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A B S T R A C T   

In this contribution, several multifunctional heterogeneous catalysts comprising an acid and a metal function 
were synthesized by wetness impregnation and tested in the allylic oxidation (with hydrogen peroxide as an 
oxidizing agent) of β-pinene, a monoterpene which is present in several plants being one of the main constituents 
of the turpentine oil. Among the tested catalysts, the material containing Pd with a heteropolyacid supported on 
SBA-15 (Pd/HPA-300/SBA-15) was the best catalyst achieving the most promising results (up to 65% of yield to 
trans-pinocarveol). Independent on the Pd loading (0.5 wt% or 1.0 wt%) and calcination temperature of the 
heteropolyacid supported on SBA-15 (200◦C-300◦C), selectivity to trans-pinocarveol remained the same. At the 
same time the calcination temperature affected conversion, Pd dispersion, acidity, and the surface area. When 
the support changed to amorphous SiO2 (with a lower surface area < 200 m2/g) both selectivity and conversion 
decreased dramatically to values lower than 20%. Weak Brønsted acid sited together with a typical particles 
shape favors formation and selectivity to the desired product. Laboratory scaling up of β-pinene oxidation was 
performed (up to 10 mL) achieving the same results in terms of activity and selectivity thereby showing a 
possibility of a practical implementation of the proposed catalytic system. Kinetic modelling of the reaction was 
performed to elucidate the determining steps involving in the allylic oxidation of β-pinene. The catalysts showed 
to be robust since it can be used up to 3 times without apparent changes in both selectivity and conversion but 
with a slight presence of lixiviation.   

1. Introduction 

Valorization of biomass is currently gaining an increasing attention 
being able to mitigate an otherwise negative impact on the environment 
associated with conventional manufacturing of fuels and chemicals 
[1–3]. Biomass can be a feedstock for a variety of products at the same 
time allowing an adequate disposal of biodegradable waste. Mono-
terpenes, natural renewable materials, could be specially interesting for 
the synthesis of high-added value chemicals [4–6]. In particular, α- and 
β-pinene are bicyclic hydrocarbons having a double bond which makes 
them initial platforms for the synthesis of potential substances with 
applications in fine chemistry, polymers and pharmaceuticals [7,8]. 

Oxidation of pinenes gives a wide range of substances including allylic 
oxidation products as well as epoxides. 

Oxygenated terpenes are applied for the synthesis of fine chemicals 
or as chiral building blocks for fragrances, flavor as well as pharma-
ceutical products (as citral, menthol, sandalwood fragrance or Taxol) [6, 
9]. Driving selectivity to a specific product of selective oxidation is a still 
a great challenge therefore novel selective catalysts are required. In 
oxidation of β-pinene different products can be obtained (Fig. 1). Among 
them, mainly trans-pinocarveol (Pcvol), pinocamphone (Pcam), myrte-
nol (Mol) and myrtenal were synthesized [10,11]. These compounds can 
be used for different important applications in both fine and pharma-
ceutical chemistry. For example, myrtenol is a potential biomarker to be 
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used as an anxiolytic precursor because of its anti-inflammatory effects 
[12,13]. Myrtenal also exhibits anti-nociceptive and anti-inflammatory 
properties [14]. On the other hand, trans-pinocarveol was reported to 
be the main product after β-pinene is subjected to the fungus strain 
Aspergillus niger NC1M 612 and to Armillariella mellea (honey fungus) 
[15]. Because of its reactivity and the chemical structure, tran-
s-pinocarveol could be transformed into a variety of products with po-
tential applications in fine chemistry. 

Chemoselectivity of allylic oxidation reaction can be achieved and 
controlled with an adequate palladium catalyst as well as by choosing 
the correct experimental conditions [10]. Interestingly, a Pd homoge-
neous catalyst was reported for the synthesis of allylic oxidation prod-
ucts from β-pinene at relative mild reaction conditions. PdCl2 was tested 
with H2O2 as an oxidizing agent and acetonitrile as a solvent reaching 
conversion of ca. 58% with selectivity to a variety of oxidized products 
of almost 60% [16]. On the other hand, oxidation of several alkenes 
including β-pinene was performed using a copper-aluminum mixed 
oxide together with L-proline and the results showed that tran-
s-pinocarveol can be obtained with a yield of 81% using tert-butyl hy-
droperoxide (TBHP) as an oxidizing agent (1.0 mmol of β-pinene, 6.0 
mmol of TBHP, 82◦C, 24 h and acetonitrile as a solvent, 60 mg of 
catalyst); however, no information about the catalyst recycling was re-
ported [17]. On the other hand, Nb supported on MCM-41 was also 
tested in the oxidation of β-pinene with hydrogen peroxide as an 
oxidizing agent (3.75 mol of pinene, 15.9 mmol of H2O2, 60◦C, 8 h, 
acetonitrile as solvent) giving 96% of conversion with a selectivity to the 
oxidation products of 44% [11]. Application of hydrogen peroxide 
slightly decreased the conversion (93%) but considerably increased 
selectivity to the oxidation products (62%). However, selectivity to the 
desired pinocarveol was lower (up to 32%) in comparison with the 
previous reports. π-Allypaladium complexes were also used to obtain 
trans-pinocarveol from β-pinene with tert-butylhydroperoxide, 
MnO2(acac)2 and CHCl3 as a solvent [18]. From these reports, it can be 
concluded that Pd could have a major effect in the selective allylic 
oxidation of terpenes. Although monoterpenes oxidation catalyzed by 
Pd based catalysts has been already studied, the control of selectivity is 
still one of the main challenges. Thus, the design and testing of a new 
family of catalysts should be proposed. 

Among heterogeneous Pd catalysts, Pd/TiO2 showed to be effective 
for the allylic oxidation of cyclohexane to produce cyclohexanone and 
cyclohexanol (KA oil) which is important for the production of nylon 
[19]. Synergistic catalysts exhibiting both acid and metal functions have 
been reported as an excellent combination for the oxidation of olefins 
because of a high redox potential of metal species [20,21]. In this way, 
noble-metal promotion with heteropolyacids was observed as an effec-
tive catalyst for the Wacker type catalytic oxidation of cyclohexene to 
cyclohexanone [22]. 

