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Oxidation of 1-hexene using supported ruthenium catalysts under solvent-free conditions
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AbstrAct
The study evaluated the solvent-free oxidation of 1-hexene utilizing supported ruthenium catalysts and a small amount of terbutyl 
hydroperoxide (TBHP) as a radical initiator. The characteristics of the supported catalysts were characterized using transmission electron 
microscopy (TEM) and N2 adsorption-desorption isotherms. The results of the study revealed that 1% Ru/TiO2 had favorable catalytic 
performance when subjected to environmentally friendly reaction conditions. This behavior was thought to be a result of Ru spreading 
and loading on the TiO2. To obtain optimal reaction parameters, the catalyst manufacturing process, temperature, reaction time, type of 
support, and activating amount were tuned. Compared to catalysts generated using wet-impregnation and precipitation techniques, those 
produced using sol-immobilization have greater activity.
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IntroductIon 

The subject of green chemistry has significant importance in 
contemporary chemical synthesis, including both academic and 
industrial domains.1,2 Oxidation processes play a crucial role in the 
production of fine compounds. Selective catalytic C-H oxidation 
is a very significant process, with considerable importance in both 
industrial and research contexts. According to the fundamentals of 
green chemistry, catalytic processes that make use of oxygen derived 
from the atmosphere are to be favored. Oxygen is a diradical in its 
ground state, which makes it easy to activate in a variety of radical 
reactions. This makes oxygen helpful for a variety of low-temperature 
oxidations since it can be activated quickly and easily in these 
processes. However, many molecules and catalysts are inactive when 
exposed to molecular oxygen. As a result, more reactive forms of 
terminal oxidant must be used. Frequently, this requires the use of a 
stoichiometric oxygen source that is not environmentally friendly. The 
oxidation of alkenes has emerged as a captivating subject in the field 
of heterogeneous catalysis, prompting several investigations on this 
particular chemical transformation. The allylic oxidation of alkenes, 
which yields epoxides, allylic alcohols, and a,b-unsaturated ketones, has 
considerable significance within the field of natural product synthesis.3 

There exists a limited number of studies that assess the efficacy 
of ruthenium (Ru) as a heterogeneous catalyst in the context of 
epoxidation processes. In the year 1998, researchers used mesoporous 
MCM41 sieves for their experimental purpose.3-5 [RuII(TDCPP)(CO)
(EtOH)] is a Ru compound used for immobilizing meso-tetrakis, 
also known as (2,6-dichlorophenyl) porphyrin. The supported 
Ru catalyst impacted heterogeneous alkene epoxidations, with 
2,6-dichloropyridine N-oxide and CH2Cl2 being the best terminal 
oxidants. Subsequent investigations revealed that polyethylene glycol 
had the capability to establish a covalent etheric linkage with Ru 
porphyrin. The catalysts include notable characteristics such as high 
reactivity and the ability to selectively catalyze alkene epoxidation 
using 2,6-dichloropyridine N-oxide as the terminal oxidant.6,7

Further investigation was conducted to examine the effectiveness of 
catalysts consisting of Ru-loaded H-montmorillonite (H-Mont) and 
Ti-pillared clay (PILC) for the oxidation of cyclohexene. tert-butyl 
hydroperoxide (TBHP) was used as the source of oxygen for this study. 

Ru-Ti-PILC’s catalytic performance was superior to that of Ru/H-
Mont. The latter had a 59% effect on cyclohexene at a concentration 
of 5%, while the former was responsible for 87% differentiation of 
2-cyclohexane-1-one and 13% differentiation of 2-cyclohexane-1-ol. 
After 6 hours of reaction at 70 oC, no epoxide was produced.8 Prior 
studies have used supported Ru catalysts (1% Ru/TiO2) for solvent-
free 1-decene epoxidation. The 1% Ru/TiO2 catalyst was created using 
the sol-immobilization procedure, which led to increased activity for 
the epoxidation of 1-decene.9 Our prior research shown that oxygen 
as an oxidant and TBHP as a radical initiator may efficiently oxidize a 
variety of alkenes on supported ruthenium nanoparticles.

