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Abstract: The use of hydrogen peroxide as an oxidizing agent becomes increasingly important in
chemistry. The example of vegetable oil epoxidation is an excellent illustration of the potential of
such an agent. This reaction is traditionally performed by Prileschajew oxidation, i.e., by the in situ
production of percarboxylic acids. Drawbacks of this approach are side reactions of ring-opening and
thermal runaway reactions due to percarboxylic acid instability. One way to overcome this issue is
the direct epoxidation by hydrogen peroxide by using γ-alumina. However, the reaction mechanism
is not elucidated: does hydrogen peroxide decompose with alumina or oxidize the hydroxyl groups
at the surface? The kinetics of hydrogen peroxide consumption with alumina in homogeneous
liquid and heterogeneous liquid-liquid systems was investigated to reply to this question. Bayesian
inference was used to determine the most probable models. The results obtained led us to conclude
that the oxidation mechanism is the most credible for the heterogeneous liquid-liquid system.

Keywords: Bayesian statistics; kinetic modeling; model discrimination

1. Introduction

As stated by Noyori et al. [1], hydrogen peroxide should be used instead of oxygen
for oxygenation steps. One can cite the use of hydrogen peroxide for the epoxidation of
olefin compounds.

In the market, the direct epoxidation by hydrogen peroxide as an oxidant offers
advantages compared to the traditional processes, such as the chlorine-using non-catalytic
process, co-epoxidation process, and catalytic processes based on organic peroxides and
peracids (Figure 1). These traditional processes are characterized by producing large
amounts of waste products, chloride-laden sewage, and acid wastes and present difficulty
in separating the homogeneous catalysts. These processes are also capital-intensive [2].

Conversely, the epoxidation with hydrogen peroxide avoids producing toxic wastes,
producing only water as a by-product, and using heterogeneous catalysts makes the
separation step easier [4].

A broad range of solids has been tested as potential heterogeneous catalysts for the
liquid phase epoxidation of olefins with hydrogen peroxide; catalysts such as framework-
substituted molecular sieves, inorganic oxides, and supported catalysts, porous material
encapsulated metal complexes, layered-type materials, peroxometalates, and supported
porphyrin catalysts [2]. By testing systems based on different metals, titanium-based
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catalysts are the most efficient heterogeneous catalysts for the epoxidation [5]; a well-
known catalyst is the molecular sieve type Ti-Silicate-1 (TS-1) [6], which is capable of
activating hydrogen peroxide and of epoxidizing different alkenes, but suffering from
steric limitations, TS-1 is accessible only to small reactants and linear alkenes [7]. Different
catalysts have been designed to overcome the steric limitations, such as Ti, Al-beta, and a
zeolite with a three-dimensional pore structure [8].
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Figure 1. Mechanisms of traditional epoxidation process of olefins [3]. MTBE: Methyl tert-butyl ether.

In addition to the already tested transition metals, such as Ti, V, Cr, Mo, W, etc.,
a promising heterogeneous catalyst in epoxidation is alumina [4]. Alumina has proven to
have an interesting catalytic activity in the epoxidation of several alkenes, from unreactive
terminal-group alkenes to the highly reactive terpenes, using hydrogen peroxide, especially
under nearly anhydrous conditions [4]. The nucleophilic character of its double bonds,
the surface hydrophilicity, and the amount of weak Brönsted acid sites are remarkable
factors for the high catalytic selectivity and activity of alumina [4].

The reaction mechanism of the Al2O3/H2O2 catalyzed alkene epoxidation probably
involves Al-OOH species (Figure 2) [4]. First, the alumina reacts with hydrogen peroxide,
releasing water and producing the active species Al-OOH, which reacts with the olefins
with the oxygen transferred to produce the resulting peroxide and the desired epoxide [4].
The catalytic activity of alumina is higher under anhydrous conditions because of the
deactivation effect attributed to water and the adsorption of organic molecules on the
catalyst surface. Conversely, water is fundamental in prolonging catalyst lifetime by
shifting the equilibriums of the adsorption of by-products and preventing epoxide and
hydrogen peroxide decomposition [5].

Processes 2021, 9, x FOR PEER REVIEW 3 of 19 
 

 

 

Figure 2. Mechanism of olefins epoxidation by alumina in the presence of hydrogen peroxide [4]. 