Regarding different metals that have been tested for the allylic 
oxidation of this monoterpene, Pd was reported to be one of the most 
interesting metal to be applied as a catalyst for this reaction. However, 
there are only few studies on utilization of this metal in heterogeneous 
supported catalysts. Considering that previously high values of conver-
sion and selectivity were obtained with homogeneous catalysts, in this 

contribution, we used Pd on a heterogeneous matrix of heteropolyacid, 
which was itself deposited on a mesoporous material. Several parame-
ters such as the amount of catalyst, pinene-to-hydrogen peroxide ratio 
and stability were evaluated in allylic oxidation of β-pinene. In addition, 
kinetic modelling was included to further elucidate the main reaction 
pathways. 

2. Experimental 

2.1. Materials 

The following materials were used as received: co-polymer P-123 
(Aldrich,40%wt), HCl (Scharlau, 37 wt%), tetraethylortosilicate 
(Aldrich, TEOS, 98% wt), Keggin’s like heteropolyacid (Acros Organics, 
H3O40PW12.xH2O), Pd(CH3COO)2 (Aldrich, 47 wt% of Pd), β-pinene 
(Aldrich, 98 wt%), H2O2 (Aldrich, 50 % wt), acetone (Aldrich). 

2.2. Synthesis of catalysts 

2.2.1. Pd/HPA/SBA-15 
In a typical procedure, SBA-15 was synthesized using a well-known 

protocol reported in the literature [23]. Namely, 2.1765 g of triblock 
co-poymer (P123, Aldrich, PEG 40% w/w) was dispersed in 16 g of 
deionized water and 62 g of HCl (2 M). Then, 5 g of TEOS was added 
dropwise and stirred (450 rpm) at 40◦C for 24 h. The hydrothermal 
synthesis was performed in an autoclave at 105◦C for 48 h. Finally, the 
solid was washed with deionized water and calcined at 550◦C for 24 h 
giving a white solid. Incorporation of the heteropolyacid and Pd was 
performed using sequential impregnation. For this purpose, 0.1 g of the 
heteropolyacid (H3O40PW12.xH2O, named as HPA) was added to 0.6 g of 
SBA-15 (previously calcined at 550◦C for 1 h) together with 30 mL of 
deionized water. The mixture was constantly stirred and left for 1 h. 
Then, the solid was dried at 100◦C for 17 h and calcined at 200◦C for 3 h 
in static air. This material was coded as HPA/SBA-15. 

Impregnation of HPA/SBA-15 with Pd(CH3COO)2 was performed 
using 1 wt% of palladium acetate as a Pd precursor (with respect to 
HPA/SBA-15) dissolved in 30 mL of tetrahydrofuran. The mixture was 
stirred for 1 h and then dried at 100◦C for 18 h. Finally, the solid was 
calcined at 200◦C for 3 h in static air. It has been reported that tem-
peratures between 200 and 300◦C are enough to decompose palladium 
acetate [24]. 

Two additional palladium containing catalysts were synthesized for 
the purposes of comparison. One contained a lower amount of palladium 
(Pd(0.5)/HPA/SBA-15) while the other one was obtained after calci-
nation of HPA/SBA-15 at 300◦ (Pd/HPA-300/SBA-15). 

Pd/SBA-15 was also prepared using the following procedure: 1 wt. % 
of the same Pd precursor as above was added to 0.2 g of SBA-15 and the 
mixture was constantly stirred using 30 mL of ethyl acetate as a solvent. 
Then, the material was dried for 18 h at 100◦C and calcined for 3 h at 
200◦C. Reproducibility and repeatability of the synthesis of these ma-
terials was also verified by comparison of different batches in the cata-
lytic reaction or at least by analyzing textural properties by nitrogen 
physisorption, as well as acidity by FTIR spectroscopy. 

Fig. 1. Allylic oxidation of β-pinene onto trans-pinocarveol, pinocamphone and myrtenol.  
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2.2.2. Pd/HPA/SiO2 
Synthesis of this material was carried out in the same way as 

explained in Section 2.2.1 (also including the calcination temperature). 
A change of the support in this synthesis by using amorphous silica 
(ABET: 200 m2/g) rather than SBA-15 was done with the aim to explore 
the effect of the support in the synthesis of alcohols by allylic oxidation 
of monoterpenes. 

2.3. Characterization of materials 

Nitrogen adsorption/desorption isotherms were measured on a 
Micromeritics Tristar 3000 apparatus at -196◦C. Before analysis, the 
samples were degassed under vacuum at 150◦C for 12 h. The specific 
surface area was determined from the linear part (0 - 0.23 P/P0) of the 
BET plot. The total pore volume was measured from the isotherms at P/ 
P0 = 0.95 and the mean pore diameter was determined by the BJH 
method applied to the desorption branch. XPS spectra were acquired 
using XPS/ISS/UPS-Acenteno platform from SPECS with the energy 
analyzer PHOIBOS 150 2D-DLD. The measurements were performed 
with a monochromatic X-ray Al Ka (FOCUS 500) operated at 100 W. The 
pass energy of hemispheric analyzer was fixed at 100 eV for the general 
spectra and 20 eV for the high-resolution spectra. The compensation of 
the surface charge was controlled using Flood-Gun (FG 15/40-PS FG 
500) which was operated at 94 µA-3.6 eV. Analysis of XPS spectra was 
performed by using CASA XPS software [25]. Pyridine analysis was 
performed in a Jasco FTIR equipment. Typically, 50 mg of a sample were 
degasified at 120◦C during 12 h. Then, adsorption of pyridine was 

performed at 150◦C at 15◦C/min; afterwards, pulses of pyridine were 
carried out with the aim to obtain the same pressure in each part of the 
equipment. Desorption was performed at 25◦C, 50◦C, 150◦C, 250◦C and 
350◦C. The strength of the acid sites was defined as follows: weak 
(150◦C), medium (250◦C) and strong (350◦C). Brønsted to Lewis ratio 
(B/L) was calculated from the absolute values of the peak areas at 1450 
and 1550 cm− 1 which correspond to Lewis and Brønsted bands, 
respectively [8]. Scanning Electronic Microscopy was used to determine 
morphology of some selected materials. For this purpose, the samples 
were fixed in a graphite film and mixed in a gold thin recovery (Denton 
Vacuum Desk IV). Then, the samples were analyzed in a JEOL JSM 6490 
LV equipment. Complementary elemental analysis was performed by 
means of SEM-EDX using an X-ray microprobe (reference INCA Penta-
FETx3 Oxford instruments). Pd content was determined by using emis-
sion spectroscopy in an Agilent 240FS AA equipment. 

