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Abstract: A heterogeneous polybenzimidazole-supported Mo(VI) catalyst and tert-butyl 
hydroperoxide (TBHP) as an oxidising reagent have been utilised to establish a more en-
vironmentally friendly and greener alkene epoxidation process. A polybenzimidazole-
supported Mo(VI) complex (PBI.Mo) has been prepared, characterised and evaluated suc-
cessfully. The stability and catalytic activity of the produced catalyst have been evaluated 
for the epoxidation of 1,7-octadiene and 1,5-hexadiene in a jacketed stirred batch reactor 
to assess its performance towards these alkenes. The suitability and efficiency of the cata-
lyst have been compared by studying the effect of reaction temperature, feed mole ratio 
of alkene to TBHP, catalyst loading, and reaction time on the yield of 1,2-epoxy-5-hexene 
and 1,2-epoxy-7-octene. Response surface methodology (RSM) using Box–Behnken De-
sign (BBD) has been employed to design experimental runs and study the catalytic per-
formance of the PBI.Mo catalyst for all batch experimental results. A quadratic regression 
model has been developed representing an empirical relationship between reaction vari-
ables and response, which is the yield of epoxides. The numerical optimisation technique 
concluded that the maximum yield that can be reached is 66.22% for 1,7-octadiene and 
64.2% for 1,5-hexadiene. The reactivity of alkenes was observed to follow the sequence 
1,5-hexadiene > 1,7-octadiene. The findings of this study confirm that the optimal reaction 
conditions vary between the two reactions, indicating differences in catalytic performance 
for each alkene. 

Keywords: alkene epoxidation; polymer-supported Mo(VI) catalyst; 1,7-octadiene; 1,5-
hexadiene; response surface methodology (RSM) 
 

1. Introduction 

Over the past few decades, research on organic polymers has been conducted to in-
vestigate the immobilisation of catalytically active metal species [1–4]. For a polymer-sup-
ported catalyst to be used in continuously operating processes, it must have great long-
term stability in addition to high activities and selectivity. Silica, graphene oxide, zeolites, 
layered doubled hydroxide (LDH), hydroxyapatite (HAP), alumina, ion-exchange resins, 
polymers, and metal–organic frameworks are examples of organic or inorganic materials 
on which catalytically active metal species have been immobilised to develop suitable 
heterogeneous catalysts for epoxidation [5–17]. In recent times, polymer-supported het-
erogeneous catalysts have demonstrated significant catalytic activity and product selec-
tivity when employed in the manufacture of epoxides, with alkyl hydroperoxide acting 
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as an oxidant [15,18]. Due to polymers’ stability, inertness, nontoxicity, and insoluble na-
ture, polymers have aLracted aLention as potential substrates for catalysts [19]. Neverthe-
less, there does not seem to be any research on the epoxidation of 1,5-hexadiene and 1,7-
octadiene with tert-butyl hydroperoxide as an oxidising reagent in the presence of poly-
mer-supported Mo(VI) catalyst despite several published studies on polymer-supported 
Mo(VI) catalysts in the epoxidation of various other alkene substrates. 

Since alkene epoxidation allows for the direct oxidation of two adjacent carbon atoms 
from an alkene using catalysts made of transition metal complexes and oxidising agents 
like hydroperoxides, peracids, or molecular oxygen in the presence of oxidising reagents, 
it has been established as the most important stage in chemical synthesis [20–22]. By open-
ing the epoxide ring, the three-membered ring unit of epoxide demonstrates simple elab-
oration to valuable additional functionality [23]. Epoxides play an important role in the 
context of biological activity and are very valuable as precursors for the development of 
drugs, agrochemicals, and additives [24]. Alkene epoxidation is a very useful reaction in 
industrial organic synthesis as it is the precursor in the synthesis of various important 
substances like plasticizers, perfumes, and epoxy resins [25]. The synthesised 1,2-epoxy-
5-hexene also can be used as a raw material or an intermediate. One of the key aspects of 
1,2-epoxy-5-hexene is that it serves as a dual-functional monomer that helps in cross-link-
ing the polysiloxane network, and 1,2-epoxy-5-hexene-incorporated polysiloxane can be 
actively employed as a high-brightness light emiLing diodes (LED) encapsulant [26]. 1,2-
epoxy-5-hexene was photopolymerised to create novel hydrogels, which were then eval-
uated for their viscoelastic characteristics in preparation for possible tissue replacement 
applications [27]. Another important use of 1,2-epoxy-5-hexene is that it can be used in 
enzymatic esterification of an acid. This product can easily be substituted in the α-carbon 
by an amino group to obtain 2- aminoesters, the laLer being useful as an intermediate 
reagent in the synthesis of many drugs such as Taxol, a powerful anticancer drug [28]. 
Another epoxide, which is 1,2-epoxy-7-octene, serves as a useful monomer, as its internal 
double bond permits further modifications or polymerisation [29]. Both 1,2-epoxy-5-hex-
ene and 1,2-epoxy-7-octene are utilised to synthesise epoxy-based silicone prepolymers, 
which serve as the basis for UV-curable coatings with tunable properties [30]. Research 
indicates potential applications of these epoxide-derived polymers in drug delivery [31]. 