The use of alumina as a heterogeneous catalyst offers several advantages with respect 

to other systems with active metals. It is readily commercially available and has a 

relatively low cost, not only for the commercial chromatographic neutral alumina but also 

for other forms, such as the γ-Al2O3 that showed higher epoxidation activity compared to 

the first [2,6]. Furthermore, alumina can be recycled without the need for reactivation [7], 

and it does not show the problem of metal lixiviation due to solvent [6]. In particular, 

solvents as ethyl acetate increase the catalytic activity of alumina in epoxidation reactions 

[4]. The epoxidation reaction of vegetable oils or olefins by hydrogen peroxide can be 

homogeneously or heterogeneously catalyzed, but it requires an organic solvent in the 

reaction medium. The organic solvent is required to provide an efficient solubility of 

compounds, as vegetable oils are insoluble in the aqueous phase and improve the reaction 

and recovery of the epoxy product and catalyst [8,9]. Many parameters are considered in 

the choice of organic solvent from the process productivity point of view to the economic 

and safety points of view. In this field, ethyl acetate is commonly used since it is readily 

available, cheap, environmentally friendly, non-toxic to health, and forms a favorable 

azeotrope with water and hydrogen peroxide [4,9]. It has a medium polarity that leads to 

solubilization and extract polar and non-polar compounds. Several studies suggest that 

ethyl acetate solvent provides high epoxy conversions and leads to more straightforward 

product recovery and the homogeneous or heterogeneous catalyst [6,10]. 

Hence, the use of Al2O3 in the presence of ethyl acetate as a solvent is a promising 

heterogeneous catalyzed way for the epoxidation with H2O2 of olefins and more complex 

organic molecules, such as those derived from vegetable oils, which are becoming more 

used because of their availability from renewable resources [11], and it should be studied 

in more detail [12,13]. 

There are no studies on the kinetic modeling for this reaction system, to the best of 

our knowledge. It is not verified whether hydrogen peroxide oxidizes the Al-OH group 

or undergoes decomposition in the presence of γ-alumina. Therefore, the present research 

aims to develop kinetic models and verifies which reaction mechanism is the most 

probable via Bayesian inference [14]. 

2. Materials and Methods 

The following chemicals were used: hydrogen peroxide 33% w/w stabilized, 

TECHNICAL, supplied by VWR Chemicals® ; Ethyl Acetate, HiPerSolv 

CHROMANORM®  for HPLC, supplied by VWR Chemicals®  and γ-alumina, VERSAL™ 

Alumina GH, supplied by LaRoche Chemicals. For the analytical part, the following 

reagents were used: sulfuric acid, 96% for analysis ISO, supplied by PanReac AppliChem 

ITW Reagents; ammonium cerium (IV) sulfate solution 0.1 M, supplied by Honeywell 

Fluka™ and ferroin solution indicator (1,10-phenonthroline iron (II)-sulfate), AVS 

TITRINORM® , supplied by VWR Chemicals® . 

The concentration of hydrogen peroxide (HP) was created by Ceric Sulfate Titration 

[13]. 

All experiments were performed in a 500 mL jacketed glass reactor, operating in 

batch mode, at atmospheric pressure (isobaric) and isothermal conditions. To avoid gas 

accumulation, a reflux condenser was placed on top of the reactor. At first, hydrogen 

Figure 2. Mechanism of olefins epoxidation by alumina in the presence of hydrogen peroxide [4].



Processes 2021, 9, 1476 3 of 19

The use of alumina as a heterogeneous catalyst offers several advantages with respect
to other systems with active metals. It is readily commercially available and has a rela-
tively low cost, not only for the commercial chromatographic neutral alumina but also for
other forms, such as the γ-Al2O3 that showed higher epoxidation activity compared to
the first [2,6]. Furthermore, alumina can be recycled without the need for reactivation [7],
and it does not show the problem of metal lixiviation due to solvent [6]. In particular,
solvents as ethyl acetate increase the catalytic activity of alumina in epoxidation reac-
tions [4]. The epoxidation reaction of vegetable oils or olefins by hydrogen peroxide can
be homogeneously or heterogeneously catalyzed, but it requires an organic solvent in
the reaction medium. The organic solvent is required to provide an efficient solubility of
compounds, as vegetable oils are insoluble in the aqueous phase and improve the reaction
and recovery of the epoxy product and catalyst [8,9]. Many parameters are considered in
the choice of organic solvent from the process productivity point of view to the economic
and safety points of view. In this field, ethyl acetate is commonly used since it is readily
available, cheap, environmentally friendly, non-toxic to health, and forms a favorable
azeotrope with water and hydrogen peroxide [4,9]. It has a medium polarity that leads to
solubilization and extract polar and non-polar compounds. Several studies suggest that
ethyl acetate solvent provides high epoxy conversions and leads to more straightforward
product recovery and the homogeneous or heterogeneous catalyst [6,10].