2.4. Catalytic activity 

Catalytic reactions were performed in 10 mL batch reactors under 
magnetic stirring. In a typical experiment, the selected amount of the 
catalyst was added to different concentrations of β-pinene and hydrogen 
peroxide (H2O2, 50% wt) in acetone. Prior to reactions the catalysts 
were activated at 100◦C to remove humidity and grinded to a particle 
size of <45 μm ensuring no diffusional problems related to internal mass 
transfer. Efficient stirring at 450 rpm and a low particle size ensured 
absence of external mass transfer limitations. The products were quan-
tified by GC Agilent 6890 with an FID and HP-1 column (100 m ×250 

Fig. 2. Adsorption-desorption isotherms of some selected heterogeneous catalysts.  

Table 1 
Surface properties of some selected heterogeneous catalysts.  

Catalyst Surface area (m2/g) Pore volume (cm3/g) Dp (nm) Surface coverage θ* Pd (%)** 

SBA-15 721 1.1 6 - 0.0 
HPA 3 - - - 0.0 
Pd/SBA-15 615 0.9 7 - 1.0 
HPA/SBA-15 436 0.8 8 0.1040 0.0 
Pd/HPA-300/SBA-15 390 0.6 7 0.1160 1.6 
Pd/HPA/SBA-15 569 0.9 6 0.0794 1.8 
Pd(0.5)/HPA/SBA-15 335 0.4 5 0.1350 0.5  

* θ is the nominal HPA surface coverage which can be calculated as follows: θ=AreaHPA (NA wHPA)(MWHPA)− 1(SBET)− 1 where AreaHPA stands for the cross-sectional 
area of hexagonal close packed array of Keggin units, NA is the Avogadro’s number, wHPA is the mass fraction of HPA and SBET is the surface area. [7] In all cases the 
HPA loading was 15 wt% 

** Estimated Pd amount by using emission spectroscopy. 
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μm x 0.5 μm). The carrier gas was N2 (24 mL min− 1) and the split ratio 
was 15:1. The oven temperature was kept at 50 ◦C for 3 min being 
thereafter raised to 180 ◦C at 15 ◦C/min ramping and maintained for 2 
min. Toluene was used as an internal standard. Typical chromatograms 
before and after reaction are presented in Supplementary Information 
(Figs. S1 and S2). The mass balance was verified comparing the areas of 

the chromatograms after and before the catalytic reactions giving the 
mass balance closure of 95–100%. The products were identified by 
comparison with authentic samples and using mass spectrometry. The 
mass spectra are shown in Supplementary Information (Figs. S3–S5). 

Fig. 3. High- resolution Pd XPS spectra for (a) Pd/SBA-15 and (b) Pd(0.5%)/HPA/SBA-15.  

Fig. 4. SEM images of some selected materials: (a) Pd/HPA/SBA-15, (b) Pd(0.5)/HPA/SBA-15, (c) and (d)Pd/HPA/SiO2, (e) and (f) Pd/SBA-15, (g) and (h) Pd/HPA- 
300/SBA-15. 
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3. Results and discussion 

3.1. Catalyst characterization 

3.1.1. Textural properties 
Fig. 2 and Table 1 show the adsorption-desorption isotherms and the 

surface area/pore volume/pore size for the Pd based catalysts, respec-
tively. In the case of SBA-15, an isotherm type IV with a H2 hysteresis 
typical of mesoporous catalysts is visible. A large surface area (721 m2/ 
g) was obtained for the parent material. The isotherm suggesting cy-
lindrical pores is characteristic for SBA-15. As should be expected, the 
heteropolyacid per se exhibits a very low area (only 3 m2/g). The surface 
area of Pd/SBA-15 is lower than for SBA-15 (721 vs 615 m2/g), which 
suggests changes in porosity during impregnation. In the same way, 
geometry and the size of the pores were different (Fig. 2), namely hys-
teresis seems to be wider in the case of SBA-15 in comparison with Pd/ 
SBA-15. It has been suggested by molecular simulation studies that as 
the length of cylindrical pore increases the width of the hysteresis loop 
also increases [26], which is the same trend observed in this work for 
SBA-15 and Pd/SBA-15. 

Interestingly, when Pd was incorporated on HPA/SBA-15, the sur-
face area decreased considerably to 390 m2/g, which could be attributed 
to the blockage of the pores and to a slight increase of the crystallite size. 
When the calcination temperature of the Pd precursor decreased to 
200◦C (Pd/HPA/SBA-15 catalyst), a decrease of the surface area was 
also obtained. For HPA/SBA-15, which surface area decreased in com-
parison with SBA-15, it could be established that calcination tempera-
ture of the Pd precursor influences the surface area: for 300◦C there was 
a decrease on the surface area because of pore blocking and decrease of 
the crystallite size, while for calcination at 200◦C, the crystals tend to 
increase along with porosity increase which is evident from the pore 
volume changes (0.6 cm3/g vs 0.9 cm3/g). 

