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OPTIMIZATION OF CYCLOHEXENE OXIDATION USING FRACTIONAL FACTORIAL DESIGN
AND V,05/CeO, CATALYSTS

An experimental design methodology was applied to optimize cyclohexene oxidation catalyzed by V,05/CeO,. The statistical
study of the process was achieved through a two-level, 2°"! fractional factorial experimental design with five process parameters.
The significant input variables (key factors) that influenced the performance of cyclohexene oxidation are the catalyst mass, per-
centage active phase (catalyst loading), temperature, molar ratio (Cyclohexene/TBHP), and the reaction time. The effect of the
individual parameters andtheir interaction effects on the cyclohexene conversion, as well as the selectivity of cyclohexane epoxide,
was determined, and a statistical model of the process was developed.The significant parameters influencing conversion were: mass,
temperature-molar ratio and time-mass interaction; the other parameters had no effect. Significant parameters influencing selectivity
are: molar ratio, other parameters have no effect. The optimal conditions were obtained for the catalyst weight of 0.1 g, temperature
of 74°C, and reaction time of 4 h, with 15% V,05/CeQ, as the active phase and tertiary-butyl hydroperoxide (TBHP) as oxidant.
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1. Introduction

Epoxidation catalysis has always been one of the focuses
in the chemical science and will continue to attract extensive
research in both academia and industry since the epoxides are
versatile chemical intermediates for the synthesis of diverse fine
chemicals as well as valuable building blocks for the production
of polymers, plasticizers and epoxy resins [1-5]. Traditional
common oxidants for the epoxidation production are peracids,
NaClO and PhIO, which are usually expensive, toxic, and as-
sociated with nonselectivity for the epoxide and generation of
environmentally undesirable wastes [6-7]. The recent emphasis
on overcoming these deficiencies has led to the use of safer,
cheaper and more environmentally benign oxidants accompanied
with appropriate catalysts. There into, molecular oxygen, aque-
ous hydrogen peroxide and tert-butyl hydroperoxide (TBHP)
are representative oxidants, which has aroused increasing
research interests [1,8]. Compared with O,, which generally
shows low efficiency for activation due to its triplet ground
state, the use of peroxides can realize the epoxidation reaction

processed in liquid phase, contributing to the ease of operation
difficulty due to the reduced number of phases and mass transfer
limitations. Especially, TBHP has more stability than hydrogen
peroxide, and is more prone to supply oxygen atoms resulting
from its longer peroxy O-O bond [9-11]. These features endow
TBHP a relatively perfect oxidant for initiating the epoxidation
reactions under mild reaction conditions.

Among the epoxidation catalysis family, the epoxidation
of cycloohexene is an important route for the production of
cyclohexene oxide [12]. Catalytic epoxidation of cyclohexene
has been conducted in both homogeneous and heterogeneous
systems.

Catalytic epoxidation of cyclohexene in the liquid phase
is an important reaction used to produce the epoxide that paves
the way for the development of soft and green chemistry pro-
cesses for the synthesis of adipic acid, the raw material used in
the production of nylon 6, 6 and tertiary-butyl hydroperoxide
(TBHP) as the oxidizing agent [5]. It is used mainly as a source of
oxygen for epoxidation reactions, offers a number of advantages
such as mildness, selectivity, low corrosivity, low water content
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(30%), and is converted to tertiary-butanol after oxidation of
olefins [13]. Most transition metal catalysts are highly sensitive
to water, which leaches out the metal sites [13].

Transition metal catalysts are the most widely used in oxi-
dation reactions. Among these metals, vanadium is widely used
in catalysis as a metal oxide [13]. Supported vanadium oxides
play an important role because of their high activity in oxidation
reactions [14], such as the oxidation of olefins. The supports
generally used are CeO,, ZrO,, TiO,... [14].

More recently, for the purpose of a fundamental study,
supported vanadium oxide catalysts have received a particular
interest; they constitute a model for catalytic systems 4 because
of their activity in a wide range of applications [15], such as
many oxidation reactions [16]. During the last decade, catalyst
scientists have unambiguously shown that the activity and
selectivity of supported metal oxide catalysts are significantly
affected by the properties of the support oxide material 5. It has
been observed that the selectivity and activity of these catalysts
depend on multiple factors, i.e. the vanadium loading, method
of support preparation, oxidation state of vanadia in the sup-
port, calcination temperature, nature of the support, its surface
acidity, etc [17-18]. Several studies have indicated the extent
to which vanadia/support interactions may be influenced by
dispersion, surface structures, redox and acid-base properties
[19-20], base [21-22] and redox properties [23] can be intentio-
nally monitored.