Hence, the use of Al2O3 in the presence of ethyl acetate as a solvent is a promising
heterogeneous catalyzed way for the epoxidation with H2O2 of olefins and more complex
organic molecules, such as those derived from vegetable oils, which are becoming more
used because of their availability from renewable resources [11], and it should be studied
in more detail [12,13].

There are no studies on the kinetic modeling for this reaction system, to the best of
our knowledge. It is not verified whether hydrogen peroxide oxidizes the Al-OH group or
undergoes decomposition in the presence of γ-alumina. Therefore, the present research
aims to develop kinetic models and verifies which reaction mechanism is the most probable
via Bayesian inference [14].

2. Materials and Methods

The following chemicals were used: hydrogen peroxide 33% w/w stabilized, TECH-
NICAL, supplied by VWR Chemicals®; Ethyl Acetate, HiPerSolv CHROMANORM® for
HPLC, supplied by VWR Chemicals® and γ-alumina, VERSAL™ Alumina GH, supplied by
LaRoche Chemicals. For the analytical part, the following reagents were used: sulfuric acid,
96% for analysis ISO, supplied by PanReac AppliChem ITW Reagents; ammonium cerium
(IV) sulfate solution 0.1 M, supplied by Honeywell Fluka™ and ferroin solution indicator
(1,10-phenonthroline iron (II)-sulfate), AVS TITRINORM®, supplied by VWR Chemicals®.

The concentration of hydrogen peroxide (HP) was created by Ceric Sulfate Titra-
tion [13].

All experiments were performed in a 500 mL jacketed glass reactor, operating in
batch mode, at atmospheric pressure (isobaric) and isothermal conditions. To avoid gas
accumulation, a reflux condenser was placed on top of the reactor. At first, hydrogen
peroxide solution was introduced into the reactor, and when the desired temperature was
reached, γ-alumina was added, which was the time zero. Samples were withdrawn and
analyzed during the reaction course. Tables 1 and 2 show the experimental matrix for
homogeneous liquid and heterogeneous liquid-liquid systems.
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Table 1. Experimental matrix for homogeneous liquid phase system. HP: hydrogen peroxide;
W: water; 0: initial conditions.

Experiment Temperature Catalyst Amount HP Amount HP0 W0
K kg kg mol/m3 mol/m3

1 343.15 0.01012 0.2528 11,750 40,242

2 343.15 0.0152 0.2522 11,707 40,299

3 343.15 0.0203 0.2521 11,694 40,315

4 353.15 0.0021 0.2525 11,607 40,429

5 353.15 0.0052 0.2523 11,479 40,596

6 353.15 0.0102 0.2523 11,786 40,196

7 353.15 0.0152 0.252 11,683 40,330

8 353.15 0.0202 0.252 11,534 40,524

9 358.15 0.0102 0.2523 11,782 40,201

Table 2. Experimental matrix for heterogeneous liquid phase system. HP: hydrogen peroxide; W: water; 0: initial conditions;
aq: aqueous phase; org: organic phase.