The coverage of HPA on the support can be calculated using the 
cross-sectional area of the heteropolyacid. For both cases (HPA/SBA-15 
and Pd/HPA-300/SBA-15) the coverage is similar with some differences 
associated mainly with changes in the surface area. Although in these 
catalytic systems, the same amount of HPA was incorporated on the 
supports, it has been reported that when HPA coverage increases line-
arly with HPA loading, a better dispersion of HPA is favored [7]. In 
addition, the amount of Pd in all the catalysts was estimated using 
emission spectrocopy, obtaining values close to the amounts used for the 
synthesis. 

3.1.2. XPS 
To further investigate the nature of Pd and W species (as well as O 

and C), XPS spectra were taken and analyzed as shown in Fig. 3. High 
resolution Pd spectrum for Pd/SBA-15, displayed typical Pd 3d5/2 and 
Pd 3d3/2 signals at 335.6 eV and 340.9 eV, respectively. Difference be-
tween both peaks corresponds to 5.38 eV which is close to the reported 
value for PdO (5.26 eV) [27] and agrees with the methodology used for 
the catalyst preparation. Interestingly, when heteropolyacid is incor-
porated, both Pd 3d5/2 and Pd 3d3/2 signals were shifted to a slightly 
larger value. For example, for Pd 3d5/2 the signal is located at 335.9 eV 

while for Pd 3d3/2 it was 341.1 eV. In this case, the difference between 
both was 5.24 eV being almost the same value as for PdO. Evidently, 
incorporation of heteropolyacid promotes a slight improvement in the 
synthesis of PdO particles which agrees with the SEM images (next 
section). The metallic Pd0 signal has been reported previously to appear 
at 335 eV [28], however because of the synthesis procedure not 
involving any catalyst reduction, this material is composed mainly of 
PdO rather than metallic Pd. On the other hand, it was observed that for 
Pd/SBA-15 the signals are slightly less intense compared to 
Pd/HPA/SBA-15. This fact is indicative of possible amounts of PdO 
incorporated over Pd/HPA/SBA-15 catalyst. 

In the same way, Fig. S6 illustrates the Pd 3d region of Pd/HPA/SBA- 
15 catalyst evidencing a high signal-to-noise ratio with a hint on the 
typical bands of Pd (II). Subsequently, presence of PdO on the surface of 
this catalyst is not apparent. 

The W 4d high resolution survey (Fig. S2 in Supplementary Infor-
mation) shows the typical signals at around 255 and 243 eV which is a 
strong evidence for the presence of i) heteropolyacid-like structure and 
ii) W with the 4+ oxidation state. 

3.1.3. SEM and TEM 
Fig. 4 presents some selected images (SEM) for Pd-based catalysts. As 

can be seen, in the case of Pd/HPA/SBA-15 material (Fig. 4a), some 
small particles are observed with a non-homogeneous distribution. 
Across the surface some non-regular particles are seen between the 
zones divided for spaces typical for SBA-15. Upon decreasing the metal 
loading in Pd/HPA/SBA-15 (i.e. 0.5 wt% of Pd) agglomerates of parti-
cles together with regular and uniform shapes are observed (Fig. 4b). 
Regarding this result and considering the scale of the micrograph it 
appears that Pd deposition procedure can directly affect the shape and 
dispersion of the particles, making them more uniform and better sha-
ped when the amount of palladium is low (0.5 wt%). Similarly, Pd/SBA- 
15 (Fig. 4f) exhibits different shapes of particles in granules with a slight 
decrease of their size in different directions. It appears that all of them 
are agglomerated without forming clusters of big sizes. Subsequently, 
presence of HPA helps to better distribute palladium as seen in Fig. 4a. 

When the support was changed to amorphous SiO2 (Pd/HPA/SiO2, 
Fig. 4 c and d), spherical particles are observed typical for silica due to 
the preparation methodology. A minor coverage in Fig. 4d can be 
attributed to both HPA and Pd which are impregnated during the 
catalyst synthesis. This observation illustrates a non-uniform covering of 
the support. In comparison with the previous catalysts, Pd/HPA-300/ 
SBA-15 (Fig. 4 f and g), for which the heteropolyacid was calcined at 
300◦C, some rugosity in a random order and growth in different di-
rections could be observed. In some cases, aggregates appear to be in 
contact forming transversal axis within the framework of the image. In 
the other case, the apparently canes-like-particles (in white color) are 
similar to those reported for SBA-15 materials [29]. 

Evidently, a change in the calcination temperature results in 
different morphology. Incorporation of both Pd and HPA on silica could 
affect typical morphology of SBA-15 lowing or elevating the local cur-
vature having an impact on deviations from the spherical shape [30]. In 
our case (except for Pd/HPA/SiO2) incorporation of Pd and HPA on 

Fig. 5. TEM images for Pd/HPA/SBA-15 catalyst. Some Pd particles are highlighted in yellow.  
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SBA-15 increases the local curvature energy resulting in particles with a 
cane-like-shape rather than typical spherical particles. The EDX spectra 
of these materials (Figs. S8 and S9, Supporting Information) demon-
strated that loading of Pd species (in both atomic and weight percent-
age) is slightly higher than W in the case of the material calcined at 
200◦C compared to 300◦C, suggesting that calcination temperature 
affect the deposition of both W and Pd. In general, after calcination of a 
heteropolyacid at 200◦C it can be more easily embedded into SBA-15 
forming non-spherical particles and increasing the curvature energy. 

The metal dispersion was measured for one of the most representa-
tive catalysts by using TEM. The TEM image in Fig. 5 highlights Pd 
nanoparticles present in Pd/HPA/SBA-15. As can be seen, the typical 
channels together with the pores are visible in the images along with the 
well dispersed Pd particles which showed a size of 7.1 ± 2.1 nm. 

