxidation reaction, the free radical chain mechanism is commonly accepted [95, 

105]. At first, the solvent is involved in the electron transfer on the metal sites of the catalyst. In 

effect, the alkoxy radical (RO) is formed and takes part in the hydrogen abstraction from carbon 

atoms of α-pinene. In case of the following isomerization, allylic radicals of α-pinene are formed 

and react with oxygen. The nature of the specific metal sites and the stability of the radicals 

formed will further determine the subsequent formation of oxidation products (Scheme 1) [106]. 

In the case of epoxidation of terpenes, the reaction starts with OH addition to the double 

bond on the carbon position 1 or 6 forming peroxy radicals (RO2). Also, in some rare cases, 

straight abstraction of hydrogen occurs. Further, RO2 are decomposed and isomerized to produce 

alkoxy radicals (RO), which are reacted with oxygen in a regular manner (Scheme 2) [54, 106]. 

 

 

Scheme 2. Initial reaction pathways in the α-pinene epoxidation reaction [107].
 

 

Also oxidation of ρ-cymene is described in the literature (Scheme 3). The first stage is 

metal-catalyzed and the hydrogen atom is transferred from the methyl group or isopropyl group 

of ρ-cymene. The reaction is proceeding with the consequent oxidation of the corresponding 

group and decomposition of the formed hydroperoxide to PMA or cumic aldehyde. The bond 
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enthalpy of a methyl group is eight times higher than that of an isopropyl group, thus commonly 

rendering the PMA formation predominant [64, 106]. 

 

Scheme 3. Overall reaction network for the ρ-cymene oxidation [64, 72, 106]. 

 

The influence of reaction parameters 

When studying the factors that influence the final performance of a reaction and the 

selectivity towards desired compounds, one can distinguish temperature, pressure, time, solvent 

type and the presence or absence of a gas or a liquid as the key factors. In this section the 

influence of each and every of these factors for the reactions studied are described. 

The influence of reaction temperature 

Upon isomerization of pinenes the formation of camphene is favored by moderate 

temperatures of around 120°C [24, 47, 92]. Meanwhile, at these temperatures limonene is more 

reactive and undergoes the transformation to various monocyclic terpenes [15]. Hence, 

oligomeric products could form and diminish the selectivity towards the desire product [4, 28, 

83]. The reaction temperature in combination with the catalyst acidity determines the ratio 

between camphene and limonene [4]. In fact, isomerization of α-pinene oxide could be 

performed even at room temperatures due to the high reactivity of this substrate [36-37, 41]. 
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Whether the reaction temperature is low or high, campholenal or trans-carveol can be formed 

[41]. 

Temperature regulation for the dehydrogenation and dehydroisomerization reactions 

depends completely on the reaction set-up available. The temperature range of 300-350°C is 

optimal in case if the reaction is performed in a flow-through reactor [5-6, 24-25, 47, 49]. 

Meanwhile, the range between 150 and 160°C would be beneficial for a batch reactor [46, 48]. In 

principle, the batch operation temperature was in line with temperatures of some of 

abovementioned isomerization studies. Thus, in the batch mode there is a possibility for 

isomerization, which is further followed by rapid dehydrogenation. On the contrary, upon 

continuous operation mode, application of this temperature range could result in mass-transfer 

limitations; hence, higher temperatures are, indeed, to be recommended. 

Elevated temperatures above 100°C are undesirable in case of pinene or limonene 

oxidation [56-57, 59, 60-62, 108-110]. Obviously, the oxidation products formed (verbenol, 

verbenone, α-pinene oxide etc.) are not stable under high temperatures and there is a risk to 

obtain the isomerization products instead. Thus, in oxidation and epoxidation reactions the 

activation energy is decreased by the prevalent gas (oxygen) and liquid (H2O2 and tert-butyl 

hydroperoxide) initiators [53, 60, 62, 108-109]. 

ρ-Cymene molecule is extremely stable in heterogeneously catalyzed oxidations and 

elevated temperatures are required in order to proceed through all intermediate reaction stages 

towards terephthalic acid (Scheme 3) [64, 72, 74]. However, several studies demonstrated the 

possibility to obtain stable intermediate products (4-isopropylbenzoic acid, primary- and 

tertiary-ρ-cymene hydroperoxides) when the reactions were performed at temperatures below 

100°C [56, 72, 74]. 

In short, the temperature range chosen determines the conversion and selectivity obtained 

upon acetoxylation reaction. As the temperature is growing, the selectivity towards α-terpinyl 

acetate is decreased and, simultaneously, α-pinene conversion and selectivity towards bornyl 

acetate is increased [83-84, 111]. Further, α-terpinyl acetate initially formed could to some extent 

decompose to limonene at temperatures exceeding 100°C [83]. 

The influence of reaction pressure 

In terpene upgrading processes, if the reactor is pressurized, carefully adjusted pressures 

are required. Generally, pressure variations have a strong influence on the selectivities towards 

various products. In particular, upon oxidation of α-pinene, elevated pressures could suppress the 

selectivity towards α-pinene oxide or verbenone, whereas at low pressures the conversion that 
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can be achieved is compromised [61]. Selection of an optimal pressure influenced positively also 

in terms of the selectivity towards acetoxylation products [83]. 

The influence of reaction time 

For liquid phase reactions, the terpene stability was a function of the reaction time; the 

longer the contact with the catalyst, the further the reactions proceeded. Upon isomerization 

reactions concentrations of camphene and limonene are commonly increasing with time. Also, 

their stability depends on the type of reaction under consideration [4, 11, 83]. Consequently, 

limonene is less stable and undergoing secondary isomerization reactions which could be caused 

either by the acidity of the catalyst or elevated temperatures [30, 83, 93, 112]. 

The dehydroisomerisation reaction performance in a continuous flow-through reactor 

does not depend on the residence time in the reactor and high productivity could be demonstrated 

due to the large contact area between the substrate and the catalyst [25]. Some previous 

publications demonstrated successful liquid phase dehydroisomerizations benefit from the 

excellent choice of the catalysts; the liquid phase dehydroisomerization is extremely challenging 

due to the easily emerging mass-transfer limitations between the substrate molecules and the 

active metal sites of the catalyst [46, 48]. 

When oxidation and epoxidation of α-pinene is performed, there is a considerably lower 

risk of secondary isomerization reactions since oxidation initiators are involved. The process is 

usually performed at mild conditions. The preferred temperature is commonly below 50°C and 

rarely as high as 100°C. In this case, the processing time and the product distribution depend 

completely on the nature of the catalyst and the initiator selected [55-57, 60-62, 108-110]. 

Similar trends can be observed upon ρ-cymene oxidation. ρ-Cymene molecule is stable and in 

the absence of a catalyst, thermal baking up to 14 h and longer is needed to demonstrate even 

minor amounts of degradation (c.a. 10-15 wt-%) [72]. Hence, the oxidation of ρ-cymene is less 

depended on the residence time and requires careful selection of the catalyst and initiator. 

Acetoxylation, in fact, so far has only been carried out as a liquid-phase reaction and as 

such behaves very similar as isomerizations. Furthermore, the probability for isomerization is 

increased the longer reaction times the acetoxylation reaction is carried out due to the high 

acidity of the reaction phase. Some terpene acetates, like α-terpinyl acetate, are unstable under 

prolonged reaction times or at elevated temperatures. There is a serious threat of decomposition 

and, instead, to form limonene and other isomerization products. Consequently, the optimal 

batch time is crucial when performing acetoxylation reactions [34, 83]. 
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The influence of solvents and initiators 

As mentioned previously, in the case of α-pinene substrate, the tendency towards 

isomerization is strongly influenced by the reaction temperature and the acid strength of the 

catalyst; hence no additional initiation is required. However, in case of α-pinene oxide 

isomerization, the solvent polarity is crucial, in reality determining the selectivity towards trans-

carveol and campholenal. Generally, the higher solvent polarity is responsible for the 

polarization effect and increasing reaction rates [38]. Basic polar solvents, like 

dimethylacetamide, are recommended when trans-carveol is the target molecule. Indeed, selected 

neoteric solvents like ionic liquids and deep eutectics or, even liquid ammonia should be 

interesting to try. Meanwhile, the use of such non-polar solvents like cyclohexane results in the 

formation of campholenic aldehyde [36, 38]. Stekrova et al. proposed that toluene is a good 

solvent in this case and postulated that the catalytic activity was seriously hampered when it was 

replaced with acetonitrile [42]. 

Dehydrogenation reactions are promoted by the presence of hydrogen gas under moderate 

pressure in the system in case if palladium catalysts are applied. Continuous presence of 

hydrogen is required to sustain continuous activation of the palladium throughout the reaction 

and counter-effect its oxidation [24-25]. Nitrogen and helium are commonly applied carrier 

gases if non-palladium containing catalysts are applied [5, 46-47]. 

Evidently, the strongest influence on the product selection is obtained by the choice of the 

promoters, solvent and initiators. This reasoning can be extended to oxidation and peroxidation 

reactions as well. Plenty of authors promote acetonitrile as the optimal solvent for this category 

of reactions. In fact, acetonitrile strongly interacts with the active sites of the catalyst. The strong 

electron withdrawing ability of acetonitrile allows the accessibility of the oxygen species [51, 57, 

108, 110]. Several solvents with small dielectric constants, particularly ethyl acetate or tert-butyl 

alcohol are also to recommend [57]. In the absence of molecular oxygen, a reaction with 

hydrogen peroxide results in lower epoxidation yields [51, 53-54]. Moreover, in comparison with 

atmospheric air, the use of oxygen atmosphere results in better performance [55]. However, 

H2O2 promoter rapidly decomposes and typically also causes catalyst leaching, hence limiting 

the yield of oxidation products [51, 53-54, 108]. In the light of discussion above, tert-butyl 

hydroperoxide (TBHP) can be considered as a more stable and efficient oxidation promoter [53, 

62, 109]. Moreover, also in ρ-cymene oxidation processes, TBHP oxidant can be applied [72]. 