In fact, using different supports and metal loadings, the
surface structure [24-25], number of surface sites number of
surface sites, the acid-base [21-22] and redox properties [23] can
be intentionally monitored. Consequently, considerable attention
has been focusedon the preparation, characterization and evalu-
ation of vanadium oxide catalysts deposited on various single
or mixed oxides. Cerium based materials were widely used as
oxygen carriers [26-27]. The addition of a low amount of cerium
can enhance the oxydo-reduction features of a given catalyst.
Generally, the oxidation rate is limited by the oxygen transfer
from the metal active sites to the metal/support interface, while
ceria is able to enhance this oxygen transfer to efficiently catalyze
the reaction. The redox properties of ceria (Ce**/Ce*") and the
high lability of its lattice oxygen are among the most important
factors that contribute to the catalytic reactivity in oxidation
reactions [28-29]. The presence of vanadia on ceria affords
interesting performances for oxidative dehydrogenation reac-
tions [30-32]. The surface polymeric vanadia species on ceria
are more reducible than the isolated ones, according to in situ
Raman spectroscopy [33].

In this study, we are interested in investigating some of
the parameters influencing the cyclohexene oxidation reaction
using V,05/CeO, as catalyst and TBHP as oxidant, adopting
the mathematical method, which is the design of experiment
specifically the fractional factorial design. The factors chosen
are: catalyst mass, temperature, time, percentage in active phase
and cyclohexene/TBHP molar ratio. The responsesstudied are
conversion and selectivity ofepoxide.

2. Experimental
2.1. Methodology

In this paper, we report the synthesis of vanadia supported
ceria catalyts. The V,05 was supported CeO, by impregna-
tion method. The catalysts have been characterized by XRD
and surface area measurement (BET method). Their catalytic
properties were evaluated for cyclohexene epoxidation using
tert-butyl hydroperoxide (TBHP) as oxidant. This reaction is
influenced by several factors such as catalyst weight, catalyst
loading (% of the active phase), reaction temperature (°C), re-
action time (h), etc... The experimental design is a suitable tool
to recognize significant variables that affect the process and to
determine optimal conditions in several processes with limited
experimental runs. The technique of experimental design is
largely used in chemical industry. For this reason, the aim of our
work is to optimize the conditions of the epoxidation reaction of
cyclohexene using V,05 supported CeO, as catalyst and TBHP
as oxidant following a fractional factorial design looking to get
a good conversion (Y;) with good selectivity (Y,) in epoxide
of cyclohexene.

2.2. Catalyst preparation

X % V,0;s catalysts are prepared by impregnation accord-
ing to the method described in the literature [14]. Ceria (CeO»,,
Aldrich 99%) in the form of a white powder was first calcined
at 400°C with a rate 5°/min for 4 h in air.

The ceria is impregnated with a solution of precursor salt in
nitric acid as follows: In a beaker, 32 mL of nitric acid (HNO3)
is added to 0.46 g of precursor salt (NH4;VOs3) and left to stir
for 2 hrs. Next, 1.8 g of carrier (CeQ,) is added to the solution.
The mixture was left to stir for 24 h [14]. The mixture is placed
in a sand bath at 60°C overnight to evaporate the solvent and
obtain a dry powder [14]. The solid obtained was then placed in
an oven at 120°C overnight [14]. The solid is calcined at 400°C
in air for 4 h at a rate of 5°/min [14].

2.3. Catalyst Characterization

The specific surface areas of the samples were determined
by BrunauerEmmett-Teller (BET) method using N, adsorption-
desorption at 77 K on Quantachrome Instruments (Nova 1000e),
and the porosity distribution was obtained from the desorption
branch of the isotherm using Barrett-Joyner-Halenda (BJH) anal-
ysis. The sample was outgassed at 300°C for 8 h. Powder X-ray
diffraction (XRD) data were collected on Rigaku D/max2500
diffractometer with Cu Ka radiation (A = 1.541874 A) in the
range 20 = 20°-80° with a step of 0.01° and an acquisition
time of 1 s.



2.4. Cyclohexene epoxidation

Catalytic tests for cyclohexene epoxidation are carried out
as follows: 3 mL (29 mmol) cyclohexene, 15 mL (38.45 mmol)
heptane and 1 mL internal standard (1,2-dimethoxyethane) are
introduced into a tricol flask fitted with a cooler, magnetic stirrer
and thermocouple. When reflux is observed, the TBHP-Heptane
mixture (organic phase) is added (20 ml (60 mmol) of Heptane
and 5,5 ml (38,4 mmol) of TBHP).