Experiment Temperature Catalyst Amount maq,0 morg,0 [HP]aq,0
mol/m3

[HP]org,0
mol/m3

[W]aq,0
mol/m3

[W]org,0
mol/m3K kg kg kg

1 324.05 0.00452 0.11297 0.11297 9622 911 42,979 1162

2 334.05 0.00452 0.11297 0.11297 9737 922 42,829 1158

3 343.95 0.00452 0.11297 0.11297 9531 903 43,097 1165

4 343.89 0.00678 0.11297 0.11297 10,039 951 42,437 1147

5 343.95 0.00904 0.11297 0.11297 9843 932 42,691 1154

6 334.139 0.00291 0.07281 0.14561 8802 888 44,047 1190

7 343.25 0.00291 0.07281 0.14561 8286 836 44,718 1209

8 343.47 0.00437 0.07281 0.14561 8830 891 44,011 1189

9 343.17 0.00582 0.07281 0.14561 8596 867 44,315 1198

10 333.15 0.00624 0.15601 0.07800 10,058 1740 42,411 1146

11 343.15 0.00624 0.15601 0.07800 10,427 1804 41,930 1133

12 343.15 0.00936 0.15601 0.07800 10,132 1753 42,437 1147

13 343.15 0.01248 0.15601 0.07800 10,301 1782 42,095 1138

3. Results and Discussion

Two different chemical systems were studied: a homogeneous liquid system with only
a hydrogen peroxide solution and a heterogeneous liquid-liquid system in the presence of
an aqueous hydrogen peroxide solution and ethyl acetate.

For both systems, in the absence of γ-alumina, there was no thermal decomposition
of hydrogen peroxide in the temperature range 60–90 ◦C [15]. Thus, the thermal decom-
position of hydrogen peroxide was not considered in the kinetic models. The distribution
of hydrogen peroxide in the aqueous and organic phase was studied in the absence of
γ-alumina.
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The kinetic modeling follows different stages:

- Kinetic study of hydrogen peroxide decomposition or oxidation in the homogeneous
liquid system;

- Evaluation of hydrogen peroxide distribution in the heterogeneous liquid-liquid;
- Kinetic study of hydrogen peroxide decomposition or oxidation in the heterogeneous

liquid-liquid system.

3.1. Equilibrium Ratio

The equilibrium ratio for hydrogen peroxide can be defined as KHP ≈
(

[HP]aq
[HP]org

)
equil.

,

and its value can be affected by the weight percentage ratio of the organic-aqueous phase
and temperature.

Three different ratios were tested as displayed in Table 3.
Figure 3 shows that the equilibrium is not sensitive to temperatures but to the ratio

aqueous/organic. From these equilibrium experiments, values of KHP can be calculated as
displayed in the last column of Table 3.

For the water equilibrium ratio, the water solubility in ethyl acetate was used.
From Klöker et al. [16], water solubility in ethyl acetate at 25 ◦C is 1.5 mol/L, so KW
is 37.

Table 3. Liquid-liquid ratio and calculated values of KHP.

wt% (HP Solution) wt% (ethyl Acetate) KHP

Ratio 1-1 50.00 50.00 10.56

Ratio 1-2 33.33 66.67 9.91

Ratio 2-1 66.67 33.33 5.78

Processes 2021, 9, x FOR PEER REVIEW 5 of 19 
 

 

‑ Kinetic study of hydrogen peroxide decomposition or oxidation in the homogeneous 

liquid system; 

‑ Evaluation of hydrogen peroxide distribution in the heterogeneous liquid-liquid; 

‑ Kinetic study of hydrogen peroxide decomposition or oxidation in the heterogeneous 

liquid-liquid system. 

3.1. Equilibrium Ratio 

The equilibrium ratio for hydrogen peroxide can be defined as 𝐾𝐻𝑃 ≈ (
[𝐻𝑃]𝑎𝑞

[𝐻𝑃]𝑜𝑟𝑔
)
𝑒𝑞𝑢𝑖𝑙.

, 

and its value can be affected by the weight percentage ratio of the organic-aqueous phase 

and temperature. 

Three different ratios were tested as displayed in Table 3. 

Figure 3 shows that the equilibrium is not sensitive to temperatures but to the ratio 

aqueous/organic. From these equilibrium experiments, values of KHP can be calculated as 

displayed in the last column of Table 3. 

For the water equilibrium ratio, the water solubility in ethyl acetate was used. From 

Klöker et al. [16], water solubility in ethyl acetate at 25 °C is 1.5 mol/L, so KW is 37. 

 

Figure 3. Cont.



Processes 2021, 9, 1476 6 of 19
Processes 2021, 9, x FOR PEER REVIEW 6 of 19 
 

 

 

Figure 3. Evolution of the equilibrium ratio for hydrogen peroxide at different temperatures: (A) 

ratio 1-1; (B): ratio 1-2; (C): ratio 2-1. 