Glacial acetic acid is commonly applied in the acetoxylation reaction as a strong catalyst 

and acetylating agent, thus resulting in high yields of terpene acetates even under homogeneous 

conditions [34]. Nevertheless, it has also been observed that an addition of minor amounts of 
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water to glacial acetic acid boosts the proton abstraction and thus enhances the conversion and 

boosts the selectivity towards terpene acetates [34, 83-84, 87].  
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Materials and methods 

Chemicals 

For each reaction studied commercial analytical grade chemicals and Gas 

Chromatography (GC) standards were used. Particularly, AGA AB provided oxygen, nitrogen, 

and hydrogen gases (purity 99.999%). 

For the acetoxylation reaction, glacial acetic acid (Merck, 99.9 wt-%) and purity acetone 

(Ficher Chemicals, 99.8 wt-%) were purchased from Sigma Aldrich. The GC calibration 

standards, α-pinene, β-pinene, α-terpineol, limonene, γ-terpinene, borneol, bornyl, and α-terpinyl 

acetates (95 % purity) were also purchased from Sigma Aldrich. For the acetoxylation reaction, 

Rohm and Haas AB kindly provided us with the catalyst, Amberlyst 70.  

For the dehydroisomerization reaction, the support, Al/SBA-15, was prepared in-house 

from tetraethyl orthosilicate and the polymeric template Pluoric-123 (poly-(ethylene glycol)-

block-poly(propylene glycol)-block poly(ethylene glycol)-copolymer, EO20–PO70–EO20). These 

chemicals were ordered from Sigma–Aldrich as well (≥99 wt-%). The gold precursor, 

HAuCl3·4H2O, was obtained from ABCR GmbH & Co-KG (99.9 wt-%). All nitrate salts of 

metal precursors were also ordered from Sigma Aldrich. High purity (≥95 wt-%) standards of ρ-

cymene, camphene and ρ-menthene were obtained from Sigma-Aldrich and used as received for 

calibration of the GC and the consecutive qualitative determination in the GC chromatograms. 

Turpentine was kindly provided as a gift from SCA Ortviken. The composition of turpentine was 

ca. 60 wt-% of α-pinene, 20 wt-% of β-pinene, 10 wt-% of limonene and 10 wt-% of other mixed 

terpenes. 

Oxidation reactions of α-pinene and ρ-cymene were performed in acetonitrile and acetic 

acid solutions. ρ-Cymene epoxidation was initiated by the TBHP and hydrogen peroxide. All 

above mentioned chemicals were purchased from Sigma–Aldrich (≥99 wt-%). Ammonium 

metavanadate, CoCl2, CuCl2 and NbCl5 were used as metal precursors during the catalyst 

synthesis and were ordered from Sigma–Aldrich. 

Catalysts for the oxidation reactions: Au/TiO2 (nws), Co/TiO2 (nws), MnCo/TiO2 (nws), 

V/Al-SBA-15, Co/Al-SBA-15, Mn/Al-SBA-15 and MnCo/Al-SBA-15 were prepared in-house 

by the wet-impregnation method (IM). Titanium nanowires were obtained as a gift from the 

Microelectronics and Materials Physics Laboratories of the University of Oulu, Finland. 

 

 



18 
 

Apparatus and general experimental procedures 

Acetoxylation and oxidation reactions of α-pinene were carried out in a high-pressure 

autoclave (PARR Inc. USA) (Figure 2). The laboratory scale autoclave was equipped with a 

mechanical stirrer and a heating jacket.  At first, the reaction mixture and the catalyst were 

loaded in the reactor. The reactor was rapidly heated and pressurized with the gas of choice. In 

order to eliminate any external mass-transfer limitations, stirring at the rate of 1000 min
-1

 was 

applied. 

 

Figure 2. Schematic representation of the Parr reactor set-up. 

 

In case of the acetoxylation reaction, the initial reaction mixture consisted of 0.1 g of the 

catalyst, 5.5 g of α-pinene and 120 mL of acetic acid. The reaction conditions were optimized 

from the temperature range from 75 to 125°C and gas pressures from 5 to 20 bars. The reaction 

time was 10 h. The influence of various gas atmospheres, i.e., of N2, O2, and H2, was studied. 

Glacial, 2.5 and 5 wt-% aqueous acetic acids were applied as solvents. In case of α-pinene 

oxidation, the composition of the reaction mixture was the following: 0.25 g catalyst, 5.5 g of α-

pinene and 90 mL of acetonitrile. The catalytic oxidation was carried out for 24 h, at 90°C and 

10 bar of oxygen 

The dehydroisomerization tests were carried out in a tailor-made flow-through reactor 

consisting of a quartz glass tube equipped with a heating jacket and a reflux condenser (Figure 

3). The reactor operated at atmospheric pressure. The accuracy of the temperature control was 

provided by means of the control unit (CAL 9500P, CAL Controls, +/- 0.1° C). In a typical 

experiment 0.25 g of the catalyst was loaded in the reactor tube. By means of the glass balls and 

glass wool, the catalytic bed was immobilized in the middle of the quartz tube and the tube was 

fitted inside of the heater. On the top of the tube the reactant and gas inlet feed-pipes were 

connected providing top-down flow. At the bottom the tube was connected to a collection flask 

and a reflux condenser coupled to the collection flask. To facilitate catalyst activation and to 

obtain thermal steady-state of the system, the reactor was exposed for 2 h to hydrogen flow at the 
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preset temperature (300°C). This also facilitated the catalyst reduction. Further, a high-pressure 

liquid chromatography pump (HPLC pump) was used to feed the α-pinene substrate 

continuously to the top of the upper section of the reactor tube. A constant hydrogen flow of 10 

mL/min was applied. 

 

Figure 3. Schematic representation of the trickle-bed reactor set-up 

 

The ρ-cymene oxidations were performed in both mentioned set-ups. Additionally, for 

the low temperature reactions we used a conventional glass reactor equipped with a reflux 

condenser and an oil bath. The reaction mixture composed of 5 mL of substrate and 0.25 g of 

catalyst. The amount and type of solvent varied for every specific reaction. 

Product analysis 

The reaction products were analyzed by means of gas chromatography (GC, Agilent 

Technologies, Model No. 7820A). The device was equipped with an HP-PONA capillary column 

(50 m, 0.2 mm I.D., 0.25 μL film thickness) and a Flame Ionization Detector (FID). Nitrogen 

was used as the carrier gas with the flow rate of 1.0 mL/min. The analysis was performed with 

the following temperature program: the injection port and detector temperature were adjusted to 

250°C and the column temperature raised from 70°C up to 230°C. The holding time at the initial 

temperature was 0.5 min and a temperature ramp of 10°C/min was applied. Several high purity 

(≥95 wt-%) terpene standard solutions were applied for the precise GC analysis. Prior to the 

injection to the GC, the standards were diluted in acetone (0.3 mL). Thus, following retention 

times were determined for the corresponding terpenoids: α-pinene (8.63), camphene (8.90), 
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trans-pinane (9.50), ρ-menthene (9.72), m-cymene (10.45), ρ-cymene (10.68), limonene (10.75) 

and γ-terpinene (11.45). By means of GC-MS analysis (Gas Chromatography coupled to Mass 

Spectrometry; Thermo Trace DSQ), a more detailed product analysis and identification was 

obtained. A constant nitrogen flow rate of 1.5 mL/min was applied The temperature of the 

injection and initial oven temperatures of 230°C and 50°C, respectively, were applied. The 

maximum temperature of 300°C was applied with a ramping of 20°C/min after one (1) minute of 

holding time. 

The whole amount of the reacted α-pinene and other reactants in the product mixture was 

a reference to express the concentrations of specific products in wt-%. For the calculation of the 

conversion, product selectivities and yields, respectively, the following formulas were used: 

  ( )   
                ( )                           ( )             

                ( )            
       (1) 

  ( )  
                             

                              
           (2) 

     ( )   ( )  
  

   
         (3) 

In case of the flow-through reactor experiment, weight hourly space velocity (WHSV) 

was expressed in (g/h)/g and calculated by the following formula: 

     
                  

                
         (4) 

Catalyst preparation 

All studied catalysts were in-house prepared at the Technical Chemistry, Department of 

Chemistry, Umeå University. As the only exception, (the acetoxylation catalyst) Amberlyst 70 

was obtained as a gift from the Roam and Haas. 

