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In this study, cetylpyridinium peroxyphosphotungstate was synthesized as an environmentally benign 
phase transfer catalyst with high catalytic activity from cetylpyridinium chloride, phosphotungstic 
acid, and hydrogen peroxide. The chemical structure of the catalyst was identified by SEM, XRD, 
FT-IR, ICP, elemental analysis, XPS, and TGA/DTG, revealing its catalytic activity to be related to the 
regular and dense distribution of pores on its surface. High catalytic activity was demonstrated in the 
oxidation of linalool to furanoid and pyranoid linalool oxides using hydrogen peroxide in low toxicity 
organic solvents such as ethanol and ethyl acetate. The total yield and total selectivity of furanoid 
and pyranoid linalool oxides were optimized by varying parameters including the catalyst loading, 
hydrogen peroxide amount, reaction temperature, and reaction time. Optimized conditions providing 
furanoid and pyranoid linalool oxides with 80.1% total yield were 10 wt% catalyst and 1.16 mL/g 30% 
H2O2 (vs. linalool) at 30 °C for 1.5 h. This procedure has the advantages of high yield, employing a 
green oxidant, and non-toxic reagents.
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Phosphotungstic acid (H3PW12O40), after treatment with hydrogen peroxide, has high catalytic performance 
in the oxidation of olefinic C = C, and is commercially available and stable. It is considered environmentally 
benign, giving clean reaction processes,1,2 and is a highly active solid acid with potential as an alternative to 
traditional metal catalysts3,4 Various oxidants such as peracetic acid, NaOCl, and tert-butyl hydroperoxide have 
been used to selectively oxidize olefins. However, these oxidants form reduced byproducts,5 while the use of 
hydrogen peroxide as an oxidant is ideal due to its high oxygen atom efficiency with co-production of water6,7 
Moreover, hydrogen peroxide requires no extra acid for olefin oxidation, aligning the process with the concept of 
environmentally friendly chemistry8 Phosphotungstic acid is only suitable for homogeneous reaction mixtures. 
However, the oxidation of C = C usually requires reaction under heterogeneous conditions, especially when 
hydrogen peroxide is used as the oxidant. To be a viable oxidant in heterogeneous systems, phosphotungstic acid 
can be supported on a less polar carbon chain to construct a phase transfer catalyst.

Alkyl pyridinium chloride belonging to quaternary ammonium salts, is an excellent class of surfactants. The 
quaternary ammonium cation of these compounds could combine with the phosphotungstic acid anion through 
ionic bonding to form alkylpyridine phosphotungstate, rather than physically adsorbing the phosphotungstic 
acid ion. This coupling configuration effectively inhibits the leaching of phosphotungstic acid anions during 
repeated use of alkyl pyridinium chloride, consequently ensuring good reusability performance. Therefore, 
alkylpyridine phosphotungstate is considered to be a good phase transfer catalyst. In a heterogeneous reaction 
system composed of aqueous and organic phases using hydrogen peroxide as an oxidant, the counter cation 
of alkylpyridine phosphotungstate could bind to hydrogen peroxide, forming a high concentration reaction 
microenvironment on the catalyst surface and accelerating the reaction process9.

Linalool is an important natural product belonging to the chain terpenoids10 Furanoid linalool oxides and 
pyranoid linalool oxides are widely used in food, medicine, and other fields due to their bacteriostatic, insecticidal, 
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and other biological activities, and their market potential is huge11–17 Hence, oxidation of linalool has received 
extensive research attention. At present, there are two main methods to prepare furanoid or pyranoid linalool 
oxides from linalool. In the first, linalool is oxidized with hydrogen peroxide in the presence of an organic acid 
catalyst (Fig. 1)18,19 The reaction conditions of this method are mild and the reaction steps are simple. However, 
the post-treatment is troublesome and the organic acids used can corrode the equipment and cause serious 
environmental pollution. In the second method, linalool oxide is provided from linalool analogs under enzyme 
catalysis (Fig. 2)20,21 Specific isomers of unsaturated alcohols can be obtained by this method but it requires a 
multi-step reaction, product yields tend to be low, and the enzymes and raw materials are difficult to obtain. 
Therefore, the preparation technology for furanoid and pyranoid linalool oxides still needs to be optimized.

This study describes the synthesis of cetylpyridinium peroxyphosphotungstate (an alkylpyridine 
phosphotungstate) (Fig. 3) and its use as a catalyst for the preparation of furanoid and pyranoid linalool oxides 
from linalool with H2O2 oxidant. The results of the study also have positive significance for the development of 
value-added processing products of linalool.