This study aims to expand upon our prior research on the oxidation 
of different alkenes using catalysts composed of supported ruthenium 
nanoparticles. The objective is to explore the possibility of oxidizing 
straight chain alkenes by a comparable mechanism. This study provides 
more evidence supporting the selective oxidation of 1-hexene under 
ecologically sustainable circumstances, even in solvent-free conditions 
of moderate severity. This study showcases the potential for improving 
the conversion of 1-hexene while simultaneously increasing selectivity 
towards 1-hexene-3-ol and 1-hexene-3-one by the optimization of 
reaction conditions, specifically focusing on the support and catalyst 
production process.

MAterIALs And MetHods

The chemicals used in this investigation were obtained from commercial 
entities, namely Sigma Aldrich, and employed in their original form 
without any alterations. In order to facilitate a comparative analysis, 
the catalyst was synthesized using three established methodologies: 
sol-immobilization, deposition precipitation, and wet-impregnation 
techniques. The quantity of catalyst metal deposited onto the support 
was expressed as a weight percentage. RuCl3·xH2O, 1-hexene, terbutyl 
hydroperoxide (TBHP) (radical intitators), polyvinyl alcohol (PVA, 
Sigma-Aldrich, 80% hydrolysed); sodium borohydride (NaBH4, 
Sigma-Aldrich, 99.99%).

catalyst preparation – sol immobilization 

Some 0.5 g of 1% Ru/support catalysts were produced using the 
following method: in a 600 mL glass container, aqueous precursor 
solution (RuCl3.xH2O) and PVA (10 mg mL-1, PVA mass: metal mass = 
1: 1) were added to vigorously agitated DI water (140 mL). Following a 
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15-minute period of mixing, a newly made solution of NaBH4 (0.15 M, 
with a molar ratio of 4:1 for metal to mole) was promptly introduced, 
and the resultant solution was agitated for an additional 30 minutes. 
The support material was introduced into the colloidal solution 
and subjected to agitation for an additional duration of 30 minutes, 
facilitating the process of immobilization. The catalyst obtained was 
subjected to filtration, followed by washing with deionized water 
at a ratio of 1 L per gram, in order to eliminate any inorganic ions. 
Subsequently, the catalyst was dried under static air conditions at a 
temperature of 110 °C for a duration of 16 hours.10,11

In order to obtain 0.5 g of supported metal catalyst using wet-
impregnation method, the calculated amount of RuCl3.xH2O was 
dissolved in suitable amount of distilled water, a specific amount 
of support was added, and the mixture was evaporated while being 
stirred continuously at 80 oC. After drying the paste at 110 °C for 16 
hours, it was ground into a fine powder and calcined at 300 °C for 3 
hours, with a calcination heating rate of 20 oC per minute.

deposition precipitation

A catalyst consisting of 1% Ru/TiO2 was made using the following 
procedure: 0.99 g of support was combined with 150 mL of distilled 
water and subjected to stirring at a temperature of 60 °C. In this 
experimental procedure, a necessary solution of RuCl3·xH2O was 
introduced, followed by the gradual addition of a NaOH solution drop 
by drop to the combination in order to maintain a consistent pH level of 
9. After a duration of 1.5 hours, the solution underwent filtration, and 
subsequently, the solid was rinsed with a volume of 1 liter of distilled 
water. The catalyst underwent a drying process at a temperature of 
110 °C for a duration of 16 hours, followed by calcination in a static air 
environment at a temperature of 300 °C for a period of 3 hours.