The Al-SBA-15 support was synthesized following the hydrothermal procedure described 

elsewhere [113]: 

1. Dissolution of 20 g of PEO–PPO–PEO triblock copolymer (P123, 99.0%, Sigma–

Aldrich) in 150 mL of H2O (deionized); 

2. Addition of 600 mL of 2.0 M HCl; 

3. Stirring of the mixture for 3 h, at 40°C; 

4. Addition of 42.5 g of tetraethyl orthosilicate (TEOS, 99.0%, Sigma–Aldrich); 

5. Addition of 1.93 g of AlCl3 (98.0%, Sigma–Aldrich); 

6. Stirring of the mixture for 24 h at 40°C; 

7. Aging of the mixture in an oven for 24 h at 90°C; 

8. Vacuum filtration of the mixture with simultaneous washing with 1L of deionized water 

and then 250 mL of ethanol; 
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9. Drying of the formed Al-SBA-15 support structure at 90°C overnight; 

10. Calcination at 550°C for 6 h. 

The dehydroisomerization catalyst (Pd-Zn/Al-SBA-15) was prepared by means of wet 

impregnation of the previously prepared Al-SBA-15 support with corresponding metal chlorides 

(99.0%, Merck Millipore). The catalyst was prepared with metal loadings of 3 and 5 wt-% and 

metal ratios of 1:1, 1:4, 4:1, 1:0, and 0:1, respectively, on mass basis. The following procedure 

was applied: 

1. Dissolution of the required amounts of PdCl2 and ZnCl2 in HCl (0.1 M in deionized 

water); 

2. Dispersion of the Al-SBA-15 support in H2O (deionized); 

3. Addition of metal precursors and stirring for 5 h at room temperature; 

4. Vacuum evaporation of the mixture; 

5. Drying at 100°C overnight; 

6. Calcination of the catalytic material in a tubular oven (400°C, 3 h, 10 mL/min, synthetic 

air); 

7. Reduction in a tubular oven (300°C, 3 h, 50 mL/min, H2); 

Other dehydroisomerization catalyst, which is described in the current thesis, – Au-Ni-

TiO2/Si-SBA-15 was prepared by a deposition-precipitation method (DP) [30, 49]: 

1. Initially Si-SBA-15 was prepared by the procedure analogous to the abovementioned; 

2. Dispersion of 10 g of the calcined Si-SBA-15 in 200 mL of dry ethanol under constant 

stirring; 

3. Slow addition of titanium isopropoxide diluted with dry ethanol to achieve 20 wt-% of 

TiO2 on SBA-15; 

4. Stirring of the mixture for 5 h at room temperature; 

5. Addition of 100 mL of aqueous ethanol (90% v/v) and stirring for one (1) hour; 

6. Filtration and washing with aqueous ethanol and drying; 

7. Calcination of the obtained TiO2/Si-SBA-15 at 550°C for 5 h; 

8. Dispersion of 1 g of the TiO2/Si-SBA-15 in 50 mL of deionized water containing 4.2 M 

urea under constant stirring; 

9. Addition of the metal precursor dissolved in the deionized water. Concentration of 1.5 

wt-% of Au was combined with 1.5 wt-% concentration of Ni to obtain the total loading 

of 3 wt-%; 

10. Rise of the temperature up to 80°C and stirring for 6 h to enable slow decomposition of 

urea to ammonia. Hence, the pH increment causes the consequent slow precipitation of 

metallic nano-particles; 
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11. Addition of aqueous ammonia and stirring for one (1) hour in order to increase the pH to 

9 and reach the complete precipitation; 

12. Filtration and thorough washing of the obtained catalytic structure with the deionized 

water; 

13. Drying at 90°C overnight; 

14. Calcination at 300°C in the tubular oven in the air flow of 10 mL/min; 

15. Storage in a dark place in a desiccator. 

The catalysts for oxidation reactions were prepared in-house via wet-impregnation 

method in an analogous manner, following the abovementioned procedure. Ammonium meta-

vanadate was utilized as the vanadium precursor. In addition, upon impregnation of Co, Nb and 

Cu, their corresponding chlorides were used. 

Catalyst characterization 

The catalytic materials studied were characterized by means of the following methods: 

Transmission and Scanning Electron Microscopies (TEM and SEM, respectively), nitrogen 

physisorption, acid-base titration, X-ray Diffraction (XRD), Ammonia Temperature-

Programmed Desorption (NH3-TPD), X-ray Photoelectron Spectroscopy (XPS) and Thermo-

gravimetric analysis (TGA). 

Microscopy 

Samples of Amberlyst 70 catalyst taken before and after the acetoxylation reaction were 

analyzed with SEM (Cambridge Stereoscan 360iXP electron microscope). The SEM images are 

produced by scanning a solid sample with a focused beam of high-energy electrons. The 

interaction of these electrons with atoms in the catalyst produces secondary electrons, which are 

then detected to generate a two-dimensional image with potential advantageous resolution of 

more than 1 (one) nanometer. Further, the obtained image reveals the surface topography, 

crystalline structure, orientation and other significant surface properties of the studied catalytic 

material. 

Throughout the dehydroisomerization reaction, for the self-prepared catalysts it was 

desirable to analyze the structures formed and to evaluate the distribution of the active metal 

sites on the catalyst surface. The analysis was carried out with a TEM. This technique is based 

on the irradiation of the thin layer of the sample with an electron beam of uniform density. Due 

to the strong interaction between electrons and atoms of the specimen, the sample must be very 

thin depending on its composition and the resolution selected. High resolutions are provided by 
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this technique. Initially, the specimens were suspended in ethanol. Samples were further drop-

casted on the TEM grid and analyzed using an Energy Filtered Transmission Electron 

Microscopy (EFTEM, Leo 912 Omega). The microscope operated at an acceleration voltage of 

120 kV. 

Nitrogen physisorption 

This technique brings along understanding of the textural properties – the surface area as 

well as the pore diameter and volume of the material studied. This method allows for monitoring 

parameters that can be correlated to the catalytic activity and stability. In the current study the 

Micromeritics Tristar 3000 analyzer was utilized in accordance to the Brunauer-Emmett-Teller 

(B.E.T.) method. The method is based on the adsorption of nitrogen gas by the catalyst sample at 

a temperature of -196°C. The analyzed sample is pre-treated at elevated temperatures in vacuum 

to avoid any contaminants or organic residues. As a result, the adsorption isotherm (B.E.T. 

isotherm) is obtained and is commonly used to express the textural properties of the catalyst. In 

the acetoxylation experiment, Amberlyst 70 catalyst was degassed at 120°C for 1 h in vacuum 

(10
−5

 torr) prior to the actual measurement. Hereafter, the adsorption-desorption isotherms were 

recorded at -200°C. The dehydroisomerization study followed the same procedure with Pd-

Zn/Al-SBA-15 and Au-Ni-TiO2/Si-SBA-15 catalysts. However, the samples were degassed at 

200°C. 

Acid-base titration 

The acid-base titration analysis was performed upon the acetoxylation study in order to 

determine the concentration of acid sites in the Amberlyst 70 catalyst. The titration was carried-

out in accordance with the method described elsewhere [114]. Initially, 50 mL of NaCl (200 g/L) 

was mixed with 0.5 g of Amberlyst 70 in stirring. The mixture was stirred during one day to 

reach the sufficient cation exchange between H
+
 and Na

+
. Consequently, the titration of the 

mixture with 0.1 N NaOH was performed. 

X-ray Diffraction 

To evaluate the structural features of the studied Al-SBA-15 and Si-SBA-15 materials the 

X-ray Diffraction (XRD) technique was implemented by means of PANalytical diffractometer 

using CuKa radiation (λ = 0.154 nm). The 2θ range of 0.5-10° was set to record the XRD 

patterns of the studied catalytic materials. The count time of 15 sec was set for each point with 
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steps of 0.015 and 0.025° for Pd-Zn/Al-SBA-15 and Au-Ni-TiO2/Si-SBA-15 catalysts, 

respectively. 

Ammonia Temperature-Programmed Desorption 

To determine the total concentration of Lewis and Brønsted acid sites on the surface of 

Pd-Zn/Al-SBA-15 catalyst, we resorted to the Ammonia Temperature-Programmed Desorption 

(NH3-TPD) technique. The analysis was carried out using Micromeritics Instrument, AutoChem 

2910. At first, 50 mg of pre-dried catalyst (110°C, overnight) was placed in quartz U-shaped 

tube. Consequently, the catalyst was pretreated to 550°C. The pretreatment was performed in a 

flow of helium (AGA AB, 99.999%) for 1h. As the following stage, anhydrous ammonia was 

applied at a flow of 10% NH3 – 90% He mixture (20 cm
3
/min) to saturate the pretreated sample. 

The saturation was performed at 120°C and followed by the flushing of physisorbed ammonia at 

105°C. Finally, the temperature-programmed desorption proceeded from ambient temperature to 

500°C (10°C/min). 

X-ray Photoelectron Spectroscopy 

To characterize the chemical state of the catalytic species, X-ray Photoelectron 

Spectroscopy was applied for the dehydroisomerization catalysts (Pd-Zn/Al-SBA-15 and Au-Ni-

TiO2/Si-SBA-15). Kratos Axis Ultra electron spectrometer equipped with a delay line detector 

was used. The analysis was performed at the following parameters: monochromated AlKα 

source (150 W), hybrid lens system (magnetic lens), charge neutralizer and an analysis area of 

0.3 × 0.7 mm
2
. The binding energy (BE) scale was referenced to the C1s line of aliphatic carbon, 

set at 285.0 eV. The obtained spectra were processed in the Kratos software. 

Thermo-gravimetric analysis 

To quantify the coke and residual organic compounds remained in the catalytic bed after 

the actual reaction, thermo-gravimetric analysis (TGA) was implemented (SDT-Q-600 TA 

Instruments analyzer). The sample of catalyst was treated at the maximal temperature of 650°C 

with a ramping of 10°C/min. Meanwhile, the air flow rate of 100 mL/min was applied. The 

corresponding weight change of the sample was recorded in a PC. 