Experimental
Materials
All reagents were purchased from Shanghai Jingchun Biochemical Technology Co., Ltd. These reagents were of 
analytical grade and used without further purification.

The Preparation of cetylpyridinium peroxyphosphotungstate [π-C5H5NC16H33]3PW4O24
A modified literature procedure22–25 was applied. Cetylpyridinium chloride (2.62 g, 7.7 mmol) and 30% H2O2 
(84 mL) were stirred at 40 ºC in a 250 mL 3-necked flask with a thermometer, a reflux condenser and a constant 
pressure funnel. To the flask was added dropwise a solution of phosphotungstic acid (7.20 g, 2.5 mmol) in 30% 
H2O2 (21 mL) through the constant pressure funnel and the reaction temperature was maintained at 40 ºC 
for 5 h. After completion of the reaction, decompressional filtration, washing, and air drying, cetylpyridinium 
peroxyphosphotungstate (3.71 g, 1.8 mmol, 72.0% based on P) was obtained as a light yellow solid.

Characterization of cetylpyridinium peroxyphosphotungstate
To study the surface morphological of the sample, SEM micrographs were recorded on a S-570 scanning electron 
microscope (Hitachi, Japan). XRD analysis of the sample was carried out using a D/MAX 2500 V diffractometer 
(Rigaku, Japan) with Ni-filtered Cu Kα radiation (λ = 0.154  nm). Powder X-ray difraction patterns were 
measured in the range of 5° to 90° with a scanning rate of 2 °/min. Analyses were performed at a voltage of 40 kV 
and a current of 40 mA. A Thermo Nicolte IS10 spectrometer (Thermo Fisher Scientific, USA) was employed to 
carried out the Fourier transform infrared (FT-IR) spectra of the synthesized catalyst. The content of P and W in 
the sample was analysed by a PerkinElmer 2100 inductively coupled optical emission spectrometer (ICP-OES). 

Fig. 3.  Synthesis of cetylpyridinium peroxyphosphotungstate.

 

Fig. 2.  Synthesis of linalool oxide with enzyme catalysts.

 

Fig. 1.  Synthesis of linalool oxide with H2O2 and organic acid catalysts.
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The element analysis was recorded on a Vario EL cube (Elemantar, Germany). X-ray photoelectron spectroscopy 
(XPS) was utilized to study the surface chemistry of the sample with a Thermo Scientific Nexsa instrument from 
Thermo Scientific (Thermo Fisher Scientific, Waltham, USA), with a monochromated Al Kα source (1486.6 eV), 
at a base pressure < 1 × 10− 9 mbar. The pass energies for the survey spectra and high-resolution spectra were 
200  eV and 20  eV, respectively. The deconvolution of C1s, O1s, and W4f spectra were carried out using a 
Gaussian-Lorentzian function. A simultaneous analysis of thermogravimetry (TGA) and derivative thermal 
gravimetry (DTG) was executed by a Discovery TGA 55 thermogravimetric analyzer ( TA Instruments, USA).

Oxidation of Linalool to furanoid and pyranoid Linalool oxides with cetylpyridinium 
peroxyphosphotungstate catalyst
Linalool (8.16 mL, 49.16 mmol), cetylpyridinium peroxyphosphotungstate (0.8 g), an organic solvent such as 
ethanol, ethyl acetate, or trichloromethane (20 mL) and 30% H2O2 (13.2 mL) were added to a 100 mL flask with a 
thermometer and a reflux condenser. The reaction mixture was stirred for 1.5 h at 30 ºC. After completion of the 
reaction, the mixture was filtered by vacuum suction and the filtrate was dried over anhydrous sodium sulfate. 
GC-MS was performed to determine the yields of furanoid linalool oxides and pyranoid linalool oxides (peak 
area normalization method) and their chemical structures.

The process total yield and selectivity for furanoid linalool oxides and pyranoid linalool oxides were optimized 
in experiments varying the solvent, reaction time, reaction temperature, catalyst loading, and the amount of 30% 
H2O2. Each test was repeated three times.

GC analysis
The yields of furanoid linalool oxides and pyranoid linalool oxides were measured on a GC-2014 AF (Shimadzu, 
Kyoto, Japan) equipped with a HP-5 quartz capillary column (30 m × 0.25 mm i.d. × 0.25 µm flm thickness). 
The separation conditions gas chromatographic were as follows: FID detector; carrier gas nitrogen; flow rate 
3.0 ml/min; injection temperature 270 °C; detector temperature 270 °C. The initial column temperature was 
kept at 60 °C for 0.5 min; programmed to 80 °C at a rate of 5 °C/min and kept constant at 80 °C for 0.5 min; 
programmed to 140 °C at a rate of 20 °C/min and kept constant at 140 °C for 0.5 min; programmed to 180 °C at 
a rate of 4 °C/min and kept constant at 180 °C for 0.5 min; programmed to 230 °C at a rate of 10 °C/min and kept 
constant at 230 °C for 1 min; programmed to 280 °C at a rate of 10 °C/min and kept constant at 280 °C for 1 min.