The traditional epoxidation process in fine chemical industries uses stoichiometric 
peracids, such as peracetic acid and m-chloroperbenzoic acid or chlorohydrin, as oxidis-
ing agents in batch reactions in liquid phases [32,33]. Because chlorohydrin generates chlo-
rinated by-products and peracids produce a similar quantity of acid waste, this procedure 
has the disadvantage of not being environmentally friendly when utilising these reagents 
[33]. Additionally, there are security concerns related to the handling and storage of per-
acid [15]. The Halcon process, which is catalysed by homogeneous Mo(VI) or heterogene-
ous Ti(IV) supported on SiO2, is another important liquid-phase epoxidation [34]. Due to 
corrosion and deposition on the reactor, as well as significant requirements in terms of 
work-up, product isolation, and purification techniques, homogeneous catalysed epoxi-
dation methods are not economically viable for industrial applications [35]. There is a 
great need for safer epoxidation processes that generate liLle waste. Because of this, efforts 
have been made to develop more environmentally friendly and effective epoxidation pro-
cesses that use a heterogeneous catalyst and a safe oxidant. 

In this process, an efficient and selective polybenzimidazole-supported molybdenum 
(VI) complex (PBI.Mo) was used as a catalyst for the batch epoxidation of 1,5-hexadiene 
and 1,7-octadiene. This system is free of solvents and uses the environmentally friendly 
TBHP as an oxidant [36]. Using TBHP as an oxidant, the catalysts were also investigated 
in batch investigations using a range of alkenes and reaction conditions. 
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Experiments were carried out to study the effect of different parameters, including 
reaction temperature, feed molar ratio of alkene to TBHP, and catalyst loading on the yield 
of 1,2-epoxy-5 hexene and 1,2-epoxy-7-octene, to optimise the reaction conditions in a 
classical batch reactor. A quadratic regression model was developed representing an em-
pirical relationship between reaction variables and response. Response surface methodol-
ogy (RSM) using Box–Behnken Design (BBD) was employed to design experimental runs 
and study the interaction effect of different variables on the reaction response. 

2. Materials and Methods 

2.1. Materials 

Sodium hydroxide (purum p.a. ≥98%), deionised water, acetone, molybdenyl acety-
lacetonate (MoO2(acac)2) (99%), toluene (anhydrous, 99.8%), 1,5-hexadiene (97%), 1,7-oc-
tadiene (97%), and tert-butyl hydroperoxide (TBHP) solution in water (70% (w/w)) were 
purchased from SigmaAldrich (Merck Life Science UK Limited, Gillingham). and gas 
chromatography (GC) was used to verify the purity of the chemicals. Microporous 
polybenzimidazole (PBI) resin beads were supplied by Celanese Corporation, Texas, USA. 
The water content of TBHP was removed by a Dean–Stark apparatus from the toluene 
solution, and the concentration of the resulting TBHP solution was determined by iodo-
metric titration [37]. The concentration of TBHP in toluene was found to be 3.57 mol L−1. 
The quantification of samples collected from the reactor was carried out using the internal 
standard method in the GC, and iso-octane (anhydrous, 99.8%) was used as an internal 
standard. 

2.2. Synthesis of Polymer-Supported Mo(Vi) Catalyst 

Being able to withstand high temperatures without melting or burning gives PBI a 
high degree of thermal stability [38]. These qualities make PBI resin perfect for several 
applications, such as support for polymer-supported catalysts, ion-exchange, separations, 
and purifications [15]. The PBI resin was refluxed with excess of MoO2(acac)2 in anhydrous 
toluene for a period of 4 days. The PBI.Mo catalyst particles were separated by filtration 
at the end of the reaction, and excess MoO2(acac)2 was removed by exhaustive extraction 
with acetone. It was observed that molybdenum in the produced catalysts was uniformly 
distributed throughout the polymer. The synthesis of polybenzimidazole-supported 
Mo(VI) (PBI.Mo) catalyst is shown in Figure 1. 

 

Figure 1. Reaction mechanism for the synthesis of polybenzimidazole-supported Mo(VI) (PBI.Mo) 

complex. 

2.3. Characterisation of Polymer-Supported Mo(VI) Catalyst 

The heterogeneous polybenzimidazole-supported Mo(VI) (PBI.Mo) catalyst was 
characterised to determine their molecular structure and morphological and 
physicochemical properties. The characterisation of the molecular structure included a 
Fourier transform infrared (FTIR) analysis. The morphological analysis of the catalyst was 
carried out using a scanning electron microscope (SEM). Brunauer–EmmeL–Teller (BET) 
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surface area, pore volume, and pore diameter were determined the by nitrogen adsorption 
and desorption method using a Micromeritics Gemini VII. The particle size measurement 
was performed with a Malvern Mastersizer. An image of the prepared catalyst is shown 
in Figure 2. 

 

Figure 2. Image of synthesised PBI.Mo catalyst. 