Modelling software and techniques 

In case of the acetoxylation and dehydroisomerization reactions, the reaction kinetics was 

modelled using the software Modest® [115]. By means of the mentioned software, the kinetic 
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and reactor model equations (system of ordinary differential equations) could be solved with the 

backward difference method. The software also optimizes the parameter values implementing a 

hybrid method involving Simflex and Levenberg-Marquardt methods. 

The goal function in the optimization is the sum of square function: 

    ∑(           )
 
         (5) 

where yexp denotes the experimentally recorded data and ymodel represents the model predictions. 

The symbol w denotes the weight factors which in our case were set to unity (1). 
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Results and discussion 

Reaction performance 

Product distribution obtained under various reaction conditions and over various catalysts 

is presented for α-pinene acetoxylation, dehydroisomerization and oxidation in Tables 1, 2 and 3, 

respectively. Table 4 summarizes the information obtained upon ρ-cymene oxidation trials. In 

fact, the isomerization reaction preceded the acetoxylation and dehydroisomerization reactions of 

α-pinene since limonene, camphene and γ-terpinene were formed. Acetoxylation reaction led to 

the formation of α-terpinyl, fenchyl, verbenyl and bornyl acetates, respectively. Meanwhile, ρ-

menthene, m- and ρ-cymenes were formed via catalytic dehydroisomerization reactions. The 

other products were considered negligible since they were present in amounts less than one 

percent (1 wt-%). Application of prolonged reaction times revealed that the formation of by-

products followed different paths in each and every case. In case of these reactions, formation of 

by-products was boosted by the presence of nitrogen atmosphere, harsh reaction conditions and 

prolonged times-on-stream, whereas oxygen atmosphere was desirable upon acetoxylation. 

Further, an optimized substrate flow rate promoted the yield of ρ-cymene upon 

dehydroisomerization trials. On the contrary, when opposite reaction conditions were chosen, 

oxidation reactions of α-pinene and ρ-cymene were highly selective and only small amounts of 

by-products were generated. Thus, verbenone and α-pinene oxide were obtained upon α-pinene 

oxidation. Upon ρ-cymene oxidation o-cymene, ρ-methyl acetophenone and 4-isopropylbenzoic 

acid were obtained, depending on the type of catalyst and reaction set-up applied. 

Table 1. Summary of the α-pinene acetoxylation results obtained under various reaction 

conditions (after 10 h) 

Catalyst t (°C) P (bar) 
Solvent

* 
X, % 

Products concentration, wt-%     

1 2 3 4 5 6 7 Total  Others 

present 100 20 (O2) water 99.2 42.5 1.1 0 7.0 39.9 0 0 90.5 8.7 

absent 100 20 (O2) - 90.1 8.0 7.6 3.8 6.4 13.0 35.3 14.6 88.8 1.3 

present 100 10 (N2) - 99.1 11.5 18.5 5.5 5.0 11.5 24.2 18.6 94.9 4.2 

absent 100 20 (O2) 
ethyl 

acetate 
96.2 13.5 8.6 6.5 8.3 8.2 21.1 21.8 88.0 8.2 

present 100 20 (O2) toluene 95.7 35.3 15.7 0 7.0 28.1 0.3 0 86.5 9.2 

present 100 20 (O2) - 98.8 35.6 0 0 6.8 40.6 1.6 0 84.6 14.2 

present 125 10 (N2) - 97.2 26.0 12.2 0 4.5 26.9 0 0 69.6 27.6 

present 100 20 (H2) - 98.3 24.7 9.7 0 4.6 29.4 0 0 68.3 30.0 

present 75 10 (N2) - 36.3 7.7 4.3 0 1.6 6.9 14.7 0 35.2 1.1 

*Addition of 5 wt-% of co-solvent to the main solvent (acetic acid). 

**1:limonene; 2:γ-terpinene;3:camphene;4:fenchyl acetate;5:bornyl acetate;6:α-terpinyl acetate; 7:verbenyl 

acetate. 
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When observing the GC results, it is evident that camphene and fenchyl acetates were 

formed via parallel reactions and maximum yields were obtained at 100°C and 20 bar. Moreover, 

when the conversion increased, the system became a solvent-catalyzed reaction system since the 

solvent was a blend of acetic acid and ethyl acetate and oxygen was used to pressurize the 

reaction vessel. The maximum verbenyl acetate formation (16 wt-%) was reached under solvent-

catalyzed conditions, in the absence of the catalyst (Amberlyst 70). The by-products detected by 

GC analysis (retention times longer than the main reaction products) were forming only after 10-

18 h of batch time and in amounts up to 30 wt-%. Upon solvent-catalyzed reaction 35 wt-% of α-

terpinyl acetate could be formed. Meanwhile, 40 wt-% of bornyl acetate was produced via a 

catalytic reaction with Amberlyst 70. 

Table 2. Summary of the α-pinene dehydroisomerization results obtained under various 

reaction conditions 

Catalyst 
T 

(°C) 

H2 

(mL/ 

min) 

Time, 

h 

α-Pinene 

conversion, 

% 

Products concentration, wt-%   

1 3 8 9 10 11 Total  Others 

Pd-Zn/Al-SBA-15 (1:1, 5 

wt-%) 
250 10 0.5 99.9 0 15.0 54.0 1.0 9.8 0 79.8 20.2 

Pd-Zn/Al-SBA-15 (1:1, 5 

wt-%) 
340 10 0.5 99.9 0.5 5.3 50.0 1.1 2.4 0 59.3 40.7 

Pd-Zn/Al-SBA-15 (1:1, 5 

wt-%) 
300 10 0.5 99.9 0 0.8 77.0 1.8 2.1 0 81.8 18.2 

Pd-Zn/Al-SBA-15 (1:1, 3 

wt-%) 
300 10 0.5 99.9 1.1 2.3 65.0 0.4 6.5 0 75.0 25.0 

Pd-Zn/Al-SBA-15 (1:4, 5 

wt-%) 
300 10 0.5 99.9 0.3 1.5 68.0 5 0.4 0 75.3 24.7 

Pd-Zn/Al-SBA-15 (4:1, 5 

wt-%) 
300 10 0.5 99.9 0.3 1.1 62.0 5 0.4 0 68.9 81.1 

Zn/Al-SBA-15 (5 wt-%) 300 10 0.5 99.9 6.2 2.1 38.0 0.2 13.0 0 60.0 40.0 

Pd/Al-SBA-15 (5 wt-%) 300 10 0.5 99.9 0 3.4 14.0 4.1 2.0 30.0 53.0 47.0 

Al-SBA-15 300 10 1 41.5 1.7 10.0 20.0 3.4 1.1 0 36.9 3.1 

AuNi–TiO2/Si-SBA-15 250 10 1 99.9 0 2.7 57.0 0 13.0 0 72.9 27.1 

AuNi–TiO2/Si-SBA-15 300 10 1 99.9 0 1.2 63.0 0 10.0 0 74.6 25.4 

TiO2/Si-SBA-15 300 10 1 99.9 0 1.5 45.0 0 11.0 0 57.6 42.4 

*1:limonene; 3:camphene; 8:ρ-cymene; 9:m-cymene; 10:ρ-menthene; trans-pinane. 

 

The dehydroisomerization with PdZn/Al-SBA-15 catalysts was optimized and various 

temperatures (250, 275, 300, 325, 340, and 400°C) and substrate flow rates (0.02, 0.03, 0.06, and 

0.09 mL/min) were tried. In fact, low flow rates resulted in unstable behavior of the catalytic 

reactor, presumably due to channeling occurring in the catalyst bed (at flow rate of 0.02 mL/min 

numerous by-products were observed while flow rates higher than 0.03 mL/min gave rise to 

fluctuations in ρ-cymene concentration profiles observed at the outlet of the reactor). 

Consequently, the optimal reaction conditions were as follows: 300°C and 0.03 mL/min flow 
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rate. The optimized conditions allowed for ca. 80 wt-% of ρ-cymene and total conversion (100 

wt-%). Further, stable substrate conversion could be observed (Figure 4). 

Since the Pd-Zn/Al-SBA-15 catalyst was found to be a good catalyst for the 

dehydroisomerization reaction, it was also desirable to evaluate its performance for an industrial 

feed: The industrial turpentine was obtained from the thermo-mechanical pulp mill located in 

Ortviken, Sweden. A comparison in terms of performance for both α-pinene and turpentine 

substrates is depicted in Figure 4. 

 

Figure 4. Long time dehydroizomerization behavior of substrates: left – α-pinene, right – 

turpentine. Symbols: (♦) substrate conversion; (●) ρ-cymene; (Δ) m-cymene; (▲) ρ-menthene. 

Reaction conditions: 300°C and 0.03 mL/min substrate. 

 

Evidently, the mix of terpenes present in turpentine (in comparison to pure α-pinene) 

increased the probability of side-reactions, presumably cracking. Hence, the catalyst 

performance was less stable with turpentine and resulted in roughly 90 wt-% conversion and 65 

wt-% selectivity towards ρ-cymene. Meanwhile, numerous by-products were also produced. 

Nevertheless, the results were not bad considering that a non-purified, industrial raw material 

was used. 

Also, in case of dehydroisomerization, the reaction conditions were optimized for the 

AuNi/TiO2/Si-SBA-15 catalyst and similar conditions were found as the optimal ones: reaction 

temperature of 300°C and flow rate of 0.03 mL/min. In analogy, the product contained mainly ρ-

cymene along with minor amounts of ρ-menthene camphene, tricyclene and β-phellandrene. 