catalyst testing and characterization

The oxidation of 1-hexene was conducted using air in a glass reactor, 
which included a round-bottomed flask with a volume of 50 mL and 
was equipped with a reflux condenser. The experiment included the 
suspension of ruthenium catalyst (0.1 g) in 1-hexene (10 mL) at a 
specific temperature. Subsequently, a very small quantity of the radical 
initiator TBHP was added. The resultant mixture was agitated at a 
temperature of 45oC for a duration of 24 hours. The reaction mixture 
was heated to the necessary reaction temperature using a hotplate. 
Following the designated period of reaction time, the amalgamation of 
the resultant reaction products and unreacted 1-hexene was subjected 
to cooling until it reached ambient temperature. Subsequently, the 
mixture was subjected to filtration and subsequently analyzed using a 
Varian star 3400 CX GP system equipped with a CP wax 52 capillary 
column (25 m, 0.35 mm ID, 0.2 μm) in conjunction with a Flame 
Ionization Detector (FID).10,11

The XRD analysis was performed with a PANalytical X’pert pro 
diffractometer equipped with a CuK X-ray source. The scans began 
from 10 to 80° 2 at 40 kV. Surface area analysis was performed using a 
Micromeritics Gemini 2360 Analyzer. In the presence of He, samples 
were degassed for around 50 minutes at 120 °C in order to measure 
the surface area. Once the sample was in a sample vessel that was 
attached to a gas intake (liquid N2 at -196 °C), it was ready for use. 
Using inductively coupled plasma mass spectrometry, the leaching 
of the active catalyst was verified (ICP-MS). It was carried out using 
an Agilent 7900 ICP-MS that has a MicroMist nebulizer attached to 
it. The quantification of the ruthenium under analysis was done by 
comparing the results to a calibration curve. For TEM investigation, a 
JEOL 2000FX TEM running at 200 kV was used.

The following equation (1) was used to calculate the conversion 
factor as a percentage:

i

i i

PConversion factor (%) 100
( P + R )

∑
= ×

∑ ∑  (1)

where, Pi is the concentration of the product i and Ri is the 
concentration of the reactant i.

The selectivity for each product was calculated as a percentage using 
equation (2):

i

i

PSelectivity (%) of product i 100
P

= ×
∑   (2)

resuLts And dIscussIon

catalyst characterization 

The incorporation of Ru into the support pores may be seen by the 
comparison of surface areas between the 1% Ru/TiO2 catalyst and 
the undoped supports, as shown in Table 1. Similarly, the 1%Ru/TiO2 
catalyst that was reused had a little decrease in surface area, going 
from 46 to 40 m2 g-1. This reduction might perhaps be attributed to the 
adsorption of specific products and residual substrate on the catalyst’s 
surface. The study was conducted on two separate times, ensuring that 
the margin of error did not exceed 0.7 m2 g-1.

No observation was made of the typical XRD reflections of the 
ruthenium (Figure 1). This suggests that Ru was dispersed uniformly 
in the TiO2 support. 

Influence of radical initiators on 1-hexene oxidation (blank 
reaction)

When utilizing oxygen as a terminal oxidant, it is important to 
determine the degree to which the reaction can take place without the 
catalyst present. Due to the fact that the ground state of molecular 
oxygen is diradical, it is capable of taking part in radical reactions 
even in the absence of a catalyst and especially when radical initiators 
are present. Therefore, it is important to proceed the reaction in the 
presence of TBHP only without the catalyst. There was no conversion 
seen when TBHP and catalyst were not present. Table 2 indicates that 
after the addition of TBHP to the process, a trace of conversion to 
the epoxide was seen at 40 oC and 45 oC; additional products were 
also discovered, although their yields were insignificant. In order to 
assess the impact of radical initiator concentration on the oxidation 
of 1-hexene, a range of concentrations of tert-butyl hydroperoxide 
(TBHP) were used (0.005–0.09 mmol) at varying reaction 

Table 1: Surface area analysis for supported ruthenium catalysts

Catalyst Surface area (m2g-1)

TiO2 53

1%Ru/TiO2 46

Reused 1%Ru/TiO2 40

Figure 1: XRD patterns for TiO2 and 1%Ru/TiO2.
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temperatures. It is reasonable to see that the oxidation of 1-hexene 
is enhanced with an increase in the quantity of TBHP within the 
reaction medium. No observable reaction occurred at higher reaction 
temperatures, even when the concentration of TBHP was low. Hence, 
a concentration of 0.07 mmol of TBHP was chosen as the reference 
concentration for further investigations.