2.3.1. Fourier Transform Infrared (FTIR) Spectroscopy Analysis 

The FTIR spectrum of PBI.Mo catalyst was observed on a Thermal Nicolet Avectar 
370 DTGS equipped(Thermo Electron) with a smart orbit accessory. A finely grounded 
sample of the catalyst was placed on the sample stage and the spectrum was recorded 
with the aid of OMINIC software. The PBI.Mo spectrum showed Mo=O and Mo-O-Mo 
vibrations characteristics with adsorption bonds around ~690 cm−1 to ~900 cm−1. Hence, 
the FTIR spectrum of PBI.Mo catalyst confirms the incorporation of Mo centres in polymer 
resin due to the presence of Mo=O and Mo-O-Mo features, as shown in Figure 3. 

 

Figure 3. FTIR spectrum of PBI.Mo catalyst. 
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2.3.2. Determination of Molybdenum Content 

The molybdenum content of the prepared catalysts was analysed using a Perki-
nElmer NexION 350D spectrophotometer(PerkinElmer, California, USA). Approximately 
0.1 g of the sample was ground to fine powder and digested in 15 mL aqua regia for 3 
days. Aqua regia is a mixture of concentrated HNO3 and HCl in a ratio of 1:3. The mixture 
was diluted with distilled water to 100 mL, and Mo content was analysed using an ICP-
mass spectrometer. The Mo content of PBI.Mo catalyst is given in Table 1. 

Table 1. Properties of polybenzimidazole-supported Mo (i.e., PBI.Mo) catalyst. 

Catalyst Properties PBI.Mo Catalyst 

BET surface area 18.44 m2/g 
Pore volume 0.021986 cm3/g 

Mo loading (mmol Mo g−1 resin) 0.825 
Average pore diameter 21.595 Å 
Average particle size 210–295 µm 

2.3.3. Scanning Electron Microscopy (SEM) 

The morphology of PBI.Mo catalyst particles was examined using a PEMTRON PS-
230 scanning electron microscope(PEMTRON, Seoul, Korea). The catalyst was dried in a 
vacuum oven before analysing to remove any moisture present in the catalyst. Then the 
catalyst was mounted on the gold-coated specimen holder. The accelerating voltage for 
SEM analysis was set to ~8.0 Kv. The SEM image of the PBI.Mo catalyst, as shown in Fig-
ure 4, shows a well-dispersed spherical smooth surface. The SEM image of the catalyst 
shows negligible mechanical damage to the sample and shows that it has a well-dispersed 
spherical smooth surface, a property of macroporous polymeric resins [39]. 

 

Figure 4. SEM image of PBI.Mo catalyst. 

2.3.4. BET Surface Area, Pore Volume, and Pore Diameter Determination 

The Brunauer–EmmeL–Teller (BET) surface area, pore volume, and pore diameter 
were determined by the nitrogen adsorption and desorption method using a Micromerit-
ics Gemini VII(Micromeritics at Norcross, Georgia). The instrument was fiLed with a 133.3 
Nm−2 pressure inducer. The weighed PBI.Mo sample was prepared by outgassing on the 
degassing port of the analyser. The temperature was kept at 373 K for 24 h. The adsorption 
isotherms were generated by dosing nitrogen onto the catalyst sample contained within a 
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bath of liquid nitrogen at ~77 K. The results for BET surface area, pore volume, and pore 
diameter of PBI.Mo are given in Table 1. 

2.3.5. Average Particle Size Measurement 

Particle size measurement was performed with a Malvern Mastersizer using the laser 
diffraction principle. A representative sample of the catalyst was initially moistened with 
demineralized water then stirred with a built-in agitator and recirculated around the loop. 
In particle size measurement, the experiment was repeated five times to achieve a repro-
ducible result. As shown in Table 1, the PBI.Mo catalyst had particle sizes in the range of 
210–295 µm. 

2.4. Experimental Design 

For analysing the relationships between variables and providing a quantitative illus-
tration of how certain parameters impact responses, response surface methodology (RSM) 
is a powerful technique [40]. The Box–Behnken Design (BBD) method is one of the RSM 
techniques used to examine the significant effect of process factors on the response [41]. It 
also studies interactions between the factors to analyse the impact on the response [42]. 
The experimental runs were operated based on 4 independent variables, including reac-
tion feed molar ratio of alkene to TBHP, reaction temperature, catalyst loading, and reac-
tion time, which were labelled as A, B, C, and D, respectively. Three levels for each variable 
were coded as −1, 0, +1. The yield of 1,2-epoxy-5-hexene and 1,2-epoxy-7-octene was se-
lected as the response for this study. The experiments were finished in a random order to 
reduce the impact of unexplained inconsistency in the response [43]. Design Expert 13 
software (Stat-Ease Inc., Minneapolis, MN, USA) was used to identify and operate exper-
imental design procedures. Twenty-nine runs were carried out randomly, and their re-
sponses were determined based on the outcomes of the experiment [44]. 

2.5. Statistical Analysis 

To fit the experimental response with the independent variables, a model equation 
was developed [45]. The mathematical model was defined using the general quadratic 
model as shown in Equation (1). 