Under the optimized conditions, the selectivity towards ρ-cymene was 63 wt-%, at total 

conversion. As indicated by the blank reaction (without catalyst), α-pinene molecules were 

thermally stable and not isomerized at 300°C (only 3 wt-% conversion was observed). 
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Table 3. Summary of the α-pinene oxidation results obtained under various reaction 

conditions 

Catalyst t (°C) P (bar) Time, h Solvent 

α-Pinene 

conversion, 

% 

Products concentration, wt-

% 
  

1 2 Total  Others 

Au/TiO2 (nws,  

4 wt-%) 
90 10 (O2) 24 Acetonitrile 87.3 18.7 29.1 47.8 52.2 

Co-TiO2 (nws,  

20 wt-%) 
90 10 (O2) 24 Acetonitrile 40.2 5.8 18.7 24.5 75.5 

absent 90 10 (O2) 24 Acetonitrile 0 0 0 0 0 

absent 110 10 (O2) 24 Acetonitrile 92.4 0 53.1 53.1 46.9 

*1:α-pinene oxide; 2:verbenone. 

 

Next, catalytic oxidation of α-pinene produced verbenone (26 wt-%) and α-pinene oxide 

(16 wt-%) as main products. Hereupon, Au/TiO2 (nws) catalyst was found to be more active than 

Co/TiO2 (nws). Meanwhile, the comparable conversion of substrate was reached without a 

catalyst when the reaction temperature was increased from 90 to 110°C. In essence, only 

verbenone was produced (48 wt-%) (Table 3). An trial in the absence of a catalyst (a non-

catalytic reaction) carried out at 90° gave rise to no product formation. 

On the other hand, when ρ-Cymene was oxidized over V/SBA-15 catalyst and with the 

help of hydrogen peroxide under moderate reaction conditions, 38 wt-% of ρ-methyl 

acetophenone was obtained with an average selectivity of 70 wt-% (Table 4). Further, the 

selectivity towards 4-isopropylbensoic acid (54 wt-%) was obtained when cobalt supported on 

titanium nanowires was the catalyst of choice. Otherwise, ρ-cymene substrate demonstrated high 

stability nevertheless if high reaction temperatures, different reactor set-ups (batch, continuous), 

solvents and catalysts were applied. In many cases minor amounts of o-cymene were formed via 

the isomerization path (Scheme 3). 
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Table 4. Summary of the ρ-cymene oxidation results obtained under various reaction 

conditions 

Catalyst type 
Reactor 

type 
Oxidant Solvent T, °C X, wt-% S, wt-% 

Cu/TiO2 

(nws, 3 wt-%) 
Glass TBHP (2 mL) Acetonitrile (25 mL) 95 10 67 (o-cymene) 

AuCu/TiO2 (nws, 

3 wt-%) 
Glass TBHP (2 mL) Acetonitrile (25 mL) 95 0 0 

Co/Al-SBA-15 (5 

wt-%) 
Glass TBHP (5 mL) 

Acetonitrile (15 mL), 

CH3COOH (10 mL) 
85 25 

43 (o-cymene), 

17 (4-isopropyl-

benzoic acid) 

Co/TiO2 (nws, 5 

wt-%) 
Glass TBHP (2 mL) 

Acetonitrile (15 mL), 

CH3COOH (10 mL) 
85 41 

55 (o-cymene),  

14 (4-isopropyl-

benzoic acid) 

Co/TiO2 (nws, 5 

wt-%) 
Parr 

Oxygen (20 

bar) 
Acetonitrile (70 mL) 170 35 

54 (4-isopropyl-

benzoic  

acid) 

Co/TiO2 (nws, 5 

wt-%) 
Glass 

H2O2 

(injections 5 

mL/8h) 

Acetonitrile (30 mL), 

H2O2 (10 mL) 
95 25 40 (o-cymene) 

MnCoNb/Al-

SBA-15 (5 wt-%) 
Glass TBHP (2 mL) Acetonitrile (25 mL) 95 26 68 (o-cymene) 

MnCo/TiO2 

(nws, 5 wt-%) 
Glass Air bubbling 

Acetonitrile (5 mL), 

CH3COOH (20 mL) 
140 0 0 

MnCo/TiO2 

(nws, 5 wt-%) 
Glass TBHP (2 mL) 

Acetonitrile (15 mL), 

CH3COOH (10 mL) 
85 39 

66 (o-cymene), 

14 (4-isopropyl- 

benzoic acid) 

MnCo/TiO2 

(nws, 5 wt-%) 
Parr 

Oxygen (20 

bar) 

Acetonitrile (20 mL), 

CH3COOH (70 mL) 
170 0 0 

MnCo/TiO2 

(nws, 5 wt-%) 
Glass 

TBHP (10 

mL) 

Acetonitrile (15 mL), 

CH3COOH (10 mL) 
85 30 67 (o-cymene) 

MnCo/TiO2 

(nws, 5 wt-%) 

Flow-

through 

Oxygen (100 

mL/min) 
n.a. 300 0 0 

Mn/Al-SBA-15 Glass TBHP (2 mL) 
Acetonitrile (15 mL), 

CH3COOH (10 mL) 
85 0 0 

Nb/Al-SBA-15 Glass TBHP (5 mL) Acetonitrile (25 mL) 90 0 0 

MnCoNb/Al-

SBA-15 (5 wt-%) 
Glass TBHP (2 mL) 

Acetonitrile (15 mL), 

CH3COOH (10 mL) 
85 12 n.a. 

MnCoNb/Al-

SBA-15 
Glass TBHP (5 mL) Acetonitrile (25 mL) 110 0 0 

V2O5 (5 wt-

%)*,** 

Flow-

through 

Oxygen (100 

mL/min) 
n.a. 300 0 0 

V/Al-SBA-15 (5 

wt-%) 
Glass 

H2O2 

(injections 5 

mL/8h) 

Acetonitrile (30 mL), 

H2O2 (10 mL) 
95 54 

70 

(acetophenone) 

V/Al-SBA-15 (5 

wt-%) 

Parr 

reactor 

Oxygen (20 

bar) 
Acetonitrile (70 mL) 170 41 

57 

(acetophenone) 

*5 mL substrate, 0.25 g catalyst, 24 h; 

**60 wt-% of limonene yield obtained with α-pinene substrate. 
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Catalyst characterization 

In case of Amberlyst 70 (a commercial catalyst), only a few characterization studies were 

conducted. Indeed, nitrogen physisorption studies demonstrated significant reduction of the 

surface area and pore volume after the catalyst was exposed to the reaction environment (Table 5 

and Figure 5). Slight reduction of pore sizes was also seen. Not unsurprisingly, conventional acid 

titration revealed significant deterioration of the catalyst acidity. Referring to the intact 

Amberlyst 70, the amount of active sites in the spent catalyst had decreased from 2.48 to 1.61 

eq/kg. As a summary, harsh reaction conditions resulted in serious deterioration of the catalyst 

material. 

Table 5. BET surface area, pore size and pore volume data of Amberlyst 70 

Catalyst SBET, m
2
/g Pore size, nm Pore volume, cm

3
/g 

Fresh 40.2 25.3 0.30 

Spent 3.6 23.0 0.02 

 

 

Figure 5. Nitrogen adsorption-desorption isotherms. The catalyst is: (a) fresh; (b) spent. 

Symbols: (○) adsorption, (□) desorption. 

 

In addition, SEM images were acquired for Amberlyst 70. Samples of fresh and spent 

catalyst are presented in Figure 6. Evidently, the surface suffered morphology changes. In fact, 

the fresh resin had a sphere diameter of around 350-600 µm while spheres of around 400-800 µm 

were detected in the sample of spent catalyst, thus demonstrating swelling of the resin particles. 

This phenomenon though is characteristic for ion-exchange resins. 
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Figure 6. Amberlyst 70 SEM images – fresh and spent catalyst samples 

 

As mentioned (Section X), thorough characterization studies were performed for the self-

developed dehydroisomerization catalysts. Particularly, small and wide X-ray diffraction patterns 

of the as synthesized Si-SBA-15, TiO2/Si-SBA-15, AuNi/TiO2/Si-SBA-15 and Pd-Zn/Al-SBA-

15 are presented in Figures 7 and 8, respectively. The first three materials exhibit distinct peaks 

at the low angle (2θ) range at 2θ around 0.9, 1.4 and 1.6°, respectively, thus indicating the 

formation of well-ordered hexagonal structure of SBA-15 [49]. Similar peaks at 2θ around 1.0, 

1.6 and 1.8°, respectively, were obtained for both the spent and recovered Pd-Zn/Al-SBA-15. 