3.1.4. Acidity by FTIR using pyridine as a probe molecule 
Catalyst acidity and the acid strength distribution are important 

markers for different reactions, including allylic oxidation of terpenes. 
In this research, acidity was measured by using pyridine as a probe 
molecule for Brønsted and Lewis acid sites. The band at ca. 1455 cm− 1 is 
associated with the Lewis acid sites while the band at 1545 cm− 1 is 
mainly related to Brønsted sites [8]. In this case, Lewis acid sites 
correspond to Pd and W metal centers while Brønsted sites results from 
interaction of pyridine within the typical protons coming from hydroxyl 
(typical in metal oxides). Table 2 contains the Brønsted to Lewis ratio for 
some selected samples investigated during this research. Pd/SBA-15 
displayed acid sites of various strength. Low presence of Brønsted sites 
in Pd/SBA-15 with a weak strength could be related to surface hydroxyl 
groups typical for SBA-15 exhibiting weak acidity [31]. In general, in 
silica based materials, the Brønsted behavior originates from 
pseudo-bridging silanols which are formed from Si-OH environment 
[32]. 

Interestingly, acidity in Pd/HPA/SBA-15 looks slightly different in 
comparison with HPA/SBA-15 or Pd/SBA-15. It seems that similar 
amounts of weak and strong Lewis and Brønsted sites can be explained 
by compensation of the loss of bridging Si-O-Si (Si-OH) bonds with the 

heteropolyacid (HPA). A different behavior is clearly observed for me-
dium acid sites. Particularly, a major content of Lewis sites is observed 
indicating that incorporation of HPA directly affected such acid sites 
contrary to weak and strong acid sites. On the other hand, for Pd/HPA/ 
SiO2, acidity appears to be only of weak strength with a high content of 
Lewis type. A switch from SBA-15 to SiO2, dramatically changes the 
acidity behavior, which could be attributed to the surface area decrease 
and different distribution of Pd and HPA across different supports. 

3.2. Catalytic activity 

3.2.1. Screening of multifunctional catalysts 
Catalytic activity of the multifunctional catalysts used in the allylic 

oxidation of β-pinene is illustrated in Table 3. 
Blank experiments without a catalyst and with the supports only (i.e. 

SBA-15 and SiO2) did not result in either significant conversion or high 
selectivity to one of the desired targets (<3%). 

Experiments with HPA/SBA-15 an Pd/SBA-15 gave 12% conversion 
with a poor selectivity to trans-pinocarveol and pinocamphone and 
mainly formation of β-pinene isomers. On the other hand, Pd/SBA-15 
did not display any catalytic activity. It is well known that although 
HPA is a strong Brønsted acid itself when deposited on SBA-15, acidity 
decreased giving values of acidity up to 187 µmol/gcat, which is suffi-
cient to isomerize β-pinene [33]. An experiment with HPA/SBA-15 for 
pinene transformations without addition of an oxidizing agent gave only 
isomerization products (conversion >99%). Upon addition of an 
oxidizing agent conversion decreased while selectivity to pinene isomers 
remained the same. Absence of catalytic activity in the case of 
Pd/SBA-15 could be attributed to its low Brønsted acidity with low 
strength. Although acidity is not the main criterion for this reaction, 
activation of hydrogen peroxide (oxidizing agent) and its adsorption on 
the metal modified support have been invoked to explain both the 
decomposition of hydrogen peroxide and formation of the oxidation 
products [34]. In the same way, hydrogen peroxide may form relatively 
strong hydrogen bonds preventing efficient interactions with β-pinene 
and thus low activity of Pd/SBA-15, HPA/SBA-15 and even 
Pd/HPA/SiO2. 

When Pd was supported on HPA exhibiting a low surface area of 3 
m2/g, a high conversion (up to 96%) was achieved at the same time with 
poor selectivity to trans-pinocarveol. High activity could be attributed to 
a high acid density while poor selectivity to the oxidation products is 
related to the low surface area, poor hydrogen peroxide activation and 
possibly presence of strong acid sites. It can be concluded that strong 
Brønsted acid sites increase formation of isomers rather than the 
oxidized products. 

In general, combination of Pd together with SBA-15 did not afford 
reasonable activity while Pd/HPA and HPA/SBA-15 were active but not 
selective to the desired products. Subsequently a combination of both 
Pd, HPA and SBA-15 appears to be promising to achieve high yields of 
the desired compounds. Pd catalysts supported on HPA, and SBA-15 
have been therefore prepared and evaluated in the catalytic oxidation 
of β-pinene. As expected, these catalysts synthesized by varying the 
calcination temperature or the amount of palladium exhibited rather 
high yields of trans-pinocarveol. Changes in the calcination temperature 
or even the amount of palladium (up to 1 wt%) did not have a significant 
impact on the performance. 

Because of the nature of each catalyst, the values of TOF were 
calculated considering the amounts of palladium and HPA as active 
catalytic species. In comparison with all catalysts, the values of TOF 
were higher in the case of the multifunctional materials comprising HPA 
and Pd supported on SBA-15, while HPA/SBA-15, Pd/HPA/SiO2 and Pd/ 
SBA-15 did not display high values of TOF. Note that Pd/HPA exhibited 
one of the highest TOF values, however, with poor selectivity to the 
oxidation products. 

A decreasing of the catalytic activity was observed at higher calci-
nation temperatures and with lower amounts of Pd. The maximum value 

Table 2 
Brønsted-to-Lewis ratio for all heterogeneous catalysts.  

Catalyst Acidity (Brønsted-to-Lewis ratio) 

Weak Medium Strong 

Pd/SBA-15 0.17 0.12 0.29  
HPA/SBA-15 - 0.38 4.12  
Pd/HPA/SBA-15 1.03 0.70 1.29  
Pd/HPA-300/SBA-15 1.43 - -  
Pd/HPA/SiO2 0.48 - -   

Table 3 
Catalytic activity of the multifunctional catalysts in the allylic oxidation of 
β-pinene.  

Catalyst X (%) SPcvol SPcam SMol Sother TOF (h− 1)*** 

HPA/SBA-15 12 10 9 - 81* 6.4 
Pd/SBA-15 0 0 0 0 0 0 
Pd/HPA 96 20 5 12 63* 18.2 
Pd/HPA/SBA-15 78 66 8 17 9 9.9 
Pd/HPA-300/SBA-15 99** 63 12 16 9 18.1 
Pd(0.5)/HPA/SBA-15 90** 67 13 15 5 33.8 
Pd/HPA/SiO2 17 53 17 18 12 3.2 

Reaction conditions: 20 mg of catalyst with dp<45 µm, 1 mmol of β-pinene, 6.8 
mmol of H2O2, acetone as solvent (1 mL), 50◦C, 18 h, toluene as internal stan-
dard. Uncertainty ~2%. 