3. Results and discussion
3.1. Characterization of catalysts

Vanadium oxide supported on ceria is characterized with
BET and DRX to correlate physico-chemical characteristics with
catalytic performance.

The N, adsorption-desorption isotherm of the 10% V,05/
Ce0O, sample calcined at 400°C and the BJH pore size distribu-
tion are shown in Fig. 1.

All the 5, 10, 15% V,05/CeO, materials have the same
appearance, showing an isotherm that resembles a type IV
characteristic of mesoporous materials with a hysteresis that
resembles a type H3 according to the IUPAC classification [34].

From these results, we note that commercial ceria has a spe-
cific surface area of 41 m*/g. The TABLE 1 show that the V,05
impregnation initially leads to a decrease in specific surface area
(5%V,05/Ce0,, 22 m*/g ) [13], which may be due to instrument
error or degassing time, then increases when the samples are
calcined at 400 °Cdue to the elimination of physisorbed water
molecules and decomposition of the precursor salt (NH,VO3)
[35]. It can be deduced that the specific surface area increases
with calcination temperature (CeO,, 100 m%g at 500°C) and
decreases above 500°C [35].

This increase can also be explained by the dissolution and
re-precipitation of ceria in the acid solution of the precursor salt
[36], or that isolated vanadium oxide particles contribute to the
surface [37].
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Fig. 1. N, adsorption-desorption isotherm for 10% V,05/CeO,catalysts
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In addition, the pore volume decreases after impregnation,
due to the partial obstruction of the ceria pores by the deposition
of vanadium metal particles on the outer surface, making it less
accessible to nitrogen adsorption [38].

All samples have approximately the same pore diameter
of 31 A (3.1 nm), confirming the presence of mesopores in the
catalyst structure (TABLE 1).

The various diffractograms corresponding to X%V,0s/
CeO, materials with different vanadium contents of 5, 10 and
15% are shown in Fig. 2.

TABLE 1
Textural characteristics of different materials as determined
by N, adsorption
Calcination Pore Pore
Materials temperature B?I:Zig;ea Volume | diameter
°C) (cm’/g) A)
CeO, 400 41 0,058 31
5% V,05/CeO, 400 22 0,030 31
10% V,05/CeO, 400 45 0,048 31
15% V,05/Ce0O, 400 65 0,024 31
TABLE 2
Structural characteristics of different materials as determined
by XRD analysis
2 Theta (°) | 27,8 | 32,3 | 46,7 | 55,7 | 58,4 | 68,8 | 76,1 | 78,5
(hKl) (111) [ (200) | (220) | (311) | (222)| (400) | (311) | (420)
dya (A) 1,65 | 1,44 | 1,06 | 0,93 | 0,90 | 0,82 | 0,79 | 0,78
D (A) 12 14 15 18 19 29 39 47

The diffractograms of the catalysts in Fig. 2 show peaks at
around 20 = 27.8°; 32.3°; 46.7°; 55.7°; 58.4°; 68.8°; 76.1° and
78.5° associated with pure ceria and corresponding to Miller
indices (111), (200), (220), (311), (222), (400), (311) and (420)
respectively, showing that ceria has the face-centered cubic
fluorite structure [39].

TABLE 2 gives values for the inter-crystal distance ‘dhkl’
and an estimate of the average crystal size ‘D’.
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Fig. 2. XRD Diffractograms of CeO, and X%V,05/CeO,

Comparison of the diffraction spectra of ceria and those
of the different vanadium percentages indicates that there is no
crystalline impurity and that, after impregnation, the diffraction
peaks are shifted towards the higher 20 and lower interreticular
distances. We note that V,05 deposition does not influence the
structure of the substrate and remains preserved throughout
impregnation, and V,0s peaks are not observed at low contents.

The V,05 crystalline phase is detected at high vanadium
contents prepared by impregnation [40], in the case of 15% V,05s/

CeO, low intensity peaks appear at 20 = 25.1°, 30.2° indicate
the formation of the V,0s crystalline phase [41] .

3.2. Catalytic test
A. Experiment

TABLE 3 shows the two-level experimental matrix
(in coded variables) and the results of theexperimental meas-
urements of the responses: conversion of cyclohexene (Y)),
selectivity of cyclohexane epoxide (Y,) and TBHP consumption.
The cyclohexene conversion ranges from 17% to 68%, and the
selectivity to cyclohexane epoxide ranges from 35% to 84%,
thus indicating the great significance of the chosen parameters
of the cyclohexene oxidation.