The d100 spacing, unit cell parameter and pore wall thickness were calculated in accordance to 

the literature references (a0=2d100/√3) (Table 6) [49]. First two of the abovementioned 

parameters increased during the recovery of spent Pd-Zn/Al-SBA-15, presumably due to the 

coke removal and restoration of the original properties of the catalyst. Further, the values of 

these parameters were slightly lower for native Si-SBA-15, in comparison to the metal loaded 

catalysts, although the hexagonal structure of SBA-15 was well preserved after the metal 

loading. The pore walls of Si-SBA-15 were highly amorphous as indicated by the wide angle 

diffraction patterns - a broad peak was shown at 2θ around 24°. When analyzing the TiO2/Si-

SBA-15 material, very low intensity peaks were shown at 2θ around 25.3, 38.3, 47.9, 54.4 and 

62.5°, respectively. Thus, we could conclude that the TiO2 particles were mainly inserted in the 

pore system and only small amount of anatase TiO2 was present on the external surface of Si-

SBA-15. These peaks were more intense for the metal loaded catalysts. The plausible reason 

might be the result of leaching of loosely bound titania particles from the pore system at the time 

of metal deposition by deposition-precipitation method. Further, in case of gold nano-particles, 

some could be observed on the surface of the catalyst as indicated by the small diffraction peaks 

appeared at 2θ of 44.44 and 65.16°, respectively. Presumably, Ni particles were well dispersed 

into the pores since they were could not be detected by XRD. However, the presence of nickel 

was confirmed by the XPS analysis. 

2.00μm 2.00μm 



33 
 

 

Figure 7. Low and wide angle X-ray diffraction pattern of the catalysts (a) Si-SBA-15, 

(b) TiO2/SBA-15 and (c) AuNi–TiO2/SBA-15. 
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Figure 8. Low angle X-ray diffraction pattern of the Pd-Zn/Al-SBA-15 catalyst 

(recovered – top, spent – bottom). 

 

The nitrogen adsorption-desorption measurements allowed for analysis of the surface 

area, pore volume and pore size for Si-SBA-15, Al-SBA-15, TiO2/Si-SBA-15, AuNi/TiO2/Si-

SBA-15 and PdZn/Al-SBA-15 materials. Corresponding textural properties are enlisted in Table 

6. The uniformity of mesopores was confirmed by the sharp inflection observed at the relative 

pressures (p/p0) of 0.65-0.8 and 0.4-0.7 for Si-SBA-15 and metal modified catalysts, 

respectively. This inflection corresponds to the capillary condensation of N2. Thus, the 
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hexagonal structure of the Si-SBA-15 support was not affected by the grafting of 20 wt-% of 

TiO2 and neither by loading of metals by the deposition-precipitation method. Anyway, minor 

contractions in pore sizes were observed after insertion of metal oxides and metal nanoparticles 

in the pores. The position of the capillary condensation step shifted towards lower partial 

pressures due to the contraction in the pore sizes caused by the insertion of metal oxides and 

metallic nanoparticles into the pores. Concerning the PdZn containing catalysts, the surface area 

was reduced after exposure of the material for the reaction environment (Table 6). Presumably, 

the catalyst was deactivated by coke formation, as confirmed by XPS and TGA analyses also. 

Table 6. Physico-chemical characterization of the catalysts. 

Catalyst 

NH3-TPD 
 

BET-N2 adsorption 
 

XRD 

Total 

acidity, 

μmol/g 

  
SBET, 

m
2
/g 

Pore 

size, nm 

Pore 

volume, 

cm
3
/g 

  
d100, 

nm 

Unit 

cell-a0, 

nm 

Fresh PdZn/Al-SBA-15 831
*
 

 
868.7 7.5 1.5 

 
n.a n.a 

Spent PdZn/Al-SBA-15 1254 
 

417.1 9.7 1.0 
 

9.0 10.4 

Recovered PdZn/Al-

SBA-15 
1013 

 
782.9 5.5 1.1 

 
9.9 11.4 

Unloaded Si-SBA-15 n.a. 
 

845.9 6.0 1.1 
 

9.3 10.7 

TiO2/Si-SBA-15 n.a 
 

548.5 5.3 0.7 
 

9.8 11.3 

AuNi-TiO2/Si-SBA-15 n.a   571.5 5.4 0.8   9.5 11.0 
*Same as for the unloaded Al-SBA-15 

 

The XPS spectra were recorded to evaluate the chemical state of the species present on 

the surface. The individual high-resolution XPS spectra are shown in Figure 9 for Pd-Zn 

containing catalyst, whereas Figure 10 comprises the information on AuNi catalyst. For all Ti 

containing catalysts, the binding energies of Ti 2p3/2 were recorded at around 459.0-459.3 eV. 

These values could be attributed to the presence of Ti on the surface of Si-SBA-15 in the form of 

Ti (IV) species. The Au
3+

 gold species were completely reduced into metallic Au0 as soon as the 

binding energy of Au 4f7/2 line was observed, at around 83.5-84.5 eV. No evidence of AuNi and 

AuZn alloy formation was obtained since, for these sites, binding energies of 83.9 eV were 

obtained. Nevertheless, the reduction step was performed after the preparation and for the fresh, 

as-prepared, Pd-Zn/Al-SBA-15 catalyst, the palladium sites oxidized due to exposure to 

humidity and air [116]. At the surface of fresh catalyst Pd was present as Pd (II). In fact, the 

binding energy (BE) of Pd 3d5/2 decreased from 336.0 to 335.6 eV upon catalyst exposure to the 

reaction conditions. Thus, as a conclusion, we assume the presence of reduced form of Pd in the 

spent catalyst. Additionally, the XPS analysis detected no Pd-Zn alloy peak. However, coke 

loadings reaching 17 at-% (or 3 wt-%) were detected on the surface of the spent catalysts and 
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demonstrating the following major bond types: C-O (3 at-%), C-C and C-H bonds (14 at-%). For 

the fresh and spent catalyst, the Zn sites demonstrated stable BE of 1022.7 eV. The XPS analysis 

of monometallic Pd/Al-SBA-15 and Zn/Al-SBA-15 catalysts (Table 2) indicated that no direct 

chemical interaction between Pd and Zn ions occurred since the BE values of 336.0 and 1022.7 

eV were demonstrated for Pd and Zn lines, respectively. 
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Figure 9. XPS spectra for the fresh and spent Pd-Zn/Al-SBA-15 1:1 (5 wt-%), from the 

top to the bottom. Peaks with binding energies 336.0 and 335.6 eV are referred to the Pd (II) and 

Pd (0) sites, respectively. 
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Figure 10. XPS spectra for AuNi-TiO2/SBA-15 catalyst. 

 

TEM analysis was applied to examine the dispersion of metallic nanoparticles over 

TiO2/SBA-15 and Al-SBA-15 and to study the morphology of these supports. The TEM images 

of corresponding catalysts were taken at 200 nm scale and are presented in Figure 11. As 

illustrated, supports were formed with aligned and regular arrangements of hexagonal mesopores 

(pore diameter 5.95 nm). The regular structures of native SBA-15 and Si-SBA-15 were well 

preserved after the respective loading of 20 wt-% TiO2 and impregnation of Pd/Zn metals. The 

images obtained also indicated excellent dispersion of Pd, Zn and Au sites over corresponding 

supports. It is obvious that albeit spherically shaped metal nanoparticles accumulated on the 

external surface of the support they were simultaneously present in the pore system. The 

presence of the Pd in its oxidized form explained the absence of metal nanoparticles on the TEM 

image of Pd-Zn/Al-SBA-15 catalyst. Meanwhile, during the analysis, Pd (II) was reduced to 

visible Pd (0) by the radiation source of the device (Figure 12). 
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Figure 11. TEM images of (A) Si-SBA-15, (B) TiO2/SBA-15, (C) Au–TiO2/SBA-15 

(deposition-precipitation) and (D) AuNi–TiO2/SBA-15 (impregnation method). 

 

 

Figure 12. TEM images taken for the fresh (left) and spent (right) PdZn/Al-SBA-15 

catalyst (200 nm). 

 

The acidity of PdZn/Al-SBA-15 was measured by means of NH3-TPD. The total acidity 

of Al-SBA-15 supports was measured to 830 μmol/g (Table 6) and it remained unchanged after 

the metal impregnation and was in line with the literature [117]. On the contrary, in correlation 

with reaction trials of non-metal loaded supports (Table 2), zero acidity was demonstrated for the 
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support Si-SBA-15. On the contrary, the total acidity of spent catalyst reached 1250 μmol/g, 

presumably due to the immobilization of residual organics [118]. The recovered catalyst restored 

its acidity to the value of 1010 μmol/g. 

The thermo-gravimetric analysis of spent PdZn/Al-SBA-15 was performed to follow the 

abovementioned XPS and XRD observations concerning coking and immobilization of residual 

organics. The test detected altogether 1.5, 3 and 5 wt-% of water, coke and residual organics, 

respectively (Figure 13). 

 

Figure 13. TGA profile for spent Pd-Zn/Al-SBA-15 1:1 (5 wt-%), catalyst weight loss. 

Estimated temperature intervals: 0-150°C – water; 150-450°C – organics; 450-620°C – coke. 

 

The influence of the reaction parameters 

The influence of temperature 

For a specific reaction studied, the temperature effect varied strongly in accordance with 

the product and substrate stabilities. For example, in the dehydroisomerisation of α-pinene the 

choice of temperature of 300°C resulted in ρ-cymene formation. Meanwhile, at the lower 

temperatures, acid-catalyzed isomerization to camphene and ρ-menthene occurred and the 

temperatures higher than 300°C induced heavy formation of cracking products. These 

observations are also supported by the literature [5, 27, 47]. 