GC-MS analysis
The chemical structures of furanoid linalool oxides and pyranoid linalool oxides were identified by GC-MS. 
GC-MS system was composed of an Agilent Technologies 7890 A gas chromatograph and an Agilent 7683B auto 
injector equipped with a 5975 C VL Agilent mass selective detector (Agilent Technologies Inc., USA). The scan 
rate of the mass spectral was 2.85/s and the scan range was 50–500 Da in splitless injection mode with a helium 
flow rate of 0.7 ml/min. The column head pressure was maintained at 10 psi. The MS detector was operated in 
the EI mode with an ionization voltage of 70 eV and a source temperature of 230 °C. The temperature of the GC 
transfer line and injector were 300 °C and 280 °C, respectively. Chromatographic separation was carried out on a 
DB-5MS capillary column (30 m × 0.25 mm i.d. × 0.25 µm flm thickness). The temperature procedure has been 
described in the previous section.

Results and discussion
Characterization of cetylpyridinium peroxyphosphotungstate
The structure of cetylpyridinium peroxyphosphotungstate was characterized by SEM, XRD, FT-IR, ICP, element 
analysis, XPS, and TGA/DTG.

The surface morphology of cetylpyridinium peroxyphosphotungstate was observed by SEM (Fig. 4a and b), 
revealing the uniform and densely distributed pores on the catalyst surface that increase the specific surface area, 
enhancing reactant adsorption and reaction site density. As a result, the catalytic reaction rate could be increased. 
To study the distribution and chemical composition of the catalyst, EDX analysis was performed (Fig. 4c). The 
elemental peaks attributed to carbon, oxygen, tungsten, and phosphorus in the EDX spectrum confirm the 
presence of these elements in the obtained catalyst. In comparison with phosphotungstic acid (H3PW12O40), the 
W/P atomic ratio of the catalyst was found to decrease from 12:1 to 4:1. This clearly indicates that the valence 
state of tungsten changes after phosphotungstic acid is supported on cetylpyridinium chloride under the action 
of hydrogen peroxide.

The XRD diffraction pattern was obtained by processing the XRD raw data with Origin 8. The XRD 
diffractogram of cetylpyridinium peroxyphosphotungstate (a) is illustrated in Fig.  5. For comparison, the 
diffractogram of phosphotungstic acid (b) is also presented in Fig. 5. In the XRD pattern of phosphotungstic 
acid, diffraction peaks at 2θ = 6.8°, 8.5°, 10.3°, 18.4°, 25.2°, and 34.9° originate from the (010), (200), (102), (410), 
(133), and (525) diffraction facets, respectively, of H3PW12O40 (JCPDS File No. 50–0655). This is consistent 
with the characteristic diffraction peaks of Keggin phosphotungstate reported in the literature26,27 Moreover, the 
crystallinities of all the above crystalline phases were over 95%. In contrast, in the XRD pattern of cetylpyridinium 
peroxyphosphotungstate, a broad amorphous hump was found at 2θ = 20°-30°, suggesting the dominance of 
disordered structures. Strong diffraction peaks of the catalyst are only presented at 2θ = 8.3°, 8.7°, and 8.9°, and 
all these crystal phases have crystallinities below 90%. Compared with phosphotungstic acid, the crystallinity 
of each crystal phase of cetylpyridinium peroxyphosphotungstate is significantly reduced, indicating that the 
introduction of counter cations and changes in tungsten valence state have a significant impact on its crystal 
structure.

The FT-IR spectra of cetylpyridinium chloride, phosphotungstic acid, and cetylpyridinium 
peroxyphosphotungstate were shown in Fig. 6. In the FT-IR spectrum of cetylpyridinium chloride, bands at 
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1639, 1578, and 1485 cm− 1 correspond to the stretching vibration of C = C, the stretching vibration of C = N+, 
and the bending vibration of C − H, respectively. The spectrum of cetylpyridinium peroxyphosphotungstate 
also shows these characteristic bands at 1632, 1578, and 1486  cm− 1, consistent with those of cetylpyridine 
chloride. However, based on the references ,8,28 it could be inferred that five new bands at 1080, 951, 893, 821, 
and 545  cm− 1 correspond to the stretching vibration of P − O, and W = O, W − O−W, O − O, and W − O−O, 
respectively, indicating that phosphotungstic acid was successfully supported on cetylpyridinium chloride. In 
the FT-IR spectrum of phosphotungstic acid, bands at 1081, 986, and 894 cm− 1 can be attributed to the stretching 
vibrations of P − O, W = O, and W − O−W. However, bands for the stretching vibrations of O − O and W − O−O 
are absent in the spectrum of phosphotungstic acid. Hence, it can be concluded that phosphotungstic acid reacts 
under the action of hydrogen peroxide to produce peroxide bonds in cetylpyridinium peroxyphosphotungstate.