� = �� + � ����

	

�
�
+ � ������

	

�
�
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��
���


	��

�
�
+  ℇ (1)

where Y is the predicted response (i.e., the yield of 1,2-epoxy-7-octene); bo is the model 

coefficient constant; bi, bii, bij, are coefficients for the intercept of linear, quadratic, interac-

tive terms, respectively; xi, xi are independent variables (i ≠ j); n is several independent 

variables; and ε is the random error. 

The adequacy of the predicted models was checked by several statistical validations 

including the coefficient of correlation (R2), adjusted coefficient of determination (R2adj), 

and predicted coefficient of determination (R2pred). The statistical significance of the pre-

dicted models was analysed by ANOVA using Fisher’s test, i.e., F-test, at a 95% confidence 

interval. The statistical significance of the results was presented by p-value, where the re-

sult is significant when the p-value is less than 0.05. Design Expert 13 software (Stat-Ease 

Inc., Minneapolis, MN, USA) was used to perform the initial experimental design, model 

prediction, statistical analysis, and optimisation. 

2.6. Batch Epoxidation Studies 

Using a polymer-supported Mo(VI) catalyst and TBHP as the oxidant, a 0.25 L jack-

eted four-neck glass reactor was used for the batch epoxidation of alkene. The batch 
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reactor’s setup featured a condenser, overhead stirrer, digital thermocouple, sampling 

point, and water bath. The reactor vessel was filled with known amounts of alkene and 

TBHP, and the stirrer speed was adjusted to 400 rpm. The feed molar ratio (FMR) of alkene 

to TBHP of 2.5:1–10:1 was selected for charging the reactor. The temperature of the reac-

tion mixture was allowed to reach the desired value, i.e., 333 K–353 K, and was maintained 

throughout the batch experiment. When the reaction reached the correct temperature, a 

known quantity of catalyst (0.15–0.6 mol% Mo loading) was added. The reaction scheme 

for the epoxidation of 1,5-hexadiene and 1,7-octadiene with TBHP is shown in Figure 5a 

and Figure 5b, respectively. 

A sample was collected after the catalyst was added and the time was noted as zero 

time, i.e., t = 0. Subsequent samples were taken from the reaction mixture at specific time 

intervals and recorded. The samples collected were analysed using a Shimadzu GC-2014 

gas chromatography (GC) instrument. 

(a) 

 
(b) 

Figure 5. (a) Reaction scheme for epoxidation of 1,5-hexadiene with TBHP by PBI.Mo catalyst. (b) 

Reaction scheme for epoxidation of 1,7-octadiene with TBHP by PBI.Mo catalyst. 

2.7. Method of Analysis 

All the reactant and product compositions were analysed using a Shimadzu GC-2014 

gas chromatography instrument after a specified quantity of internal standard (iso-octane) 

was added to the samples. The instrument had an auto-injector, a flame ionisation detector 

(FID), and a 30 m long Econo-CapTM-5 (ECTM-5) capillary column installed. Helium was 

used as a carrier gas, and the flow rate of carrier gas was 1 mLmin−1. The split ratio was 

100:1, and an injection volume of 0.5 µL was selected. The temperature for both the 

injector and detector was 523 K. Upon injection of the sample, the oven temperature was 

kept at 313 K for 4 min, and then it was gradually increased to 498 K at a rate of 20◦C per 

minute. Each sample took ~13 min to be analysed by GC, and the temperature was cooled 

back to 313 K before starting the next run. 

3. Results and Discussion 

3.1. Development of Regression Model and Adequacy Checking 

The response analysis utilising BBD was implemented following the completion of 

the 29 experiments and the assessment of the yield of 1,2-epoxy-5-hexene and 1,2-epoxy-

7-octene (reaction responses) for each run. By fiLing the experimental results, the generic 

quadratic equation shown in Equation (1) was used to obtain a model of polynomial re-

gression. The polynomial equations for the epoxidation of 1,2-epoxy-5-hexene and 1,2-

epoxy-7-octene are shown in Equations (2) and (3). 

� = +53.27 � 2.50� + 1.45� + 4.44� + 9.17� � 2.81�� + 1.59�� � 0.1600��
+ 1.86�� � 2.26�� + 0.5300�� + 1.63�� � 0.9042�� + 1.05��

� 10.25�� 

(2)
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� = +52.29 + 3.64� + 5.40� + 2.56� + 27.76� + 0.8400�� + 2.63��
+ 3.23�� + 0.6650�� + 2.56�� + 1.09�� � 5.27��

� 3.84�� � 3.15�� � 20.44�� 

(3)

where Y represents the dependent variable (yield of epoxide), while A, B, C, and D repre-

sent the independent variables, i.e., feed molar ratio, temperature, catalyst loading, and 

time, respectively. Further, AB, AC, AD, BC, BD, and CD represent the interaction between 

independent variables. Finally, A2, B2, C2, and D2 represent the excess of each independent 

variable. 

The developed models demonstrated the effect of each independent variable, varia-

ble interactions, and excess of each variable on the response. Each variable’s synergistic 

effect on the response is indicated by the positive sign of its coefficient. On the other hand, 

the negative sign denotes the response’s antagonistic effect [46]. 