Table 3. Liquid-liquid ratio and calculated values of KHP. 

 wt% (HP Solution) wt% (ethyl Acetate) KHP 

Ratio 1-1 50.00 50.00 10.56 

Ratio 1-2 33.33 66.67 9.91 

Ratio 2-1 66.67 33.33 5.78 

3.2. Kinetic Models 

Two reaction mechanisms were analyzed for both the homogeneous liquid phase and 

the heterogeneous liquid-liquid systems as described in the following sections. 

3.2.1. Kinetic Models for the Homogeneous Liquid Phase System 

Two possible reaction mechanisms were studied: hydrogen peroxide decomposition 

by alumina and oxidation of Al-OH by hydrogen peroxide. 

Model a: hydrogen peroxide decomposition by alumina 

Figure 4 shows the assumed decomposition mechanism. 

Figure 3. Evolution of the equilibrium ratio for hydrogen peroxide at different temperatures: (A) ratio
1-1; (B): ratio 1-2; (C): ratio 2-1.

3.2. Kinetic Models

Two reaction mechanisms were analyzed for both the homogeneous liquid phase and
the heterogeneous liquid-liquid systems as described in the following sections.

3.2.1. Kinetic Models for the Homogeneous Liquid Phase System

Two possible reaction mechanisms were studied: hydrogen peroxide decomposition
by alumina and oxidation of Al-OH by hydrogen peroxide.

Model a: hydrogen peroxide decomposition by alumina
Figure 4 shows the assumed decomposition mechanism.
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The term * is the active site. Quasi-steady state was applied to Step (1a), thus,

K1 = KHP,ads =
H2O2

∗

[H2O2]·∗
(1)

where H2O2
∗ is the adsorbed hydrogen peroxide species on γ-alumina.

Step (2a) is assumed to be the rate-determining step.

RDecomp,Hom = R2 = k2·H2O2
∗·ωcat (2)

where ωcat is the catalyst loading in kg/L.
Balance on active sites leads to

∗+H2O2
∗ = 1 (3)

Hence,

K1 =
1− ∗

[H2O2]·∗
⇐⇒ ∗ =

1
(KHP,ads·[H2O2] + 1)

(4)

Thus, the rate of HP decomposition over γ-alumina can be expressed as

RDecomp,Hom = kDecomp,Hom·KHP,ads·[H2O2]·
1

(KHP,ads·[H2O2] + 1)
·ωcat (5)

Model b: oxidation of hydroxyl group (Al-OH) by hydrogen peroxide
Figure 5 shows the reaction mechanism based on the work of Mandelli et al. [4].
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Step (1b) is assumed to be reversible and faster than Step (2b), thus,

K1 =
θAlOOH ·[H2O]

θAlOH ·[H2O2]
(6)

The rate-determining step is Step (2b)

ROxidation.,Hom.,Model2 = R2 = k2·θ2
AlOOH ·ωcat (7)
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Balance on hydroxyl sites leads to

θAlOH + θAlOOH = 1⇐⇒ θAlOOH = 1− θAlOH (8)

By combining (7) and (8), the equilibrium constant of step (1b) can be expressed as

K1 =
(1− θAlOH)·[H2O]

θAlOH ·[H2O2]
⇐⇒ θAlOH =

[H2O]

K1·[H2O2] + [H2O]
(9)

Rate of hydroxyl oxidation by HP over γ-alumina can be expressed as

ROxidation,Hom = kOxidation,Hom·
(

K1·[H2O2]

(K1·[H2O2] + [H2O])

)2
·ωcat (10)

3.2.2. Kinetic Models for the Heterogeneous Liquid-Liquid System

Model c: decomposition of hydrogen peroxide
Figure 6 shows the reaction mechanism.
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A quasi-steady approach was applied to Steps (1c) and (2c); thus, the adsorption
constant for HP from aqueous and organic phases can be expressed as

KHP,ads,aq =
H2O2

∗
aq

[H2O2]aq·∗
and KHP,ads,org =

H2O2
∗
org

[H2O2]org·∗
(11)

Balance on sites leads to

∗ + H2O2,aq
∗ + H2O2,aq

∗ = 1 equivalent to ∗ = 1
1 + KHP,ads,aq × [H2O2]aq + KHP,ads,org × [H2O2]org

(12)