To confirm the elemental composition of cetylpyridinium peroxyphosphotungstate, inductively coupled 
plasma (ICP) analysis was used to determine the W and P contents. The synthesis of quaternary ammonium 
peroxyphosphotungstate with phosphotungstic acid and quaternary ammonium salts with H2O2 as oxidizing 
agent has been reported, and the elemental composition of the anion {PO4[WO(O2)2]4}3− has been identified28,29 
In our cetylpyridinium peroxyphosphotungstate catalyst, the contents of W and P were 35.28 wt% and 1.49 wt%, 
respectively, representing a W to P molar ratio of 4:1, in agreement with the literature8,28 In addition, elemental 
analysis revealed the C, H, and N contents to be 36.75, 5.51, and 2.12 wt%, respectively. From these combined 
data, we can reasonably conclude that the molar ratio of C, H, N, P, W, and O is 63 : 114 : 3 : 1: 4 : 24.

XPS analysis was performed to measure the change in the composition and chemical state of the elements on 
the surface of the samples. In this study, avantage software (Thermo Fisher Scientific, Waltham, USA) was used 
for analyzing XPS data (Fig. 7). As a result, it was found that the survey spectra of cetylpyridinium chloride show 
the four characteristic peaks O1s, N1s, C1s, and Cl2p centered at 532.05, 401.86, 285.05, and 197.18 eV. The XPS 
survey of cetylpyridinium peroxyphosphotungstate found five characteristic peaks at 531.25, 401.93, 285.02, 
133.26, and 36.15 eV corresponding to O1s, N1s, C1s, P2p, and W4f signals, respectively. The presence of P2p 
and W4f further confirmed that phosphotungstic acid was successfully supported on cetylpyridinium chloride. 
In the XPS survey of phosphotungstic acid, the three peaks at 531.28, 134.80, and 37.13 eV can be attributed 
to O1s, P2p, and W4f, respectively. After chemical modification of phosphotungstic acid, the binding energy of 
P2p and W4f decreased. The change in O/W ratio between phosphotungstic acid (3.41:1) and cetylpyridinium 

Fig. 4.  (a and b) SEM images and (c) EDS results of cetylpyridinium peroxyphosphotungstate.
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peroxyphosphotungstate (4.68:1) is significant and indicates that the chemical state of tungsten element changed 
when phosphotungstic acid was grafted onto cetylpyridinium chloride.

High resolution C1s, O1s, and W4f spectra were also analyzed for a better understanding of the surface 
chemistry (Figs.  8, 9 and 10). After deconvolution, two sub-peaks for the C1s spectra of cetylpyridinium 
chloride situated at 284.69 and 285.23 eV can be attributed to the C = C (C1s-1) and C − C/C − H (C1s-2) bonds, 
respectively. The C1s spectra of cetylpyridinium peroxy- phosphotungstate also presented two sub-peaks situated 
at 284.28 (C1s-1) and 285.67 eV (C1s-2). After cetylpyridinium chloride modification, the relative content of 
C1s-1 decreased from 50.22 to 34.73% and that of C1s-2 increased from 49.78 to 65.27% (relative content = C1s-
1 or C1s-2 content / total C1s content × 100%). Therefore, more carbon chains (hexadecyl) and fewer pyridine 
rings were exposed on the surface of cetylpyridinium chloride.

The high resolution O1s spectra of phosphotungstic acid revealed two distinct peaks at 530.95 (O1s-1) and 
531.83 eV (O1s-2), attributed to the P − O−H (O1s-1) and P = O/W = O (O1s-2) bonds, respectively. In contrast, 
the O1s spectra of cetylpyridinium peroxyphosphotungstate present three distinct peaks at 529.85 eV (lattice 
oxygen), 531.32 eV (surface oxygen species), and 532.23 eV (P − O−W bond). Surface oxygen in the catalyst 
can be classified as W(O)2, and W = O can be attributed to highly oxidized oxygen30 It should be noted that 
surface oxygen is involved in the catalytic reaction and could be beneficial for the formation of various oxygen-
containing species during the catalytic process8,31.