ANOVA was applied to examine the significance of the model parameters at a 95% 

confidence level. The significance of each parameter was determined by F-test and p-

value. The higher the value of the F-test and the smaller the p-value, the more significant 

the corresponding parameter [47]. 

The model performance was observed using different techniques. A plot of the pre-

dicted versus experimental result of the yield of epoxides in Figure 6 showed a high cor-

relation and reasonable agreement. In addition, a plot of residual distribution versus pre-

dicted response was presented to check the fiLing performance of the model, as shown in 

Figure 7. Residual value is defined as the difference between predicted and experimental 

values of the response variable. The plot confirms that the quadratic model adequately 

represents the experimental data as the distribution does not follow a specified trend with 

respect to the predicted values of the response variable. Moreover, the perturbation plot 

represents the effect of each variable on the reaction response as shown in Figure 8. The 

curvature of the variables from the centre point indicates the significance of each variable, 

which confirms the statistical results obtained from ANOVA as shown in Tables 2 and 3. 

 
(a) (b) 

Figure 6. Actual experimental data versus predicted model of the yield of epoxide: (a) 1,2-epoxy-5-

hexene, (b) 1,2-epoxy-7-octene. 



Reactions 2025, 6, 22 9 of 19 
 

 

(a) (b) 

Figure 7. Residual versus predicted response: (a) 1,2-epoxy-5-hexene, (b) 1,2-epoxy-7-octene. 

(a) (b) 

Figure 8. The perturbation plot represents the effect of each variable on the reaction response: (a) 

1,2-epoxy-5-hexene, (b) 1,2-epo xy-7-octene. 

Table 2. Analysis of variance for response surface developed model for the epoxidation of 1,5-hex-

adiene. 

Source 
Sum of 

Squares 
df Mean Square F-Value p-Value Significance 

Model 2230.55 14 159.33 15.69 <0.0001 Significant 

A-FMR 75.00 1 75.00 7.39 0.0167 Significant 

B-Temperature 25.35 1 25.35 2.50 0.1364 Not significant 

C-Catalyst loading 236.47 1 236.47 23.29 0.0003 Significant 

D-Time 1008.52 1 1008.52 99.34 <0.0001 Significant 

AB 31.58 1 31.58 3.11 0.0996 Not significant 

AC 10.18 1 10.18 1.00 0.3337 Not significant 

AD 0.1024 1 0.1024 0.0101 0.9214 Not significant 

BC 13.80 1 13.80 1.36 0.2631 Not significant 

BD 20.39 1 20.39 2.01 0.1783 Not significant 

CD 1.12 1 1.12 0.1107 0.7443 Not significant 

A2 17.20 1 17.20 1.69 0.2141 Not significant 

B2 5.30 1 5.30 0.5223 0.4817 Not significant 

C2 7.11 1 7.11 0.7005 0.4167 Not significant 

D2 681.87 1 681.87 67.17 <0.0001 Significant 

Residual 142.13 14 10.15    

Lack of fit 107.22 10 10.72 1.23 0.4557 Not significant 

Pure error 34.91 4 8.73    

Cor total 2372.68 28     
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Table 3. Analysis of variance for response surface developed model for the epoxidation of 1,7-octa-

diene. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-Value p-Value Significance 

Model 12,671.98 14 905.14 159.75 <0.0001 Significant 

A-FMR 159.21 1 159.21 28.10 0.0001 Significant 

B-Temperature 349.38 1 349.38 61.66 <0.0001 Very significant 

C-Catalyst load-

ing 
78.69 1 78.69 13.89 0.0023 Significant 

D-Time 9250.19 1 9250.19 1632.59 <0.0001 Very significant 

AB 2.82 1 2.82 0.4981 0.4919 Not significant 

AC 27.62 1 27.62 4.87 0.0445 Significant 

AD 41.60 1 41.60 7.34 0.0169 Significant 

BC 1.77 1 1.77 0.3122 0.5852 Not significant 

BD 26.16 1 26.16 4.62 0.0496 Significant 

CD 4.75 1 4.75 0.8388 0.3753 Not significant 

A2 180.06 1 180.06 31.78 <0.0001 Very significant 

B2 95.46 1 95.46 16.85 0.0011 Significant 

C2 64.31 1 64.31 11.35 0.0046 Significant 

D2 2710.34 1 2710.34 478.36 <0.0001 Very significant 

Residual 79.32 14 5.67    

Lack of fit 79.32 10 7.93    

Pure error 0.0000 4 0.0000    

Cor total 12,751.31 28     

3.2. Effect of Process Variables and Their Interactions 

The effect of each independent process variable on the process response is investi-

gated in this section. In addition, the interactive effect is highlighted on the response of 

various independent variables. Three-dimensional response surface plots were created for 

a model equation after constructing the regression model and evaluating the model ade-

quacy. The 3D surface plots of the interaction between epoxide yield versus two inde-

pendent variables are displayed. The two remaining independent variables are kept con-

stant in their centre points in each plot. Three-dimensional response surfaces help in un-

derstanding system behaviour. Additionally, they help in identifying the reaction sur-

face’s characters [48,49]. 