Step (3c) is assumed to be the rate-determining step. Both species H2O2,aq * and
H2O2,org * are supposed to be the same; thus, the rate of decomposition can be expressed as

RDecomp,Het = R3 = k3·
(
[H2O2]

∗
aq + [H2O2]

∗
org

)
·ωcat

= kDecompo,Het·
(

KHP,ads,aq ·[H2O2]aq+KHP,ads,org ·[H2O2]org
1+KHP,ads,aq×[H2O2]aq+KHP,ads,org×[H2O2]org

)
·ωcat

(13)

Model d: oxidation of hydroxyl by hydrogen peroxide
Figure 7 shows the reaction mechanism in the liquid-liquid reaction system.
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Balance on hydroxyl sites leads to

θAlOOH,org + θAlOOH,aq + θAlOH = 1 (14)

Steps 1d and 2d are assumed to be fast and reversible; thus, the equilibrium constants
can be expressed as

K1,aq =
θAlOOH,aq·[H2O]aq

θAlOH ·[H2O2]aq
and K1,org =

θAlOOH,org·[H2O]org

θAlOH ·[H2O2]org
(15)

Steps (3d)–(5d) are the rate-determining steps; thus, the rate of oxidation in the
heterogeneous liquid-liquid system can be derived as

ROxidation.,Het = R3 + R4 + R5 (16)

Rate constants for R3, R4 and R5 can be considered to be similar.

ROxidation,Het = kOxidation,Het·
(
θ2

AlOOH,aq + θ2
AlOOH,aq + θAlOOH,aq·θAlOOH,org

)
·ωcat

= kOxidation,Het·
((

K1,aq ·[H2O2]aq
[H2O]aq

)2
+

(
K1,org ·[H2O2]org

[H2O]org

)2
+

(
K1,aq ·[H2O2]aq

[H2O]aq

)

·
(

K1,org ·[H2O2]org
[H2O]org

)) 1
K1,aq ·[H2O2]aq

[H2O]aq
+

K1,org ·[H2O2]org
[H2O]org

+1


2

·ωcat

(17)

3.3. Material Balances

The molar balances are defined considering the reaction system as an isothermal and
isobaric batch and accounting for hydrogen peroxide and water as principal compounds.
The production of oxygen was not considered in the material balances.

3.3.1. Homogeneous Liquid Phase System

In this case, the molar balance of the compound (i) is written as:

dCi
dt

= νi,jRj (18)

where:

• Ci concentration of compound (i) (mol);
• νi,j is the stoichiometric coefficient of the compound (i) in the reaction (j);
• Rj is the rate of the reaction (j) (mol/(m3 s)).
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For Model a, the material balances on hydrogen peroxide and water are

dCHP
dt

= −RDecomp,Hom (19)

dCW
dt

= RDecomp,Hom (20)

For Model b, material balances on hydrogen peroxide and water are

dCHP
dt

= −ROxidation,Hom (21)

dCW
dt

= ROxidation,Hom (22)

3.3.2. Heterogeneous Liquid-Liquid System

In this case, it is necessary to consider the balance for each compound in each phase,
i.e., in the aqueous and organic phases. In the aqueous phase, the molar balance of
compound (i) is written as Equation (23):

dni,aq

dt
= ∑ νijVaqRaq,j − Ni A (23)

where:

• ni,aq moles of compound (i) in the aqueous phase (mol);
• νi,j is the stoichiometric coefficient of the compound (i) in the reaction (j);
• Vaq is the aqueous phase volume (m3);
• Raq,j is the rate of the reaction (j) in the aqueous phase (mol/(m3 s));
• Ni is the mass flux of the compound (i) from the aqueous to the organic phase

(mol/(s m2);
• A is the interfacial surface between the two phases (m2).