* Mainly isomers of β-pinene. 
** 15 mg of catalyst. 

***TOF= mmol of β-pinene converted per mmol of active sites (mmol of HPA 
plus mmol of Pd) over time. 
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of TOF (33.8 h− 1) was achieved for Pd(0.5)/HPA/SBA-15 whereas a 
value of 18.1 h− 1 was achieved for Pd/HPA-300/SBA-15 catalyst. To 
further compare both Pd catalysts, the initial reaction rates were 
calculated indicating that lower Pd amounts and calcination tempera-
ture were beneficial (0.32 mmol/g min vs 0.24 mmol/g min for Pd(0.5)/ 
HPA/SBA-15 and Pd (1.0)/HPA-300/SBA-15 respectively). Interest-
ingly, both catalysts presented similar surface coverage (0.1350 vs 
0.1160 for Pd(0.5)/HPA/SBA-15 and Pd (1.0)/HPA-300/SBA-15 
respectively) which affects slightly the initial reaction rate. 

With the aim to unravel the properties that affect catalytic oxidation 
of β-pinene, the TOF was plotted vs different catalytic descriptors. In 
particular TOF as a function of the ratio of Brønsted-to-Lewis acid sites 
(Fig. 6) displayed a clear correlation giving a linear increase of TOF with 
the largest value for Pd(0.5)/HPA/SBA-15. As expected, the minimum 
values of TOF were achieved for HPA/SBA-15, Pd/SBA-15 and Pd/HPA/ 
SiO2 catalysts. 

It can be speculated that on weak sites adsorption of the oxidizing 
agent hydrogen peroxide is not strong allowing it to be co-adsorbed with 
β-pinene. The latter is essential in generation of the carbocations crucial 
for allylic oxidation to trans-pinocarveol. 

In general, it appears that not only the weak Brønsted-to-Lewis ratio 
but also morphology are crucial for achieving selective trans-pino-
carveol formation. On the other hand, high Brønsted acidity leads to 
skeletal rearrangement giving isomers as reported previously [35]. More 
detailed studies on the effect of reaction conditions were carried out for 
the catalysts which showed the best catalytic performance for synthesis 
of trans-pinocarveol. 

3.2.2. The effect of the reaction parameters 

Catalyst mass. Results on the oxidation of β-pinene are shown in Fig. 7. 
In the case of Pd/HPA-300/SBA-15, an increase of the catalyst mass 

(up to 15 mg) showed a slight increase of the conversion, which was in 
fact rather high being thus almost independent on the catalyst mass. 
Selectivity to all products remains unaffected giving trans-pinocarveol as 
the main product. For Pd(0.5)/HPA/SBA-15 with lower Pd content and 
the calcination temperature a more pronounced effect was observed 
giving an almost linear behavior. 

With these results is also evident that selectivity to trans-pinocarveol 
is almost the same regardless of the temperature calcination and the 

Fig. 6. TOF as a function of the ratio of weak Brønsted-to-Lewis ratio acid sites for different catalysts.  

Fig. 7. Effect of the catalyst mass on (a) conversion and (b) selectivity to trans-pinocarveol. Reaction conditions: 1 mmol of β-pinene, 6.8 mmol of H2O2, acetone as a 
solvent (1 mL), 50◦C, 18 h, toluene as an internal standard. 
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Fig. 8. Dependence of β -pinene conversion over Pd/HPA-300/SBA-15 with (a) time at 50◦C and (b) temperature after 18 h. Reaction conditions: 20 mg of catalyst, 
acetone as a solvent, toluene as an internal standard, dp<45 µm. Measurements were performed as duplicates. 

Fig. 9. Reuse of the catalyst Pd/HPA-300/SBA-15. Gray color indicate conversion while red is the selectivity to trans-pinocarveol. In the right it is showed the color 
of the catalyst fresh and reused and SEM images before and after the reaction. Reaction conditions: 20 mg of catalyst, 0.05 mmol of β-pinene, acetone as a solvent, 50◦C, 
18 h, toluene as an internal standard, dp<45 µm. 

Fig. 10. Reaction network in oxidation of β-pinene.  
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amount of Pd. Subsequently a multifunctional catalyst based on heter-
opolyacid and palladium and dispersed on a structured silica is efficient 
in achieving high yields of trans-pinocarveol. The observation of product 
distribution almost independence on conversion will be used below in 
kinetic modelling. 

Effect of the hydrogen peroxide to β-pinene ratio on the catalytic perform-
ance. Hydrogen peroxide amount is crucial for the oxidation of alkenes 
influencing activity and selectivity. Different ratios of hydrogen 
peroxide to monoterpene were investigated (1:1, 3:1 and 6.8:1) and the 
results did not show major differences in the conversion of β-pinene and 
selectivity to trans-pinocarveol using the selected heterogeneous cata-
lysts. Under H2O2 lean conditions (H2O2: β-pinene=1:1) selectivity to 
trans-pinocarveol was up to 70% at total conversion after 17 h of the 
reaction. A similar behavior was observed when the ratio was increased 
up to 6.8:1 over all catalysts without an apparent increase of the 
byproducts in line with the data on oxidation of cyclohexene over acidic 
V2O5/MoO3 catalyst [36]. It appears that over tested catalysts, degra-
dation of hydrogen peroxide at ambient temperatures was minimal not 
influencing conversion and selectivity. 

Effect of the time and temperature. A separate experiment was performed 
to investigate the time dependence of concentration using Pd/HPA-300/ 
SBA-15 catalyst and increasing the amount of all reactants and the sol-
vent fivefold to ensure sufficient quantity of the reaction mixture for 
sampling. The data are presented in Fig. 8 for β-pinene conversion vs 
time. 