When compared to various reaction temperatures in the absence of 
the ruthenium catalyst, it was shown that TBHP exhibited the lowest 
amount of activity at 40 °C.

ruthenium-catalyzed reactions 

The investigation focused on the oxidation of 1-hexene under solvent-
free conditions, using 1% Ru/TiO2. The catalyst was synthesized 
using the sol-immobilization method. The experimentation started 
by conducting tests on the TiO2 support. The results indicated that 
the support exhibited a 0.8% conversion rate of 1-hexene and a 5% 
selectivity towards epoxide. The addition of ruthenium supported on 
TiO2 has been shown to result in an enhanced conversion of 1-hexene. 
Specifically, the conversion rate was seen to reach 2.7%, while the 
selectivity rose to 19.3% with the addition of a 1% Ru/TiO2 catalyst, 
as illustrated in Table 3.

effect of catalyst mass

In order to investigate the impact of catalyst mass on the oxidation 
of 1-hexene, the quantity of catalyst used was modified within the 
range of 0.05–0.25 g per 10 g of substrate. The data shown in Table 
4 demonstrates a positive correlation between catalyst mass and the 
conversion of 1-hexene. Similarly, an increase in catalyst mass is seen 
to enhance the selectivity towards 1, 2-epoxyhexane. On the other 
hand, the catalytic selectivity towards 2-hexenal exhibits a decline as 
the mass of the catalyst increases.

effect of stirring rate

The mass transport constraint is a crucial element in the process of 
catalysis. In order to investigate whether the reaction was conducted 
under circumstances of mass limitation, the stirring speed of the 
reaction was examined. The outcomes obtained at a temperature 
of 40 °C are shown in Figure 2. It is evident that the increase of the 
stirring speed results in an increase in the conversion rate of 1-hexene. 
Nevertheless, it can be seen that the catalyst’s reactivity reaches a stable 
state at rotational speeds of 1200 rpm and higher, suggesting that the 
reaction is mostly governed by kinetic factors. Consequently, a speed 
of rotation of 1000 rpm was chosen for following investigations.

effect of different supports 

Previous studies have revealed that the qualities of the support 
material have a significant influence on the performance of a catalyst. 
This influence may be seen in terms of reaction conversion rates and 
selectivity, particularly in the context of oxidation reactions.12 Initial 
experimentations was performed on the pure supports, as shown in 
Table 5. However, it was noted that the enhancement of conversion 
was not significant when compared to the blank test. The addition 
of ruthenium to the support resulted in increased conversion of 

Table 3: Oxidation of 1-hexene using 1%Ru/TiO2

Catalyst Conversion (%) Epoxide selectivity (%)

Blank 0.1 0.5

TiO2 0.8 5

1% Ru/TiO2 2.7 19.3

Reaction conditions: 0.2 g catalyst, 1-hexene 10 mL, TPHP 0.07 mmol, 40 oC, 
24 h, 1000 rpm. Each experiment was repeated three times and the result was 
the average.