Introducing the parameters: α =
Vaq
VR

, a = A
VR

.
Considering the aqueous phase volume constant (Vaq = constant) on time, Equation (23)

becomes:
dCi,aq

dt
= ∑ νijRaq,j −

Ni A
Vaq

(24)

where, Ci,aq is the concentration of compound (i) in the aqueous phase (mol/m3);
Then,

dCi,aq

dt
= ∑ νijRaq,j −

Nia
α

(25)

In the organic phase, the molar balance of compound (i) is written as:

dni,org

dt
= ∑ νijVorgRorg,j + Ni A (26)

where:

• ni,org moles of compound (i) in the organic phase (mol);
• νi,j is the stoichiometric coefficient of the compound (i) in the reaction (j);
• Vorg is the organic phase volume (m3);
• Rorg,j is the rate of the reaction (j) in the organic phase (mol/(m3 s));
• Ni is the mass flux of the compound (i) from the aqueous to the organic phase

(mol/(s m2);
• A is the interfacial surface between the two phases (m2).
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Introducing the parameter β =
Vorg
VR

= (1− α)
Dividing by the organic phase volume, supposed to be constant during the reaction:

dCi,org

dt
= ∑ νijRorg,j +

Ni A
Vorg

(27)

where Ci,org is the concentration of compound (i) in the organic phase;

dCi,org

dt
= ∑ νijRorg,j +

Nia
(1− α)

(28)

Then, multiplying (25) and (28) by α and (1 − α), respectively:

dCi,aq

dt
α = ∑ νijRaq,jα− Nia (29)

dCi,org

dt
(1− α) = ∑ νijRorg,j(1− α) + Nia (30)

By summing Equations (29) and (30), the result is

dCi,aq

dt
α +

dCi,org

dt
(1− α) = ∑ νijRaq,jα + ∑ νijRorg,j(1− α) (31)

Assuming fast kinetics and thus rapid mass transfer [17], the equilibrium molar ratio
can be approximated as:

Ki =

[
iaq
]∗[

iorg
]∗ ≈

( [
iaq
][

iorg
])

equil.

(32)

Thus, material balances in the aqueous and organic phase become

dCi,aq

dt
=

1
α + 1−α

Ki

(
∑ νijRaq,jα + ∑ νijRorg,j(1− α)

)
(33)

dCi,org

dt
=

1
αKi + (1− α)

(
∑ νijRaq,jα + ∑ νijRorg,j(1− α)

)
(34)

In this system, the decomposition or oxidation rates is the same in both phases:

RDecomp,aq = RDecomp,org = RDecomp or ROxidation,aq = ROxidation,org = ROxidation

The general molar balance obtained in each phase can be applied explicitly to hydrogen
peroxide and water in aqueous and organic phases, respectively.

For Model c, the molar balance expressions for hydrogen peroxide in the decomposi-
tion reaction become:

dCHP,aq

dt
=

1
α + 1−α

KHP

(
−Rdec,aqα− Rdec,org(1− α)

)
=

−1
α + 1−α

KHP

.RDecomp,Het (35)

dCHP,org

dt
=

1
αKHP + (1− α)

(
−Rdec,aqα− Rdec,org(1− α)

)
=
−RDecomp,Het

αKHP + (1− α)
(36)

While for the water, the expressions become:

dCW,aq

dt
=

RDecomp,Het

α + 1−α
KW

(37)

dCW,org

dt
=

RDecomp,Het

αKW + (1− α)
(38)
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For Model d, the molar balance expressions for hydrogen peroxide in the decomposi-
tion reaction become:

dCHP,aq

dt
=

−1
α + 1−α

KHP

.ROxidation,Het (39)

dCHP,org

dt
=
−ROxidation,Het

αKHP + (1− α)
(40)

While for the water, the expressions become

dCW,aq

dt
=

ROxidation,Het

α + 1−α
KW

(41)

dCW,org

dt
=

ROxidation,Het

αKW + (1− α)
(42)

The partition coefficients KHP and KW have been experimentally evaluated and then,
used as fixed constant in the kinetic modeling.

3.4. Modeling

Athena Visual Studio was used to solve the Ordinary Differential EquationS (ODEs)
and estimate the kinetic constants through Bayesian statistics [18,19]. For the regression
stage, concentrations of hydrogen peroxide in the aqueous and organic phases were used.

The Differential-Algebraic solver DDAPLUS was used for Equations (19)–(22) and
(35)–(42). GREGPLUS package was used for the parameter estimation stage. This pack-
age minimizes the objective function S(θ) (Equation (43)), and calculates the maximum
posterior probability density of the different estimated parameters θ and the values of the
posterior distribution of the tested models [18,19]:

S(θ) = (n + m + 1)·ln|υ(θ)| (43)

where, n is the number of events in response, m is the number of responses and |υ(θ)| is
the determinant of the covariance matrix of the responses.