The high resolution W4f spectra of phosphotungstic acid present two distinct peaks, W4f7/2 at 35.94 
and W4f5/2 at 38.09  eV, attributed to W6+. However, the high resolution W4f spectra of cetylpyridinium 
peroxyphosphotungstate revealed four distinct peaks. The peaks of W4f7/2 at 34.81 eV and W4f5/2 at 37.0 eV are 

Fig. 6.  FT-IR spectra of cetylpyridinium chloride, phosphotungstic acid, and cetylpyridinium 
peroxyphosphotungstate.

 

Fig. 5.  XRD patterns of cetylpyridinium peroxyphosphotungstate (a) and phosphotungstic acid (H3PW12O40) 
(b).
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attributed to W4+, while those of W4f7/2 at 35.18 eV and W4f5/2 at 38.61 eV indicate W5+. This result suggests that 
the valence state of most surface W atoms in the cetylpyridinium peroxyphosphotungstate catalyst decreased 
from + 6 to + 5/+4, signifying that lower tungsten valence states are predominant in the catalyst.

The TGA-DTG analysis of cetylpyridinium peroxyphosphotungstate during pyrolysis in a N2 atmosphere is 
illustrated in Fig. 11. The TGA curve of cetylpyridinium peroxyphosphotungstate exhibits several distinct peaks, 
indicating several notable weight loss processes. The first weight loss is observed between room temperature and 
345 ºC and can be mainly attributed to the elimination of a small amount of adsorbed and crystallized water. 
The second major weight loss between 345 and 405 ºC could be ascribed to the decomposition of the alkyl chain. 

Fig. 9.  High resolution O1s spectra of phosphotungstic acid and cetylpyridinium peroxyphosphotungstate.

 

Fig. 8.  High resolution C1s spectra of cetylpyridinium chloride and cetylpyridinium peroxyphosphotungstate.

 

Fig. 7.  Survey XPS spectra of cetylpyridinium chloride, phosphotungstic acid, and cetylpyridinium 
peroxyphosphotungstate.
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When the temperature reaches 405 ºC, the peroxophosphotungstate ion in the catalyst begins to decompose 
gradually.

Oxidation of Linalool to furanoid and pyranoid Linalool oxides with cetylpyridinium 
peroxyphosphotungstate catalyst
To date, most described approaches for synthesis of furanoid and pyranoid linalool oxides are based on the 
epoxidation of linalool followed by cyclization under acid-catalysis,15 usually with peroxy organic acids, with 
yields over 60%. However, peroxy organic acids are associated with high risk and toxicity. Moreover, green 
synthesis protocols are becoming increasingly important12 In this context, due to the environmentally benign 
nature of H2O2 and the high catalytic performance of phosphotungstic acid, research into the oxidation of 
linalool with these reagents has aroused great interest. Nevertheless, in our previous investigation, furanoid 
and pyranoid linalool oxides could not be synthesized from linalool using H2O2 and phosphotungstic acid due 
to limited contact between reactant and reagents under these heterogeneous conditions. To resolve this issue, 
we designed and synthesized cetylpyridinium peroxyphosphotungstate catalyst. Presenting both hydrophobic 
carbon chains and hydrophilic peroxophosphotungstate ions, it can behave as a phase transfer catalyst in 
heterogeneous conditions. In addition, the many pores on the catalyst surface could effectively improve the 
catalyst performance.

To our delight, linalool oxidation using cetylpyridinium peroxyphosphotungstate catalyst and H2O2 oxidant 
resulted in a high total yield of furanoid and pyranoid linalool oxides. According to GC analysis, five main 
products were formed in this reaction (Fig. 12) and their chemical structures were identified by GC-MS.

MSD chemstation data Analysis F.01.00 (Thermo Fisher Scientific, Waltham, USA) was used for analyzing 
GC-MS data. The obtained mass spectra of the products were retrieved using the NIST 11. L standard mass 

Fig. 11.  TGA-DTG curve of cetylpyridinium peroxyphosphotungstate.