Table 2: Influence of radical initiators on 1-hexene oxidation

Temperature (°C) TBHP (mmol) Conversion Selectivity

Epoxide 1-hexen-3-one 3-hexene-1-ol 1-hexen-3-ol 2-hexenal

40 - 0 0 0 0 0 0

25 0.005 0 0 0 0 0 0

0.01 0 0 0 0 0 0

0.07 0.015 0 43 6 36 0

0.09 0.035 0 42 5 32 0

30 0.005 0 0 0 0 0 0

0.01 0 0 0 0 0 0

0.07 0.035 0 50 4 30 5

0.09 0.065 0 44 7 23 4

35 0.005 0 0 0 0 0 0

0.01 0.02 0 43 6 20 6

0.07 0.05 0 36 8 18 9

0.09 0.063 0 30 12 18 7

40 0.005 0 0 0 0 0 0

0.01 0.05 0 43 15 15 12

0.07 0.1 0.5 29 18 20 17

0.09 0.16 0.6 34 15 21 15

45 0.005 0.01 0.1 35 14 16 18

0.01 0.08 0.4 28 15 15 11

0.07 .19 1.6 23 12 18 16

0.09 0.24 3.1 18 16 15 15
Reaction conditions: 10 mL 1-hexene, 24 h, 1000 rpm. Each experiment was repeated three times and the result was the average.
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1-hexene in all cases, as seen in Table 5. However, when combined 
with a Ru catalyst, TiO2 demonstrated the greatest overall activity, 
with a conversion rate of 2.7% and an epoxide selectivity of 19.3% 
at a temperature of 40 oC. TiO2 and other reducible supports have 
the potential to diffuse onto Ru, which has the potential to have a 
significant effect in terms of the catalytic activity. This phenomenon is 
described by the acronym SMSI, which stands for strong metal support 
interaction.13 In addition, the literature has established that TiO2 is a 
suitable material for oxidation reactions and interacts favorably with 
the metal when used as a support. Consequently, TiO2 was included in 
subsequent investigations.

effect of the preparation method

The preparation method is a significant aspect that may influence 
the activity of a catalyst. Three distinct procedures were used to 
produce 1% Ru/TiO2, as shown in Table 6. The catalysts prepared 
by wet-impregnation and deposition precipitation methods exhibit 
comparable levels of activity. However, as shown before, a sol-
immobilization approach produced catalysts with increased activity, 
presumably as a result of a larger dispersion of ruthenium with a 
considerably smaller nanoparticle size. According to these findings, 
sol-immobilization is the best way to produce catalysts of this type for 
oxidation of 1-hexene. The 1% Ru/TiO2 catalyst synthesized via sol-
immobilization was the most active of the bunch. 

The particle size distribution (PSD) and the results of the 
transmission electron microscopy (TEM) study for the 1% Ru/TiO2 
catalyst synthesized via sol-immobilization are shown in Figure 3. 
Based on the above-mentioned findings, it can be seen that the 1% 

Ru/TiO2 sample mostly comprised of nanoparticles, with the majority 
measuring no larger than 3-4 nm. Additionally, the size distribution 
range of these particles was rather narrow, ranging from 1 to 7 nm, 
as shown in Figure 3. The greater activity of this catalyst may be 
attributed to the better dispersion of Ru, which may be attributed to 
the smaller size of the particles.

Table 6: Effect of different preparation methods on oxidation of 1-hexene.

Catalyst preparation 
method

Conversion (%) Selectivity (%)

Epoxide 1-hexen-3-one 3-hexene-1-ol 1-hexen-3-ol 2-hexen-1-ol 2-hexenal 1,2-hexanediol

Sol-immobilization 2.7 19.3 29 7.9 25 2 12 1.1

Wet-impregnation 2 16 28 7.8 25.4 3.1 10.4 0.9

Deposition  
precipitation

2.2 14.4 28.7 9.3 25 5.1 11 1.4

Reaction conditions: 0.2 g 1%Ru/TiO2, 1-hexene 10 mL, TPHP 0.07 mmol, 40 oC, 24 h, 1000 rpm. Each experiment was repeated three times and the result was 
the average.