On the contrary, upon acetoxylation, the conversion of α-pinene to α-terpinyl acetate was 

accelerated by temperatures from 75°C to 100°C. Further, at 100-125°C bornyl and fenchyl 

acetates, as well as camphene and limonene were rapidly formed. Meanwhile, α-terpinyl acetate 

decomposed at temperatures higher than 100°C. Furthermore, when the reaction was performed 

at 125°C and above, up to 25 wt-% of undesired waste products were observed. These 

observations are also in line with literature references [5, 11]. The effect of the temperature was 

modeled with the Arrhenius equations as demonstrated by the following set of equations: 
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The experimental results obtained under 50-125°C and 20 bar of oxygen revealed the 

strong Arrhenius-type temperature dependence for bornyl acetate. On the other hand, the 

behaviour of limonene and α-terpinyl acetates were displaying not that obvious correlations to 

the reaction temperature (Figure 14). 

 

Figure 14. Arrhenius-type temperature dependencies observed for pinene acetoxylation 

products (323-398 K): (a) bornyl acetate (Ea=106.0 kJ/mol); (b) limonene (Ea=29.1 kJ/mol); (c) 

α-terpinyl acetate (Ea=16.6 kJ/mol). 

 

The oxidation reaction of α-pinene was favored by temperatures above 80°C. Indeed, the 

reaction temperature of 90°C was optimal. Meanwhile, temperatures approaching 110°C 

promoted an extensive formation of verbenone via a non-catalytic reaction. 

To avoid the decomposition of epoxidation initiators, ρ-cymene was preferably oxidized 

at temperatures below 100°C. However, for the sake of comparison, several trials with molecular 

oxygen were carried out, at elevated temperatures. Evidently (Table 4), no clear benefits could 

be seen when elevated temperatures were applied. The experiment performed at 170°C (Parr 

reactor) was the only successful one, allowing for 35 wt-% conversion and 54 wt-% selectivity 

towards 4-isopropyl-benzoic acid. 

The influence of the gas atmosphere and pressure 

As also claimed in literature [92], pressure does not significantly influence the conversion 

levels or selectivity profiles obtained upon batch acetoxylation. However, as can be seen (Table 
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1), pressures from 10 to 20 bar significantly improved the selectivity toward α-terpinyl acetate, 

limonene and γ-terpinene. Potentially, no careful trials were earlier conducted at these high 

pressures as authors used glass reactors [36, 84-87]. On the contrary, low conversions were 

obtained when pressures below 10 bar were applied. Presumably, a partial evaporation of the 

reaction mixture occurred. In fact, the elevated pressure presumably reduces the vapor phase of 

the substrate and thus increases its interaction with the solvent and the catalyst. 

Still, a constant hydrogen supply was desirable upon dehydroisomerization trials thus 

assisting in maintaining the reduced state of the catalyst. Thus, this enabled palladium to remain 

in its active state for extended periods of time. Consequently, in a trial of 30 min of reaction, 

performed at analogous conditions but under nitrogen atmosphere, generated 15 wt-% of 

camphene and only 55 wt-% of ρ-cymene. 

The influence of solvents 

Evidently, insertion of 5 wt-% of water into the acetoxylation reaction mixture promoted 

the substrate conversion and product selectivity for the catalytic reaction (Table 1). In 

comparison to acetic acid, water is a stronger nucleophile and inducing faster hydration. 

Furthermore, the presence of water diminished the formation of by-products. However, the 

acetoxylation reaction was completely inhibited if more than 10 wt-% of water was present, as 

hinted by the literature [5]. The average behavior was exemplified in terms of conversion and 

selectivity when toluene and ethyl acetate were blended with acetic acid. Glacial acetic acid 

provided was indeed responsible for α-terpinyl acetate in the solvent-catalyzed mode. 

Reaction networks 

The proposed reaction networks were designed as a metamorphosis of literature and own 

experimental data. Further, the described mechanisms were also supported by the kinetic 

modelling whereupon a good degree of explanation was obtained. 

Obviously, acetoxylation is initiated by a rapid formation of pinyl-ion from α-pinene 

(Scheme 4). Consequently, this ion is rearranged without a capture by nucleophiles [119]. The 

reaction follows via three main routes: one ring-opening and two ring-enlarging reactions [58, 

84]. Then, ring-enlargement reaction with an isopropyl group proceeds easier than with a methyl 

group. Hence, the higher selectivity toward bornyl acetate versus fenchyl acetate is obtained. For 

longer reaction times and, consequently, higher α-pinene conversions, by-products could form 

when the terpinyl ion attacks on the olefinic compounds present in the reaction mixture [87]. 
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Scheme 4. Scheme describing the acetoxylation reaction network. 

 

The first step of dehydroisomerization starts with a fast acid-catalyzed isomerization of α-

pinene to limonene (Scheme 5). Consequently, conjugated ρ-menthadienes were also formed. 

Apparently, these products easily adsorbed on the surface of the catalyst and, due to their high 

dehydrogenation and oligomerization activity, were subject to dehydrogenation before the actual 

desorption. Hence, these products were not observed in the product mixture [24, 26]. As claimed 

in the literature [24], there is a high probability for acid cracking of the cyclobutane ring in α-

pinene C–C bond between the carbon atoms 1 and 6. As the next step, the rate-limiting 

hydrogenation/dehydrogenation reactions occurred on the metal sites of the catalyst, thus 

resulting into the formation of ρ-menthene and ρ-cymene, respectively [47, 120]. In parallel, 

minor parts of ρ-cymene were produced from γ-terpinene. However, the clear dominance of the 

main reaction route was confirmed, as the concentration of ρ-menthene substantially exceeded 

that of γ-terpinene. In analogy with the main pathway, camphene isomerized to intermediate m-

menthadienic structures, which were finally dehydrogenated to m-cymene. 
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Scheme 5. Scheme describing the dehydroisomerization reaction network. 

 

Catalytic effects 

Catalyst acidity was a crucial factor in order to understand the acetoxylation and 

dehydroisomerization reactions. In fact, Amberlyst 70 provided the true additional acidity and 

stimulated the bornyl acetate formation without cleavage of the internal pinyl ring. Meanwhile, 

as mentioned, the formation of α-terpinyl acetate was solvent-catalyzed. 

As can be seen in Table 2, a synergistic effect clearly existed when both Pd and Zn 

metals were present in the catalyst, throughout the dehydroisomerization reaction. The 

abovementioned metal loadings had no significant effect on the catalytic activity. On the other 

hand, the optimal yields of ρ-cymene were reached when the molar Pd:Zn ratio was 1:1 and the 

combined metal loading was limited to 5 wt-%. The aforementioned ratio and loading also 

minimized the formation of by-products.  Testing monometallic catalysts demonstrated the 

individual activity of Pd and Zn. Consequently, the strong dehydroisomerization activity of 

Zn/Al-SBA-15 was shown and 38 wt-% of ρ-cymene was generated [113]. Meanwhile, 

monometallic Pd/Al-SBA-15 demonstrated approximately two times lower 

dehydroisomerization activity. Nevertheless, this catalyst was capable of partially hydrogenating 

the substrate and 35 wt-% of trans-pinane was obtained. Hence, the combined loading of Pd and 

Zn resulted in improved activity [5, 112]. 

A trial with native Al-SBA-15 and Si-SBA-15 were also carried out to evaluate the effect 

of the support acidity on the dehydroisomerization performance. The results obtained clearly 
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supported the suitability of Al-SBA-15 as a support since 42 wt-% of α-pinene was converted 

(Table 2). Evidently, the support acidity was promoted by the alumina incorporation, thus giving 

rise to favorable properties of the final catalyst in terms of acid-catalyzed isomerization. As also 

hinted in the reaction mechanism (Scheme 5), the isomerization pre-step is required for 

successful further dehydrogenation. As mentioned in the literature, pure siliceous mesoporous 

materials are lacking acidity [58, 118]. On the other hand, both Lewis and Brønsted acid sites are 

present in Al-SBA-15 [58, 117, 121-122]. Consequently, the Brønsted acid sites could provide 

protons to crack the internal ring of α-pinene [113]. 

On the contrary, a test over plain Si-SBA-15 resulted in only 22 wt-% of α-pinene 

conversion. Analogous reaction with native TiO2 gave only 12 wt-% conversion. However, when 

grafting TiO2 into the framework of the SBA-15 structure, about 99% conversion of α-pinene 

was reached. Moreover, ρ-cymene selectivity of 44.7% was demonstrated and the intermediate, 

limonene, was completely absent. The performance of unloaded TiO2/Si-SBA-15 is explained by 

the fine distribution of Lewis sites and played an important role in the conversion of α-pinene. 

When modified with Au in combination with Cu, Zn and, especially, Ni, stabile selectivities 

towards ρ-cymene were obtained during prolonged times-on-stream. Meanwhile, monometallic 

catalysts were unsuccessful and rapidly deactivated. Presumably, the presence of Ni resulted in a 

better dispersion of nano-particles over the support. The ability to dehydrogenate monocyclic 

terpene intermediates (limonene, terpinolene and γ-terpinene) was also promoted. Further, 

reaction trials with the same metals supported on pure TiO2 gave poor dehydrogenation results 

and more isomerization products were formed. For example, AuNi/TiO2 resulted in a maximum 

of 49.6% ρ-cymene yield. 

In comparison with previous study by our group [57], the application of TiO2 nanowires 

as a support for Au nanoparticles led to higher yields of α-pinene oxide: 18.7 wt-% of α-pinene 

oxide was obtained at 87 wt-% conversion. Additionally, 29 wt-% of verbenone was also 

produced. Still, the predominant reaction temperature (90°C) was higher than the typical average 

temperatures reported earlier. On the other hand, we obtained 40 wt-% conversion and 46.7 wt-

% selectivity towards verbenone over Co/TiO2 (nanowires). 