 

Fig. 10.  High resolution W4f spectra of phosphotungstic acid and cetylpyridinium peroxyphosphotungstate.
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spectrometry library (National Institute of Standards and Technology, Gaithersburg, USA). As a result, it was 
found that the GC-MS spectrogram matching degrees for trans-furanoid linalool oxide (4a), cis-furanoid 
linalool oxide (4b), trans-pyranoid linalool oxide (5a), cis-pyranoid linalool oxide (5b), and 2,2,6-trimethyl-
6-vinyldihydro-2 H- pyran-3(4 H)-one (6) were 96, 96, 95, 96 and 96%, respectively. The reaction mechanism 
is shown in Fig. 13. First, the 6-C = C bond of linalool is oxidized by hydrogen peroxide in the presence of the 
catalyst to provide epoxide (2), hydrolysis of which gives triol (3). Next, a molecule of water is eliminated by the 
interaction between the 6-OH and 3-OH of 3 to provide 4a and 4b. At the same time, 5a and 5b are obtained 
through the interaction between the 7-OH and 3-OH of 3 with elimination of a molecule of water. The 3-C = C 
bond of linalool was more difficult to oxidize by hydrogen peroxide than the 6-C = C bond, presumably due 
to the formation of secondary and tertiary carbon free radicals, respectively. The lower stability of the former 
results in easier oxidation of the 6-C = C bond.

The synthesis of furanoid and pyranoid linalool oxides was optimized by varying the solvent, reaction time, 
reaction temperature, the amount of 30% H2O2, and the catalyst loading as process parameters. The conversion, 
selectivity and yield were calculated according to Eq. (1), Eq. (2), and Eq. (3), respectively. IBM SPSS Statistic 
20 was used for statistical analysis of the data. A one-way ANOVA and effect sizes were used to evaluate the 
effect of the process parameters on the conversion of linalool, the total yield of furanoid linalool oxides and 
pyranoid linalool oxides, and the total selectivity (Tables 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10). Significant differences 
were observed for the effects of modifying reaction temperature, reaction time, the amount of 30% H2O2, and 
the amount of catalyst on linalool conversion (P < 0.01). Effect sizes for these factors on linalool conversion were 
higher than 0.85. Among them, the effect size of the amount of catalyst was the largest at 0.999. In addition, the 
influence of solvent, the amount of 30% H2O2, and the catalyst loading on the total yield and total selectivity 

Solvent Average conversion ± SD (%) Average yield ± SD (%) Average selectivity ± SD (%)

Ethanol 100 ± 0 74.4 ± 1.2 74.4 ± 1.2

Ethyl acetate 100 ± 0 53.4 ± 2.1 53.4 ± 2.1

Trichloromethane 100 ± 0 66.7 ± 1.8 66.7 ± 1.8

Table 1.  Effect of solvent on the total yield and total selectivity for furanoid and pyranoid Linalool oxides. 
All reactions were performed with cetylpyridinium peroxyphosphotungstate (0.8 g), Linalool (8.16 mL), 30% 
H2O2 (13.2 mL), and solvent (20 mL) at 50 °C for 3 h.

 

Fig. 13.  The reaction route for linalool furanoid and pyranoid oxidation products.

 

Fig. 12.  GC spectra of the linalool oxidation reaction mixture.
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for furanoid and pyranoid linalool oxides showed significant differences (P < 0.01) (Tables 2, 4, 6 and 8, and 10), 
and all the parameters showed high effect sizes of more than 0.88. However, the solvent had little effect on the 
conversion of linalool and no significant differences were observed for the effects of modifying reaction time and 
reaction temperature on the total yield and total selectivity.

The effect of solvent on the synthesis of furanoid and pyranoid linalool oxides is shown in Table  1. The 
linalool conversion could be 100% when ethanol, ethyl acetate, or trichloromethane was used as the solvent. 
Both the total yield and the total selectivity for furanoid and pyranoid linalool oxides were strongly affected 
by solvent. The highest yield (74.4%) and selectivity (74.4%) were obtained with ethanol as solvent. Therefore, 
ethanol was considered optimal.

The effect of reaction time on the synthesis of furanoid and pyranoid linalool oxides is detailed in Table 3. The 
highest yield (75.6%) and selectivity (75.6%) were provided after 1.5 h. Therefore, 1.5 h was considered optimal.

SS df MS F Sig. (P-value) Eta squared (effect size)

Conversion (%)

 Between groups 0.451 4 0.113 24.143 0.000

0.906 Within groups 0.047 10 0.005

 Total 0.497 14

Yield (%)

 Between groups 6.523 4 1.631 1.367 0.312

0.354 Within groups 11.927 10 1.193

 Total 18.449 14

Selectivity (%)

 Between groups 5.407 4 1.352 1.173 0.379

0.319 Within groups 11.527 10 1.153

 Total 16.933 14

Table 4.  Evaluation of the effect of reaction time on the synthesis of furanoid and pyranoid Linalool oxides 
from one-way ANOVA results and effect sizes.