Table 4: Effect of catalyst mass on 1-hexene oxidation

Catalyst mass (g) Conversion (%) Selectivity (%)

Epoxide 1-hexen-3-one 3-hexene-1-ol 1-hexen-3-ol 2-hexen-1-ol 2-hexenal 1,2-hexanediol

0.05 1.2 6.3 27 10 27.3 2.4 18 1

0.1 1.8 9.6 29.2 8 26.7 2.1 15.3 1.2

0.15 2.1 13.5 29 7.9 25 2 12 1.1

0.2 2.7 19.3 28.6 8.1 25.1 2.4 11.3 1

0.25 2.7 17.2 28.7 7 25.4 3.1 10.4 0.9

Reaction conditions: 1-hexene 10 mL, TPHP 0.07 mmol, 40 oC, 24 h, 1000 rpm. Each experiment was repeated three times and the result was the average.

Table 5: Effect of different support on oxidation of 1-hexene.

Catalyst Conversion (%) Selectivity

Epoxide 1-hexen-3-one 3-hexene-1-ol 1-hexen-3-ol 2-hexen-1-ol 2-hexenal 1,2-hexanediol

Blank 0.1 0.5 29 18 20 1.7 29 2

TiO2 0.8 5 29.2 8 26.7 2.1 15.3 1.2

1%Ru/TiO2 2.7 19.3 29 7.9 25 2 12 1.1

SiO2 0.8 4.2 28.6 8.1 25.1 2.4 11.3 1

1%Ru/SiO2 2.3 17.2 28.7 7 25.4 3.1 10.4 0.9

Graphite 0.56 5 29 7.9 25.9 2.6 12.2 1.1

1%Ru/G 2 14 28.7 7 25.4 3.1 10.4 0.9

Reaction conditions: 0.2 g catalyst, 1-hexene 10 mL, TPHP 0.07 mmol, 40o C, 24 h, 1000 rpm. Each experiment was repeated three times and the result was the 
average.

0.5

1.0

1.5

2.0

2.5

3.0

600 800 1000 1200 1400

C
on

ve
rs

io
n 

(%
)  

Stirring rate (rpm)

Figure 2: Effect of stirring speed. Reaction conditions: 0.2 g catalyst, 1-hexene 
10 mL, TPHP 0.07 mmol, 40 oC, 24 h. Each experiment was repeated three 
times and the result was the average.
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reusability and stability of ruthenium catalysts 

In order to determine whether the 1% Ru/TiO2 catalyst synthesized 
via sol-immobilization could be reused, an excessive quantity of the 
catalyst was utilized in the above reaction. After the reaction was 
complete, the catalyst was filtered, washed with acetone, and dried in 
an oven at 110 °C for 16 hours. Following that, the required quantity 
of catalyst for a standard reaction was retrieved in order to be reused. 
The data pertaining to the activity of the catalyst in its first and 
subsequent states is shown in Table 7. The use of the fresh catalyst 
facilitated a conversion rate of 1-hexene and a selectivity towards 
epoxide of 2.7% and 19.3%, respectively. In contrast, the catalyst that 
was reused exhibited diminished activity and was unable to facilitate 
effective reutilization when subjected to drying without prior washing. 
The substandard performance observed might perhaps be attributed 
to the deactivation of the catalyst by the reaction products that were 
adsorbed at the time. In contrast to the unwashed catalyst, the reused 
catalyst that underwent pre-washing in acetone exhibited enhanced 
activity, as shown by a conversion rate of 2 and an epoxide selectivity 
of 17%. In contrast to the newly introduced catalyst, the catalyst that 
underwent a washing process prior to reuse exhibited suboptimal 
performance. The observed outcome is likely attributable to the 
phenomenon of active site inhibition caused by carbon. 

The leaching of the active component in the solution is a significant 
challenge that is often seen in heterogeneous catalysts, particularly in 
the liquid phase. However, in this study, the leaching of ruthenium was 
not detected by the use of inductively coupled plasma (ICP) analysis. 
The determination of the features of active species in a reaction may be 
achieved via the implementation of hot filtration experiments. Table 
8 presents a comparative analysis of the oxidation of 1-hexene under 
two different conditions: ordinary oxidation at 5 and 24 hours, and 
a hot filtration reaction where the catalyst is filtered after 5 hours of 
reaction time, followed by an additional 19 hours of reaction. However, 
there was a significant reduction in both the conversion of 1-hexene 
and the selectivity of epoxide, dropping from 2.7% to 1.1% and from 
19.3% to 11%, respectively. Based on the available evidence, it may be 
inferred that the major catalytic route exhibits heterogeneity, whereas 
homogeneous catalysis does not seem to be implicated. 