B. Interpretation of results

Design results are analyzed using Design-Expert software.
The influence of the main factors and their interactions is cal-
culated by analysis of variance (ANOVA) with a risk threshold
of 5% (a.= 0.05; 95% confidence interval) [42].

For the interpretation of a fractional design, the coefficients
are aliased in the contrasts and the interpretation assumption 1,
which eliminates all interactions of order >3 and leaves only
interactions of order 2 [43].

TABLE 3

Tests and response of the 2°! fractional factorial design on catalytic epoxidation of cyclohexene

Factors Responses
Percentage in active | Temperature . . | catalyst mass | Conversion | Selectivity of |Conversion of.
phafe(%) ?°C) Time (h) | Molar Ratio y(g) (%) Epoxidet(y%) TBHP (%)
Run A B C D E =ABCD Y, Y,
1 -1 -1 -1 -1 +1 38 68 12
2 +1 -1 -1 -1 -1 27 39 15
3 -1 +1 -1 -1 -1 29 68 25
4 +1 +1 -1 -1 +1 56 45 23
5 -1 -1 +1 -1 -1 29 68 31
6 +1 -1 +1 -1 +1 34 58 35
7 -1 +1 +1 -1 +1 30 35 66
8 +1 +1 +1 -1 -1 58 44 58
9 -1 -1 -1 +1 -1 18 75 27
10 +1 -1 -1 +1 +1 48 78 23
11 -1 +1 -1 +1 +1 35 78 42
12 +1 +1 -1 +1 -1 39 78 40
13 -1 -1 +1 +1 +1 37 77 33
14 +1 -1 +1 +1 -1 35 66 30
15 -1 +1 +1 +1 -1 17 73 33
16 +1 +1 +1 +1 +1 22 81 41
17 0 0 0 0 0 48 73 22
18 0 0 0 0 0 50 77 20
19 0 0 0 0 0 68 64 20
20 0 0 0 0 0 54 84 40
21 0 0 0 0 0 63 64 39




C. Mathematical model

We choose the mathematical model with the constant co-
efficient, the coefficients of the main factors and the 2nd-order
interactions.

Yy=49q + 31A+ azB + a3C + a4D + a5E + aleB +
+ a13AC + a14AD + alSAE + 823BC + 324BD +
+ aszE + a34CD + a35CE + a45DE + ¢

Hence: y is the dependent variable (the two responses) and the
factors and their interactions are the independent variables [42].

i. Conversion response

TABLE 4 shows the results of the contrast coefficient cal-
culation. The bar chart in Fig. 3 illustrates this table.

All values below 0.05 (p-value) indicate that the model
terms are significant and are: A, BD, CE (the zero does not be-
long to the confidence domain). The other terms have an effect,
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but do not reach their threshold values to be significant, and the
zero belongs to their confidence domains.
The conversion model equation is therefore as follows:

Y;=34,63+525A-425BD-5,13CE+¢
Classification of the coefficients by order ascending:

ax > acg > agp

ii. Selectivity Response

TABLE 5 shows the results of calculating the contrast coef-
ficients. The bar chart in Fig. 4 illustrates this table.
The equation for the selectivity model is:

Y,=64,44+1131D*¢

All values below 0.05 (p-value) indicate that the model
terms are significant and are: D (the zero does not belong to
the confidence domain). The other terms have an effect, but do

TABLE 4
Coefficient values for the conversion model
i i Confid int lat95°¢
Real Factors Coded Factors Estlmatl'on des p-value Signification on ‘en.ce Inferva’a - A’
coefficients Lowerlimit Upperlimit
Constant / 34,63 0,03 Significant 30,70 38,55
Percentage in active phase (%) A 5,25 0,02 Significant 1,32 9,18
Temperature (°C) B 1,37 0,41 Not Significant —4.59 7,34
Time(h) C -1,87 0,30 Not Significant -5,80 2,05
Molar ratio D -3,00 0,12 Not Significant -6,93 0,93
Catalyst Mass (g) E 3,13 0,10 Not Significant -0,80 7,05
AB 2,50 0,18 Not Significant -1,43 6,43
AC -0,75 0,12 Not Significant -6,71 5,21
AD —0,88 0,17 Not Significant -6,84 5,09
AE -3,00 0,12 Not Significant -6,93 0,93
BC -2,38 0,20 Not Significant -6,30 1,55
BD —4,25 0,04 Significant -8,18 -0,32
BE -2,87 0,13 Not Significant -6,80 1,05
CD -2,00 0,27 Not Significant -5,93 1,93
CE -5,13 0,02 Significant -9,05 -1,20
DE 1,25 0,34 Not Significant 4,71 7,21
R?=0.85 and Rzadj = 0.63 means that the conversion model is 85% reliable.
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TABLE 5
Coefficient values for the selectivity model
Real Factors Coded Factors Estimatei of the p-value Signification Conﬁ(.len.ce interval at 95_%,
coefficients Lowerlimit Upperlimit