 

Reaction time (h) Average conversion ± SD (%) Average yield ± SD (%) Average selectivity ± SD (%)

1 99.6 ± 0.2 73.6 ± 1.1 74.0 ± 1.0

1.5 100 ± 0 75.6 ± 1.2 75.6 ± 1.2

2 100 ± 0 73.9 ± 1.2 73.9 ± 1.2

2.5 100 ± 0 74.3 ± 0.9 74.3 ± 0.9

3 100 ± 0 74.4 ± 1.2 74.4 ± 1.2

Table 3.  Effect of reaction time on total yield and total selectivity for furanoid and pyranoid Linalool oxides. 
All reactions were performed with cetylpyridinium peroxyphosphotungstate (0.8 g), Linalool (8.16 mL), 30% 
H2O2 (13.2 mL), and ethanol (20 mL) at 50 °C.

 

SS df MS F Sig. (P-value) Eta squared (effect size)

Conversion (%)

 Between groups 0.000 2 0.000 – –

– Within groups 0.000 6 0.000

 Total 0.000 8

Yield (%)

 Between groups 681.387 2 340.693 114.497 0.000

0.974 Within groups 17.853 6 2.976

 Total 699.240 8

Selectivity (%)

 Between groups 681.387 2 340.693 114.497 0.000

0.974 Within groups 17.853 6 2.976

 Total 699.240 8

Table 2.  Evaluation of solvent effect on the synthesis of furanoid and pyranoid Linalool oxides from one-way 
ANOVA results and effect sizes.
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SS df MS F Sig. (P-value) Eta squared (effect size)

Conversion (%)

 Between groups 3519.356 3 1173.119 1406.336 0.000

0.998 Within groups 6.673 8 0.834

 Total 3526.029 11

Yield (%)

 Between groups 981.862 3 327.287 358.344 0.000

0.993 Within groups 7.307 8 0.913

 Total 989.169 11

Selectivity (%)

 Between groups 707.427 3 235.809 323.395 0.000

0.992 Within groups 5.833 8 0.729

 Total 713.260 11

Table 8.  Evaluation of the effect of the amount of 30% H2O2 on the synthesis of furanoid and pyranoid 
Linalool oxides from one-way ANOVA results and effect sizes.

 

The amount of 30% H2O2 (mL) Average conversion ± SD (%) Average yield ± SD (%) Average selectivity ± SD (%)

3.3 60.2 ± 1.8 57.4 ± 1.3 95.3 ± 0.8

6.6 99.3 ± 0.3 80.1 ± 0.8 80.6 ± 1.0

9.9 100 ± 0 78.3 ± 0.9 78.3 ± 0.9

13.2 100 ± 0 75.4 ± 0.8 75.4 ± 0.8

Table 7.  Effect of the amount of 30% H2O2 on the total yield and total selectivity for furanoid and pyranoid 
Linalool oxides. All reactions were performed with cetylpyridinium peroxyphosphotungstate (0.8 g), Linalool 
(8.16 mL), and ethanol (20 mL) at 30 °C for 1.5 h.

 

SS df MS F Sig. (P-value) Eta squared (effect size)

Conversion (%)

 Between groups 6.403 4 1.601 15.901 0.000

0.864 Within groups 1.007 10 0.101

 Total 7.409 14

Yield (%)

 Between groups 4.620 4 1.155 1.431 0.294

0.364 Within groups 8.073 10 0.807

 Total 12.693 14

Selectivity (%)

 Between groups 0.131 4 0.033 0.042 0.996

0.017 Within groups 7.687 10 0.769

 Total 7.817 14

Table 6.  Evaluation of the effect of reaction temperature on the synthesis of furanoid and pyranoid Linalool 
oxides from one-way ANOVA results and effect sizes.

 

Reaction temperature (°C) Average conversion ± SD (%) Average yield ± SD (%) Average selectivity ± SD (%)

20 98.4 ± 0.7 74.1 ± 0.7 75.3 ± 0.1

30 100 ± 0 75.4 ± 0.8 75.4 ± 0.8

40 100 ± 0 75.4 ± 1.1 75.4 ± 1.1

50 100 ± 0 75.6 ± 1.2 75.6 ± 1.2

60 100 ± 0 75.5 ± 0.9 75.5 ± 0.9

Table 5.  Effect of reaction temperature on the total yield and total selectivity for furanoid and pyranoid 
Linalool oxides. All reactions were performed with cetylpyridinium peroxyphosphotungstate (0.8 g), Linalool 
(8.16 mL), 30% H2O2 (13.2 mL), and ethanol (20 mL) for 1.5 h.
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The effect of reaction temperature on the synthesis of furanoid and pyranoid linalool oxides is shown in 
Table 5. The total yield and total selectivity are seen to increase with increasing reaction temperature up to 30 ºC, 
while temperature had little effect in the range 30 − 60 ºC. Therefore, 30 °C was considered optimal.