As can be expected, conversion of the monoterpene increases with 
time until almost completion (99%). A typical S shape in the plot can be 
observed in Fig. 8 pointing out on some sort of autocatalysis. The effect 
of temperature was also explored using the most promising catalytic 
system. For this purpose and considering the boiling point of the solvent 
(acetone, 56◦C) three different temperatures were evaluated. As can be 
seen from Fig. 8b, conversion increased from 42% at 30◦C to 98% at 
50◦C. Selectivity to trans-pinocarveol was almost constant with a slight 
decrease from 68% to 65% upon temperature increase, which implies 
that activation energy in parallel pathways is close to each other. 

3.2.3. Reuse of the catalyst 
Considering the importance of the robustness of a heterogeneous 

material, the catalyst Pd/HPA-300/SBA-15 was separated from the re-
action medium and then reused for several catalytic runs. For this, the 
catalyst was washed with a mixture of acetone/ethyl acetate and dried 
at 100◦C overnight and reused. Drying was preferred over calcination 
because HPA at high temperatures tends to decompose into WOX and 
POx oxides not active in the reaction. Fig. 9 illustrates that the catalyst 
can be reused for several times with a slight decrease of the conversion 
keeping, however, the same selectivity to trans-pinocarveol. 

Based on these results, it is possible to conclude that the material is 
reasonably robust and reusable without substantial changes in catalytic 
activity. According to SEM images some agglomerates of the particles in 
the fresh sample disappear after the catalytic runs, moreover the color of 
the solid change slightly. The latter can be attributed to deposition of 
organic compounds which are not totally removed after washing and 
drying. 

Leaching test was performed to identify the possible loss of hetero-
polyacid or Pd from the catalyst. The reaction was performed at similar 
reaction conditions (15 mg of catalyst, 0.05 mmol of β-pinene, acetone 

Fig. 11. Comparison between experimental and calculated values.  

Table 4 
Values for kinetic parameters and statistical analysis.  

Parameter Value Units Standard error (%) 

k1ρb 0.024 h− 1 >100 
k2ρb 0.045 h− 1 >100 
k3ρb 684 mol/L/h >100 
k4ρb 7.1 h− 1 >100 
k5ρb 1.35 mol/L/h 15 
k6ρb 8 x10− 3 h− 1 27 
KI 1.9x10− 4 L/mol >100 
KII 0.95 L/mol 14 
k’1 2.3x103 h− 1 >100 
n 1   

ρb is the catalyst bulk density, equal to 15 mg.mL-1.  
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as a solvent, 50◦C, toluene as an internal standard, dp<45 µm) for 3 h 
and then the catalyst was removed by hot filtration while the superna-
tant was constantly stirred for another 2 h. The results showed the in-
crease in the substrate conversion suggesting a slight leaching of both 
heteropolyacid and Pd of the material. Conversion at 3 h was 50% while 
at 5 h (after removal of the catalyst) was 55%. Fluorescence analysis 
together with emission atomic spectroscopy showed a decreasing of both 
Pd and W in the reused material. A Pd/W ratio of 0.32 was achieved in 
the fresh material while 0.52 was obtained after reuses. In addition, in 
the fresh sample the amount of Pd was 1.8% while in the reused catalyst 
was 0.85% showing a considerable loss in the Pd amount during all the 
catalytic cycles. 

3.2.4. Kinetic modelling 
Kinetic modelling of this reaction was performed with the aim to 

elucidate the determining steps as well as possible reaction pathways in 

the allylic oxidation of β-pinene. For this, the reaction network was 
proposed (Fig. 10). 

In Fig. 10 reactions 1, 2 and 4 require presence of hydrogen peroxide 
as an oxidizing agent, while reactions 3 and 5 are irreversible double 
bond migration and isomerization reactions. For the sake of simplicity 
not only the oxidation reactions (1, 2 and 4), but also isomerization 
reactions were assumed to be irreversible. In addition to reactions 
involving organic compounds, decomposition of hydrogen peroxide was 
also considered (reaction 6 in Fig. 10). 

Because of the S-shape behavior of the concentration curves, the 
kinetic model was selected using the cooperative kinetics approach [36], 
where for the Eley-Rideal type of mechanism for the reaction A+B→C 
the following rate expression was proposed. 

r=
(
kAK0ACA +2kAAK0AKAAC2

A +(kACKACK0A + kCAKCAK0C)CACC
)
CB

1+K0ACA +K0AKAAC2
A +(KACK0A +KCAK0C)CACC +K0CCC +K0CKCCC2

C

(1) 

In Eq. (1) k and K correspond to reaction and adsorption constants, 
which depend on the spatial arrangement of reacting molecules, namely 
presence of another reacting molecule or the product on the catalyst 
surface. In this treatment it was assumed that on a nanocluster of a metal 
only a limited number of bulky organic molecules can be adsorbed. To 
simplify kinetic analysis, it can be suggested that molecules with the 
double bond in the ring, as well as pinocamphone have lower affinity to 
the catalyst surface compared with β-pinene and pinocarveol. In this 
case Eq. (1) can be directly used for the first reaction in Fig. 10 taking the 
form:  

Where compounds I and III correspond to β-pinene and pinocarveol 
respectively. Eq. (2) reflects the case of only two adsorbed species per 
metal cluster and assumes that the clusters have different reactivity 
depending on the sequence of adsorption steps, thus recognizing the 
difference in adsorption constants KI IIIand KIII I. In the case of non- 
distinguishable clusters and if lateral interactions depend only on the 
presence of a second substrate on a cluster, but not on the nature of this 
second substrate (meaning that k′

1 = k1,I I = k1,I III = k1,III I) Eq. (2) can be 
simplified to 

r1 =
k1KICICH2O2 + k′

1

(
2K2

I C2
I + 2KIKIIICICIII

)
CH2O2

1 + KICI + K2
I C2

I + 2KIKIIICICIII + KIIICIII + K2
IIIC2

III
(3) 

In a similar way the rate expressions for reactions 2 and 3 are 

Fig. 12. Contour plots for all parameter combinations.  