3.2.1. Effect of Feed Molar Ratio (FMR) 

The ANOVA results provide strong evidence that raising the feed mole ratio (FMR) 

of the alkenes to TBHP speeds up the desired epoxides’ synthesis. We changed the feed 

molar ratio of alkene to TBHP between 2.5:1 and 10:1 to examine the effect of the feed 

molar ratio on epoxide production. Figure 9 demonstrates that the rate of production 

of 1,2-epoxy-7-octene increased steadily from 43.38% to 53% as the feed molar ratio 

increased from 2.5:1 to 7.6:1. However, when the FMR of an alkene to TBHP is raised from 

7.85:1 to 10:1, production of 1,2-epoxy-7-octene formation is slowed. The influence of FMR 

of 1,5-hexadiene to TBHP was more noticeable when a stoichiometric ratio (2.5:1) was 

used, as there was no significant difference in the rate of epoxidation when the feed molar 

ratio of 1,5-hexadiene to TBHP was increased from 2.5:1 to 10:1. Figure 9 suggests that 

alkene concentration affects the epoxidation of alkenes using a PBI catalyst [15]. Ambor-

ziak et al. mentioned that increasing the feed molar ratio lowers the TBHP concentration 

to such an extent that it slows down the conversion of TBHP into epoxide [50]. A similar 

feed molar ratio effect was reported in my previously published results [51]. According to 
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the result of this study, at 348 K temperature and 0.56 mol% catalyst loading, the optimum 

molar feed ratio of 1,5-hexadiene to TBHP was 2.76:1 at 76 min. According to the 3D sur-

face plot, the maximum epoxide yield (67.24%) was obtained at a reaction time of 218 min 

and a feed molar ratio of 8.5:1, showing that increasing the reaction time from 0 min to 

218 min increases the yield of 1,2-epoxy-7-octene, as shown in Figure 10. 

 

(a) (b) 

Figure 9. The plot shows the effect of feed molar ratio on percentage yield: (a) 1,2-epoxy-5-hexene, 

(b) 1,2-epoxy-7-octene. 

 
(a) (b) 

Figure 10. Three-dimensional response surface of the effect of feed molar ratio and time on percent-

age yield: (a) 1,2-epoxy-5-hexene, (b) 1,2-epoxy-7-octene. 

3.2.2. Effect of Reaction Temperature 

The epoxidation of 1,5-hexadiene and 1,7-octadiene with TBHP was carried out at 

333 K, 343 K, and 353 K to study the effect of reaction temperature on the yield of epoxides. 

The ANOVA results of the epoxidation of 1,5-hexadiene presented in Table 2 show no 

significant effect of reaction temperature on the process response, but the ANOVA results 

of the epoxidation of 1,7-octadiene show there is a very significant effect of reaction 

temperature on the process response. Figure 11 shows that when temperature in-

creased from 333 K to 343 K, the yield of 1,2-epoxy-7-octene increased consistently from 

43.06% to 52.29%, which is a directly proportional relationship between temperature and 

epoxide yield. However, at higher temperature values above 353 K, a progressive decline 

in yield was recorded. Mohammed et al. [15] reported similar results for the epoxidation 

of 1-hexene with TBHP in the presence of PBI.Mo catalyst. It is clearly shown in Figure 12 

that at 60 min, the yield of 1,2-epoxy-5-hexene was 54.25% and 57.1% at 333 K and 353 K, 

respectively. The 3D surface graph (Figure 12) shows that the yield of 1,2-epoxy-5-hexene 
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at 0.35 mol% catalyst loading was 50.73% and 53.23% at 333 K and 353 K, respectively. 

This was due to a distinct exothermic effect. Mohammed et al. [52] reported a similar re-

sult for the epoxidation of 4-vinyl-1-cyclohexene with TBHP where the reaction reached 

equilibrium within the first 5 min. It can be concluded that at 0.56 mol% catalyst loading, 

348 K is the preferred reaction temperature for the epoxidation of 1,5-hexadiene at 76 min, 

and the feed molar ratio of 1,5-hexadiene to TBHP is 2.76:1. The 3D surface plot revealed 

that the yield of epoxide was 67.07% at a reaction time of 218 min and temperature of 348 

K, suggesting that raising the reaction temperature from 333 K to 348 K increases epoxide 

yield, as shown in Figure 12. 

  

(a) (b) 

Figure 11. The plot shows the effect of temperature on percentage yield: (a) 1,2-epoxy-5-hexene, (b) 

1,2-epoxy-7-octene. 

(a) (b) 

Figure 12. (a) Three-dimensional response surface of the effect of temperature and catalyst loading 

on percentage yield of 1,2-epoxy-5-hexene. (b) Three-dimensional response surface of the effect of 

temperature and time on percentage yield of 1,2-epoxy-7-octene. 