Constant / 66,44 0,02 Significant 60,09 68,78
Percentage in active phase (%) A -3,31 0,11 Not Significant —7,66 1,03
Temperature (°C) B —1,69 0,38 Not Significant —6,03 2,66
Time (h) C -1,69 0,38 Not Significant -6,03 2,66
Molar ratio D 11,31 0,01 Significant 6,97 15,66
Catalyst Mass (g) E 0,56 0,76 Not Significant -3,78 4,91
AB 2,56 0,20 Not Significant -1,78 6,91

AC 2,81 0,16 Not Significant -1,53 7,16

AD 3,31 0,11 Not Significant -1,03 7,66

AE 3,81 0,07 Not Significant -0,53 8,16

BC -2,81 0,16 Not Significant -7,16 1,53

BD 3,43 0,10 Not Significant -0,91 7,78

BE -3,56 0,09 Not Significant -7,91 0,78

CD 0,19 0,93 Not Significant -5,80 6,17

CE -0,56 0,81 Not Significant —6,55 5,42

DE 2,19 0,26 Not Significant -2,16 6,53

R%=0.92 and Rzadj = (.75 means that the conversion model is 92% reliable.
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Fig. 4. Bar chart of coefficients

not reach their threshold values to be significant, and the zero
belongs to their confidence domains.

D. Optimization

An optimization module was added to the DoE software
(Optimization) in order to be able to search for a combination
of the factor levels that simultaneously satisfy the goals set for
each response. In this study, the desirability function was used to
generate parameters of ideal yields. This was achieved by select-
ing the desired conditions in order to have maximum conversion
and selectivity, with equal ranges of importance for all of them.

The DoE software generated a list of potential yields, ordering
them according to the desirability of the set parameters.

The optimal combination, with parameter values closest
to the required values, was found to be the following: catalyst
mass = 0.1 g, % active phase = 15%, reaction emperature =
74°C and reaction time = 4 h. (desirability value 1). Under
these conditions, the calculated conversion was found to be
equal to 49% and the selectivity to epoxide of cyclohexene was
equal to 89%.

The maximum values of the response functions, which
were calculated using the regression functions, were found to
be in good agreement with the experimental values (for the
same values of the independent factors), and within the limits of

TABLE 6
Reaction parameters giving optimum responses
Responses Maximum value Optimum parameters of the responses
Expt. Calc. A (%) B (°C) C (h) D E (g)
Conversion (%) 46 49 +1 (15) +0,93 (74) —1(4) +1 (1/0,5) +1(0,1)
Selectivity (%) 84 89 +1 (15) +0,93 (74) —1(4) +1 (1/0,5) +1 (0,1)




experimental errors (TABLE 6). The values of the multidimen-
sional correlation coefficient R. ranged from 0.96 to 0.98 for the
response functions under study, confirming that the experimental
data are in good agreement with the values calculated from the
regression equations.

4. Conclusions

Materials X % V,05/CeO, with X =5, 10 and 15% were
prepared by impregnation. According to XRD analysis, the ceria
is preserved after impregnation with vanadium, and the results
of nitrogen adsorption analysis show an increase in specific
surface area due to the dissolution and re-precipitation of ceria
during catalyst preparation.

The catalytic activity was evaluated using 3 mL of cyclohe-
xene, 15 mL of heptane, and TBHP as the oxidant under reflux
conditions. Several parameters influence cyclohexene conversion
and epoxide selectivity, including: percentage of active phase,
temperature, time, molar ratio and mass.

To study the influence of each parameter alone, as well as
its interaction with another parameter, we have adopted a simple,
easy-to-interpret mathematical model: the fractional factorial
design 2>!, analogous to the full factorial design.

Significant parameters influencing conversion are: mass,
temperature-molar ratio and time-mass interaction, other param-
eters have no effect.

Significant parameters influencing selectivity are: molar
ratio, other parameters have no effect.

Optimum conditions for the cyclohexene epoxidation reac-
tion are: catalyst mass = 0.1 g, % active phase = 15%, tempera-
ture = 74°C and time = 4 h.

These results are valid for a risk threshold of 5% in relation
to the model choices and assumptions introduced.
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