r1 =

(
k1,IK0ICI + 2k1,I IK0IKI IC2

I +
(
k1,I IIIKI IIIK0I + k1,III IKIII IK0III

)
CICIII

)
CH2O2

1 + K0ICI + K0IKI IC2
I + (KI IIIK0I + KIII IK0III)CICIII + K0IIICIII + K0IIIKIII IIIC2

III
(2)   
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r2 =
k2KICICH2O2 + k′

2

(
2K2

I C2
I + 2KIKIIICICIII

)
CH2O2

1 + KICI + K2
I C2

I + 2KIKIIICICIII + KIIICIII + K2
IIIC2

III
(4)  

r3 =
k3KICI + k′

3
(
2K2

I C2
I + 2KIKIIICICIII

)

1 + KICI + K2
I C2

I + 2KIKIIICICIII + KIIICIII + K2
IIIC2

III
(5) 

Note absence of hydrogen peroxide concentration in Eq. (5). For the 
rates of other reactions in the reaction network, namely reactions 4 and 
5, due to low affinity of compounds II and IV it can be assumed that their 
coverage is substantially lower than for adsorbed pinene and pino-
carveol. Subsequently adsorbed compound II can react being located on 
a cluster without a neighboring adsorbed molecule or when either 
β-pinene or pinocarveol are adsorbed. This leads to the following rate 
expression of reaction 4. 

r4 =
k4KIICIICH2O2 + k′

4(KIKIICICII + KIIKIIICIICIII)CH2O2

1 + KICI + K2
I C2

I + 2KIKIIICICIII + KIIICIII + K2
IIIC2

III
(6) 

And similarly, reaction 5 

r5 =
k5KIV CIV + k′

5(KIKIV CICIV + KIIIKIV CIIICIV)

1 + KICI + K2
I C2

I + 2KIKIIICICIII + KIIICIII + K2
IIIC2

III
(7) 

For hydrogen peroxide decomposition a semi-empirical power low 
model was applied, giving eventually the reaction order in hydrogen 
peroxide equal to unity based on the data fitting. 

r6 = k6Cn
H2O2

(8) 

The catalyst bulk density is implicitly incorporated in the rate con-
stants. The generation rates of components of the reaction network can 
be easily written. 

−
dCI

dt
= r1 + r2 + r3,

dCII

dt
= r3 − r4,

dCIII

dt
= r2 + r5,

dCIV

dt
= r4 − r5,

dCV

dt

= r1, −
dCH2O2

dt
= r1 + r2 + r4 + r6

(9) 

The parameter estimation was carried out with a software ModEst 
[37]. The objective function taken as the squared difference between the 
experimental and calculated values was minimized by using hybrid 
simplex and Levenberg-Marquardt algorithms resulting in a very good 
description of the experimental observations. Preliminary analysis 
demonstrated that the system is overparametrized and some simplifi-
cations can be made, namely that k′

2 = k′

2,k′

3 = k′

3;k′

4 = k′

4;k′

5 = k′

5, and 
KII = KIII = KIV . The coefficient of determination R2, which compares 
the model performance with respect to the variance of all experimental 
points, was 99.94% for this case with mentioned above simplifications. 
The calculation results demonstrated in Fig. 11 illustrate a good 
description of the experimental data at different hydrogen peroxide to 
the substrate ratio. 

Fig. 13. MCMC analysis of parameters determined by nonlinear regression. The X- axes correspond to values of parameters, while Y-axes reflect the probability of 
parameters and correspond to their posterior distributions. 
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As can be seen from Fig. 11 the model is capable of capturing the so- 
called S-shape behavior of the concentration profiles. The values of 
parameters along with the corresponding errors are shown in Table 4, 
demonstrating, however, rather large errors for the majority of 
parameters. 

As apparently clear from Table 4 the constants are not statistically 
reliable, therefore the Markov Chain Monte Carlo analysis [38] has been 
performed to find the most probable values of parameters. This method, 
incorporated in the modelling software ModEst, allows an evaluation of 
the reliability of the model parameters by treating all the uncertainties 
in the data and in the modelling as statistical distributions. As follows 
from Fig. 12 displaying contour plots for all parameter combinations, 
the correlations visible from an elongated shape are apparent for k1 and 
k2. 

Despite the large estimated errors for the rate and adsorption con-
stants (Table 4) the MCMC analysis (Fig. 13) confirms rather well 
defined maxima for the majority of parameters allowing a possibility of 
their mechanistic interpretation. In particular a rather low rate constant 
for hydrogen peroxide decomposition should be noted. Moreover, a 
large difference in the absolute values between k′

1 and k1points out on 
lateral interactions as a reason for the S-shaped behavior of concentra-
tion profiles. 

4. Conclusions 

Selective oxidation of β-pinene for synthesis of trans-pinocarveol was 
carried out successfully using a multifunctional heterogeneous catalyst 
containing both an acid and metal functions (Pd/HPA/SBA-15). Both Pd 
and the heteropolyacid played an important role in the reaction avoid-
ing formation of epoxidation or condensation products. It was demon-
strated that also the nature of the support (i.e.: SiO2 vs SBA-15) 
influenced the yield of trans-pinocarveol. Higher acidity favored for-
mation of the isomerization products. Absence of the inorganic support 
(case of Pd/HPA) resulted in a high conversion but poor selectivity to 
trans-pinocarveol as strong Brønsted acidity led to isomerization at the 
expense of oxidation products. An increase of the weak Brønsted acid 
sites together with a typical parallelogram-like particle shape are 
responsible for formation of the desired product. Selectivity to the 
desired pinocarveol does not depend strongly on the monoterpene 
conversion. The concentration dependence on time displayed a typical 
S-shape behavior which was quantitatively modelled for different ratios 
of pinene and hydrogen peroxide displaying a very good correspondence 
between the experimental and calculated data. 

Overall, the multifunctional catalyst Pd/HPA/SBA-15 developed in 
the current work was efficient to achieve high yields of trans- 
pinocarveol. 
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