The effect of the amount of 30% H2O2 on the synthesis of furanoid and pyranoid linalool oxides is detailed in 
Table 7. Both the total yield and the total selectivity were strongly affected by the amount of 30% H2O2. Using 3.3 
mL 30% H2O2, the total selectivity could be increased to 95.3%, although the total yield was only 57.4% under 
this condition due to low conversion of linalool. The highest yield (80.1%) and conversion of linalool (99.3%) 
were provided using 6.6 mL 30% H2O2, but the total selectivity decreased to 80.6% due to increased by-product 
formation. On balance, the optimal amount of 30% H2O2 was considered to be 6.6 mL (1.16 g/mL H2O2 vs. 
linalool).

The effect of catalyst loading on the synthesis of furanoid and pyranoid linalool oxides is detailed in Table 9. 
The total yield and total selectivity could be increased with increasing catalyst loading in the range 0.4–0.8 g 
(5 − 10 wt% vs. linalool), though a further increase (> 0.8 g, > 10 wt% vs. linalool) had little effect. Therefore, the 
optimal catalyst loading was 0.8 g (10 wt%).

	
Conversion = l1 − l2

l1
× 100%� (1)

l1: amount of linalool before reaction; l2: amount of linalool after reaction.

	
Y ield = x2

x1
× 100%� (2)

x1: the theoretical total amount of furanoid and pyranoid linalool oxides is obtained when all linalool is converted 
to linalool oxides; x2: the actual total amount of furanoid and pyranoid linalool oxides is obtained after the 
reaction.

	
Selectivity = Y ield

Conversion
× 100%� (3)

Conclusion
In summary, cetylpyridinium peroxyphosphotungstate has been prepared from cetylpyridinium chloride, H2O2, 
and phosphotungstic acid. The chemical structure of this material was characterized using SEM, XRD, FT-IR, 
ICP, elemental analysis, XPS, and TGA/DTG. The results of these analysis support the expected structure of 
cetylpyridinium peroxyphosphotungstate. As a catalyst for the oxidation of linalool with H2O2, cetylpyridinium 

SS df MS F Sig. (P-value) Eta squared (effect size)

Conversion (%)

 Between groups 8106.269 3 2702.090 2157.357 0.000

0.999 Within groups 10.020 8 1.252

 Total 8116.289 11

Yield (%)

 Between groups 5717.143 3 1905.714 2738.751 0.000

0.999 Within groups 5.567 8 0.696

 Total 5722.709 11

Selectivity (%)

 Between groups 77.070 3 25.690 21.095 0.000

0.888 Within groups 9.742 8 1.218

 Total 86.812 11

Table 10.  Evaluation of the effect of the amount of catalyst on the synthesis of furanoid and pyranoid Linalool 
oxides from one-way ANOVA results and effect sizes.

 

Amount of catalyst (g) Average conversion ± SD (%) Average yield ± SD (%) Average selectivity ± SD (%)

0.4 37.7 ± 1.5 28.0 ± 0.5 74.4 ± 1.5

0.6 64.3 ± 1.6 51.1 ± 1.2 79.5 ± 0.4

0.8 99.3 ± 0.3 80.1 ± 0.8 80.6 ± 1.0

1.0 99.5 ± 0.1 80.0 ± 0.1 80.3 ± 0.8

Table 9.  Effect of the amount of catalyst on the total yield and total selectivity for furanoid and pyranoid 
Linalool oxides. All reactions were performed with Linalool (8.16 mL), 30% H2O2 (6.6 mL), and ethanol (20 
mL) at 30 °C for 1.5 h.
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peroxyphosphotungstate provides furanoid linalool oxides and pyranoid linalool oxides in high yield and selectivity 
in low toxicity organic solvents like ethanol and ethyl acetate. Optimum oxidation conditions were identified as 
10 wt% catalyst and 1.16 g/ mLH2O2 (vs. linalool) at 30 °C for 1.5 h. Cetylpyridinium peroxyphosphotungstate 
catalyst has the advantages with strong catalytic activity, low toxicity, and low corrosiveness to equipment, and 
could be used as an efficient, green and environmentally friendly catalyst for catalytic oxidation of C = C. Most 
important of all, it will have a wide range of application scenarios in the green catalytic oxidation of C = C for 
synthesis of oxygen derivatives or adjacent diol compounds.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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