3.2.3. Effect of Catalyst Loading 

Catalyst loading is described in this study as a percentage of the mole ratio of Mo to 

TBHP. In this research, a single batch of the produced catalysts was used for batch inves-

tigations. The effect of catalyst loading for epoxidation with TBHP was investigated by 

conducting batch experiments using 0.15 mol% Mo, 0.375 mol% Mo, and 0.6 mol% Mo 

catalyst loading. Based on the ANOVA results presented in Tables 2 and 3, the catalyst 

loading parameter shows a significant effect on the process response. As shown in Figure 
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13, it can be observed that the yield of 1,2-epoxy-7-octene increased along with the in-

crease in catalyst loading, from 46.58% to a maximum of 52.87% at 0.45 mol% Mo catalyst 

loading. It gradually declined once the catalyst loading was increased to 0.6 mol%, 

demonstrating that the optimum catalyst loading was reached. Figure 13 also shows that 

a positive correlation exists between catalyst loading and the yield of 1,2-epoxy-5-hexene 

within the temperature range between 333 K and 353 K. The yield of 1,2-epoxy-5-hexene 

at 60 min was ~49% and ~59% for reactions conducted at 0.15 mol% Mo and 0.6 mol% Mo, 

respectively, while the FMR of 1,5-hexadiene to TBHP was 6.25:1. For example, Figure 14 

shows that at a lower catalyst loading of 0.15 mol% Mo, only 48% of epoxide yield was 

recorded because of low 1,7-octadiene conversion at low catalyst loading. The epoxide 

yield increased steadily up to 67% as the feed molar ratio increased at moderate levels of 

catalyst loading from 0.15 mol% to 0.42 mol%. This phenomenon may be explained by an 

increase in the catalyst’s surface area, which increases the surface area available for contact 

between the catalyst’s active sites and the reactant, 1,7-octadiene [53]. The increase in cat-

alyst loading from 0.15 mol% Mo to 0.42 mol% enhances the epoxide yield from 48% to 

53.1% for lower feed molar ratios (for example, at 2.5:1). As seen in Figure 14, the yield of 

1,2-epoxy-7-octene increases proportionally with catalyst loading at any designated value 

between 0.15 mol% and 0.42 mol%. A low p-value (0.0023) also provided support for this 

observation. Figure 14 shows that the yield of 1,2-epoxy-5-hexene at a feed molar ratio of 

1,5-hexadiene to TBHP of 9.6:1 was ~47% and ~57% at 0.15 mol% Mo and 0.5 mol% Mo, 

respectively. It can be concluded that 0.56 mol% catalyst loading is the preferred catalyst 

loading at 348 K for the epoxidation of 1,5-hexadiene at 76 min, and the feed molar ratio 

of 1,5-hexadiene to TBHP is 2.76:1. 

(a) (b) 

Figure 13. The plot shows the effect of catalyst loading on percentage yield: (a) 1,2-epoxy-7-octene, 

(b) 1,2-epoxy-5-hexene. 
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(a) (b) 

Figure 14. Three-dimensional response surface of the effect of catalyst loading and feed molar ratio 

on percentage yield: (a) 1,2-epoxy-7-octene, (b) 1,2-epoxy-5-hexene. 

3.2.4. Effect of Reaction Time 

In this investigation, the catalyst was introduced, and the reaction time was recorded 

as zero time, or t = 0. At certain intervals, samples were obtained from the reaction mixture 

again and recorded. The reaction time parameter has a highly significant impact on the 

process response, according to the ANOVA results shown in Tables 2 and 3. The result 

shows a fairly large increase in the rate of epoxidation with an increase in time. As shown 

in Figure 15, the yield of 1,2-epoxy-5-hexene increases by increasing the time between 0 

min and 87 min. Figure 15 also shows that at 343 K, the yield of 1.2-epoxy-5-hexene was 

30% and 58% at 0 min and 80 min, respectively. The yield of epoxide starts to decrease 

after 87 min. The 3D surface graph (Figure 16) shows that the yield of epoxide at 0.4 mol% 

catalyst loading was 40%, 56%, and 53% at 12 min, 88 min, and 118 min, respectively. It 

can be concluded that 76 min is the preferred reaction time at 348 K for the epoxidation of 

1,5-hexadiene at 0.56 mol% catalyst loading, and the feed molar ratio of 1,5-hexadiene to 

TBHP is 2.76:1. As seen in Figure 15, the yield of 1,2-epoxy-7-octene increased gradually 

as reaction time increased until it reached 60.4% in 218 min. After 218 min, epoxide pro-

duction decreased even more as reaction time was extended. A similar phenomenon was 

reported when PBI.Mo catalysed the epoxidation of 1-hexene and 4-vinyl-1-cyclohexene 

with TBHP, where an increase in reaction time from 0 to 260 min was directly proportional 

to the corresponding epoxide yield [15]. Figure 16 shows that increasing the feed molar 

ratio from 2.5:1 to 8.5:1 resulted in yields of 1,2-epoxy-7-octene of 52.9% and 67.24%, re-

spectively, after 218 min of reaction time. However, when the 1,7-octadiene-to-TBHP feed 

molar ratio was larger than 8.5:1 and the reaction time was greater than 218 min, the per-

centage yield of epoxidation did not change significantly. According to the 3D surface 

plot, the maximum epoxide yield (67.24%) was obtained at a reaction time of 218 min and 

a feed molar ratio of 8.5:1, showing that increasing the reaction time from 0 min to 218 

min increased the yield of 1,2-epoxy-7-octene, as shown in Figure 16. The results demon-

strate a rise in the epoxidation rate with increasing time. However, an increase in feed 

molar ratio of 1,7-octadiene to TBHP beyond 8.5:1 at 218 min of reaction time was unfa-

vourable to the reactive system, causing a marginal drop in epoxide yield from 67.24% to 