The oxidation reaction of 1-hexene was not seen in the absence 
of TBHP, even in the presence of 1%Ru/TiO2 catalyst. As a result, a 
conversion rate of just 0.2% was attained, and there was no synthesis 
of epoxide. The role of a little amount of TBHP in activating oxygen in 
the presence of 1% Ru/TiO2. this reaction was investigated using the 
radical scavenger BHT (2,6-di-tert-butyl-4-methylphenol). As seen 
in Table 9, this scavenger interacted with radicals and inhibited the 
radical process from spreading. This suggests that radical chemistry 
was at work during the process. Therefore, it may be inferred that 
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Table 8: Heterogeneous vs homogenous ruthenium catalyst. 

Reaction time (hour) Conversion (%) Epoxide selectivity (%)

5 0.6 7

24 2.7 19.3

HF* 1.1 11

Reaction conditions: 0.2 g catalyst, 1-hexene 10 mL, TPHP 0.07 mmol, 40 oC, 
1000 rpm. HF*: hot filtration, the catalyst was filtered after 5 h and the reaction 
continued for another 19 h. Each experiment was repeated three times and the 
result was the average.

Table 7: reusability study of supported ruthenium catalyst for 1-hexene 
oxidation

Catalyst Conversion (%) Epoxide selectivity (%)

Fresh 1%Ru/TiO2 2.7 19.3

Reused 1%Ru/TiO2 without 
washing step

1.4 13.3

Reused 1%Ru/TiO2 washed 
with acetone

2 17

Reaction conditions: 0.2 g catalyst, 1-hexene 10 mL, TPHP 0.07mmol, 40 oC, 
24 h, 1000 rpm. Each experiment was repeated three times and the result was 
the average.

Figure 3: (a) Transmission electron microscopy (TEM) and (b) particle size distribution (PSD) for 1% Ru/TiO2 prepared by solimmobilization method. Counts: 
number of occurrences of particles of indicated diameter within the sample assessed.

Table 9: Effect of radical scavenger on 1-hexene oxidation.

Catalyst Radical initiator Radical scavenger Conversion (%) Epoxide selectivity (%)
- TBHP - 0.1 0.5

1%Ru/TiO2 - 0.2 0
1%Ru/TiO2 TBHP - 2.7 19.3
1%Ru/TiO2 TBHP BHT 0 0

1%Ru/TiO2 under N2 TBHP - 0.3 0
Reaction conditions: 0.2 g catalyst, 1-hexene 10 mL, TPHP 0.07 mmol, BHT 0.036 mmol, 40 oC, 24 h, 1000 rpm. Each experiment was repeated three times and 
the result was the average.
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free-radical species facilitate the process of oxygen activation from 
atmospheric air. The involvement of oxygen in the process was further 
elucidated using an additional diagnostic experiment, in which the 
reaction was conducted under a nitrogen (N2) environment instead of 
ambient air. Table 8 shows that the absence of epoxide is indicative of 
atmospheric molecular oxygen’s role in the oxidation process. 

concLusIons

The findings of the study revealed that the supported Ru catalyst 
exhibited activity in the solvent-free oxidation of 1-hexene when 
oxygen from air was used as the principal oxidant at a temperature 
of 40 °C. Under the conditions of the experiment, using a catalytic 
amount of TBHP as a radical initiator along with supported ruthenium 
catalysts made a big difference in how environmentally friendly this 
reaction was. The experimental procedure of hot filtration served 
to emphasize the heterogeneous characteristics of the supported 
ruthenium catalyst.
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