The type of catalyst metal was crucial in terms of ρ-cymene oxidation. Evidently, the 

vanadium containing catalyst promoted the PMA formation. On the contrary, the application of 

Co containing catalyst, as also proposed in literature [106], promoted the formation of 4-

isopropylbenzoic acid. 
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Catalyst reuse 

In case of the acetoxylation reaction, the catalyst reusability was studied for Amberlyst 

70. The catalyst after completed reaction at 90°C was recovered by means of filtration and 

acetone washing. As the next step, washing with 0.1 N HCl solution and drying was commenced. 

Three reactions were performed and the catalyst was recovered three times as described above. 

The conversion of α-pinene decreased from 95 to c.a. 60 wt-% from the first to third batch, 

respectively. Consecutive trials with the recovered catalyst resulted in higher amounts of by-

products. No visible abrasion of the catalyst particles was observed at this temperature. 

However, as mentioned, the surface of the catalyst was deteriorated at the higher temperatures 

(Figure 6). 

Upon dehydroisomerization, catalyst reuse was studied for Pd–Zn/Al-SBA-15 1:1 (5 wt-

%) after completion of 10 h of reaction. At first, the coke formed was burned off in a tubular 

oven at 500°C in air flow of 50 mL/min for 5 h. Further, the recovered catalyst was activated and 

reused under optimized reaction conditions (300°C and 0.03 mL/min of substrate). Three 

consecutive cycles were performed (Figure 15). 

 

Figure 15. Long-term catalyst stability test cycles (from left to the right). Reaction 

conditions: 300°C and 0.03 mL/min of substrate. 

 

Evidently, PdZn/Al-SBA-15 demonstrated high stability. Throughout all three 

regeneration cycles, the initial conversion (100 wt-%) remained unchanged. Still, for recycled 

catalysts the selectivity towards ρ-cymene decreased upon prolonged reaction times (10 h). Upon 

the third recycling, up to 15 wt-% of camphene and 15 wt-% of limonene were detected. As 
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presented in the characterization part, the coking of catalyst and accumulation of the organic 

residues in the catalyst framework are assumed as main reasons for the activity decline. 

Kinetic modeling 

In case of the acetoxylation reaction, the reactor model used was that of a continuous 

Stirred-Tank Reactor (CSTR). In case of this model, the concentrations of reactants are presented 

as function of the time-on-stream (Figure 17) [115]. 

The reaction network was organized in line with Figure 16 and the actual reaction 

network (Scheme 4). 

 

Figure 16. Description of the reaction network used in the kinetic modeling (B – 

acetoxylation agent, I
+

1 – pinyl ion, I
+

2 – terpinyl ion) 

 

Figure 17. Simulation of a CSTR reactor with the concentration of reactant as function of 

time-on-stream (for temperatures 75, 100, 125°C, respectively). 
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The temperature dependency was expressed with the Arrhenius equation as: 
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The reaction rates were expressed by meant the following set of equations: 
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The batch reactor model is expressed as following: 
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By means of the software (ModEst), the reaction rate constants and the reactor mass 

balances were solved simultaneously. The objective function was minimized with the 

Levenberg-Marquardt or Simflex methods. The ODEs describing the reactor model were solved 

by the backward difference method implemented in the software. 

The reaction pathways 5, 9 and 10, were considered for the parameter estimation, since 

they generated primary products in the catalytic reaction. Among other studied pathways, the 

parameter estimation result was unsatisfactory due to low concentrations of the minor products 

P2, P4 and P6, respectively. A dummy reaction r3 was used in order to take into account the 

formation of these by-products and in order to keep the mass balance consistent. Also, the 

reactions 5, 9 and 10 were best described as irreversible reactions, as hinted by the laboratory 

experiments. The estimated parameters and the correlation matrix for the estimated parameters 

are introduced in Tables 7 and 8, respectively. 

Table 7. The numerical values of parameters and their errors* 

Estimated Estimated 
Est. relative error 

of  parameters 
Std. error (%) Std error (%) 

k10 0.295E-01 0.427E-02 14.5 6.9 

k3 0.881E-01 0.910E-02 10.3 9.7 

k5 0.281E-01 0.439E-02 15.6 6.4 

k9 0.458E-01 0.432E-02 9.4 10.6 

Ea10 0.534E+05 0.850E+04 15.9 6.3 

Ea3 0.533E+05 0.603E+04 11.3 8.8 

Ea5 0.538E+05 0.916E+04 17.0 5.9 

Ea9 0.537E+05 0.558E+04 10.4 9.6 

*Units: k3, k9 and k10 – 1/h; k5 – dm
3
/(mol h); Ea – J/mol 

 

Table 8. Parameter correlation matrix 

1 
       

-0.390 1 
      

0.016 -0.395 1 
     

0.027 -0.345 0.025 1 
    

-0.651 0.316 0.010 0.017 1 
   

0.312 -0.589 0.311 0.308 -0.370 1 
  

0.010 0.315 -0.651 0.015 0.026 -0.379 1 
 

0.017 0.313 0.016 -0.618 0.044 -0.314 0.040 1 

 

The dehydroisomerization reaction network was organized in line with Figure 18, 

representing main pathways of the actual reaction network (Scheme 5). Particularly, the reaction 

performed with the Pd-Zn/Al-SBA-15 was taken into account throughout the modeling. 
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Figure 18. Description of the reaction network used in the kinetic modeling (Symbols: A 

– α-pinene, B – ρ-cymene, C – m-cymene, D – ρ-menthene, E – limonene, F – camphene). 

 

The ideal plug flow model was used in order to model the flow-through reactor: 

   ̇

  
                 (29) 

where ri denotes the component generation rates and mcat the catalyst mass (g) in the 

reactor. 

For all experimental points the weight factor w was set to 1. In order to optimize the 

experimental data, the main components α-pinene, ρ-cymene, ρ-menthene and camphene were 

used. Furthermore, instead of using the experimental values, the concentrations for m-cymene 

and limonene were calculated by the model according to the reaction scheme. 

By means the following set of equations the reaction rates were expressed: 
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where ri denote the reaction rates (mol/mcat*min) towards the respective product; Ci are 

the concentrations (mol/dm
3
); ki is the reaction rate constant (min

-1
) and the parameter deact 

accounts for catalyst deactivation. 

The agreement of the experimental data to the model was a very good and the degree of 

explanation was 99.6%. 

Figure 19 represents a parity plot including all data points showing how well the model 

fits the data. Meanwhile, the calculated concentration profiles as a function of the longitudinal 
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coordinate of the catalyst bed are shown in Figure 20. The experimentally obtained 

concentrations are also shown at the outlet of the reactor. 

 

Figure 19. Simulation of catalytic packed-bed reactor with the concentration of reactant 

as function of residence time (for temperatures 275 and 300°C). Symbols: (ο) α-pinene, (+) ρ-

cymene, (□) ρ-menthene. 

 

Figure 20. Concentration profiles inside the catalyst bed. 
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Conclusions 

Herein, acetoxylation, dehydroisomerization and oxidation processes of α-pinene were 

studied and represent plausible examples of one-step green conversions of renewable feed-stocks 

into value-added chemicals. The abovementioned examples can generate various fragrances, 

pharmaceuticals, fuel compounds and, also, precursors for bulk chemicals. Moreover, the 

oxidation performance of ρ-cymene was investigated, thus providing a pathway to polymer 

precursors and other isomerization products. The kinetic modeling confirmed the predominant 

reaction pathways for the acetoxylation and dehydroisomerization reactions. 

A one-stage process was proposed for α-pinene acetoxylation using the commercial 

Amberlyst 70 catalyst and resulted in bornyl acetate (40 wt-%). On the contrary, the solvent-

catalyzed reaction with acetic acid produced α-terpinyl acetate (35 wt-%) and also other teprene 

acetates. Hence, the proposed process allows for tuning the reaction conditions from α-tepinyl 

acetate to bornyl acetate production. Dramatic catalyst deactivation was observed when harsh 

experimental conditions were applied. 

The proposed dehydroisomerization process allowed for the complete (100 wt-%) 

conversion of α-pinene. The maximal yield of ρ-cymene of 77 wt-% was obtained when           

Pd-Zn/Al-SBA-15 was the catalyst of choice. The catalyst also demonstrated good stability at 

high flow rates and reasonable recoverability. Furthermore, with the same catalyst, thermo-

mechanical turpentine was successfully converted to ρ-cymene. The synergy between Pd and Zn 

sites was uncovered due to individual dehydrogenation activities provided by both metals. For 

the sake of comparison, AuNi-TiO2/Si-SBA-15 catalyst was tried and it was capable of 

producing 63 wt-% of ρ-cymene. As revealed by the XRD and BET studies, the hexagonal 

regularity and surface properties of the support were not affected by the loading of TiO2 and 

bimetallic nanoparticles. 

In addition, we studied the oxidation reactions of α-pinene and ρ-cymene over various 

titania nanowires and Al-SBA-15 supported metal nanoparticles. From these two substrates, α-

pinene readily oxidized to α-pinene oxide and Au/TiO2 (nws) catalyst was the most successful, at 

90°C. Throughout the study when aiming at ρ-cymene oxidation, the V/Al-SBA-15 catalyst 

demonstrated 54 wt-% conversion and 70 wt-% selectivity to ρ-methyl acetophenone (PMA). 

Additionally, Co containing catalysts produced 4-isopropylbenzoic acid instead of PMA. The 

isomerization product, o-cymene, was mainly formed over the bi- and trimetallic catalysts. 
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