66.66%. It can be concluded from the ANOVA in Table 3 that the reaction time was found 

to be a highly influencing parameter on epoxide yield as evidenced by a low p-value 

(<0.0001). 
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(a) (b) 

Figure 15. The plot shows the effect of reaction time on percentage yield: (a) 1,2-epoxy-5-hexene, (b) 

1,2-epoxy-7-octene. 

 

(a) (b) 

Figure 16. (a) Three-dimensional response surface of the effect of time and catalyst loading on per-

centage yield of 1,2-epoxy-5-hexene. (b) Three-dimensional response surface of the effect of time 

and feed molar ratio on percentage yield of 1,2-epoxy-7-octene. 

3.3. Optimisation Study of Reaction Variables 

It is very straightforward to use RSM to find the optimal reaction parameters for a 

single response, but it might be more challenging to optimise multiple responses [53]. To 

determine the optimum values for the independent factors affecting the dependent re-

sponse variable, an optimisation approach to the epoxidation reaction was conducted. The 

numerical optimisation stage was developed using Design Expert software, which com-

bined the desirability of each independent variable into a single value and then looked for 

the response objectives’ optimal values. As a result, a set of goals must be entered into the 

program to direct the optimisation process to determine the optimal conditions for the 

independent variables [47]. 

The reaction temperature and time were both set at minimal values to minimise pro-

duction cost at a maximum economic benefit, while the dependent response variable, 

which is the yield of 1,2-epoxy-5-hexene and 1,2-epoxy-7-octene, was set to be maximised 

to obtain the maximum yield [51,54]. No specific target for catalyst loading was estab-

lished due to the catalyst’s stability and efficiency at optimal conditions. The numerical 

optimisation technique concluded that the maximum yield of 1,2-epoxy-5-hexene can be 

reached is 64.2% at a feed molar ratio of 2.76:1, a reaction temperature of 348 K, a 0.56 
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mol% catalyst loading, and a reaction time of 76 min. The numerical optimisation tech-

nique also concluded that the maximum yield of 1,2-epoxy-7-octene can be reached is 

66.22% at a feed molar ratio of 7.97:1, reaction temperature 347 K, 0.417 mol% catalyst 

loading, and reaction time of 218 min. 

3.4. Optimum Conditions Validation 

To validate the optimal response values of the predicted quadratic equation, experi-

ments were performed at optimum conditions. The experimental results of the epoxida-

tion of 1,5-hexadiene showed a similar response value to the predicted optimal response 

of 62.03% with a relative error of 3.5%. The experimental results of the epoxidation of 1,7-

octadiene showed a similar response value to the predicted optimal response of 64.97% 

with a relative error of 1.92%. The relative error can be affected by the temperature varia-

tion of the reaction. 

4. Conclusions 

Polymer-supported Mo(VI) (PBI.Mo complex) was prepared and characterised. The 

performance of the catalyst was evaluated for the epoxidation of 1,5-hexadiene and 1,7-

octadiene using TBHP as an oxidant. In this epoxidation process, Design Expert 13 soft-

ware (Stat-Ease Inc., Minneapolis, MN, USA) was used to identify and operate the batch 

experimental design procedures. The Box–Behnken Design (BBD) method is one of the 

RSM techniques that was used to examine the significant effect of various factors on epox-

ides. The optimum conditions that were observed for the maximum yield of 1,2-epoxy-5 

hexene are 2.76:1 molar feed ratio, 348 K reaction temperature, 76 min reaction time, and 

0.56 mol% catalyst loading. The optimal conditions for achieving the maximum yield of 

1,2-epoxy-7-octene were determined to be a molar feed ratio of alkene to TBHP of 7.97:1, 

a reaction temperature of 347 K, a reaction time of 218 min, and a catalyst loading of 0.417 

mol%. These optimised conditions were experimentally validated, confirming the accu-

racy of the predicted results. 

PBI.Mo catalyst was proven to be highly active for both epoxidation reactions. The 

results of this work demonstrate the feasibility of creating polymer-supported Mo cata-

lysts for alkene epoxidation. The batch experimental work demonstrated the effectiveness 

of polymer-supported catalysts in the epoxidation of both alkenes studied. In the use of 

PBI.Mo as the catalyst, 1,5-hexadiene exhibits the highest reaction rate. This study high-

lights that polymer-supported Mo(VI) (PBI.Mo complex) is an effective catalyst for a 

greener and more efficient epoxidation process, using tert-butyl hydroperoxide (TBHP) as 

the oxidising agent to produce two important epoxides -1,2-epoxy-5 hexene and 1,2-

epoxy-7-octene. The results obtained from this study provide useful information for con-

ducting continuous epoxidation experiments. 
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