Each element of this matrix is defined as:

υij(θ) =
n

∑
u=1

[Yiu − fiu(ξu, θ)]·
[
Yju − f ju(ξu, θ)

]
(44)

with Yiu the experimental concentration and fiu(ξu, θ) the estimated value for the response
i and event u; Yju the experimental concentration and f ju(ξu, θ) the estimated value for
response j and event u.

The precision of the estimated parameters was evaluated by the marginal Highest
Posterior Density (HPD). The 95% HPD was calculated by the GREGPLUS package.

The parameters to be estimated are the adsorption constants, the rate constants,
and the activation energies. The modified Arrhenius equation is used in order to decrease
the correlation between the pre-exponential factor and the activation energy:

ki(TR) = ki

(
Tre f

)
· exp

(
−Eai

TR

(
1

TR
− 1

Tre f

))
(45)

where, Tre f is the reference temperature (Tref = 343.15 K) chosen in the considered experi-
mental temperature range.
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To discriminate between both models, the probability M∞, describing the experimen-
tal concentrations Y within the error space Y, was calculated [18,19]. This probability,
p(M∞|Y, Y), also known as the posterior distribution is:

p(M∞|Y, Y) =
L(Y, Y|M∞)·p(M∞)

C
(46)

where L(Y, Y|M∞) is the likelihood function evaluating the probability of the experimental
concentrations Y generated by the model M∞ with its parameter vector θ. The term C
is a normalization constant. The probability p(M∞) is the prior distribution considering
the experimentalist knowledge. The boundaries of the estimated parameters are known,
and replicate experiments evaluate the error space.

The model discrimination was evaluated by the determination of the normalized
posterior probabilities (Equation (47)).

π(M∞|Y, Y) =
p(M∞|Y, Y) ∗ 100
∑k p(M∞|Y, Y)

(47)

In the first stage, kinetic and adsorption constants from experiments in the homoge-
neous liquid phase were estimated. Then, these constants were estimated for the heteroge-
neous liquid-liquid system.

3.4.1. Homogeneous Liquid Phase System

Models a and b were tested toward experiments in the homogeneous liquid phase
(Table 1).

For Model a, Table 4 shows the values of the estimated kinetic constants with their
credible intervals. The credible intervals, represented by the HPD values, are relatively low
showing the adequate variation of the operating conditions. The strong correlation (shown
in Table 5) between the rate constant kDecomp (T = 343.15 K) and the adsorption constant
KHP is linked to the difficulty of estimating both constants efficiently.

Figure 8 displays the parity plot between the experimental and simulated concen-
trations of hydrogen peroxide. One can notice that Model a (Figure 8A) can predict the
hydrogen peroxide concentration.

In Model b, the credible intervals for the estimated kinetic constants are lower than
for Model a (as shown in Table 4). Nevertheless, there is still a strong correlation between
the estimated rate constant and K1 (see Table 5). Figure 8B shows that also Model b can
predict the concentration of hydrogen peroxide.

The posterior probability densities of both mechanisms are similar, as well as the
parity plots (Figure 8). Hence, it is challenging to discriminate both models, even if HPD
values for the Model b (oxidation) are lower than for the Model a (decomposition). The goal
of this study is to ease the kinetic modeling for heterogeneous systems, in other words,
to obtain reliable initial guess values.

Table 4. Estimated kinetic constants and credible intervals for Models a and b for the homogeneous liquid phase system.

Model a (Decomposition) Model b (Oxidation)

Kinetic Constants Units Estimate HPD/% Kinetic Constants Units Estimate HPD/%

kDecomp (T = 343.15 K) mol/kg/s 0.017 31.74 kOxid (T = 343.15 K) mol/kg/s 0.009 8.98

EaDecomp J/mol 68,752.51 4.41 EaOxid J/mol 68,918.58 4.45

KHP m3/mol 4.40 × 10−5 42.45 K1 - 15.05 15.43
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Table 5. Normalized covariance matrix for the estimated kinetic constants for Models a and b for the homogeneous liquid phase system.

Model a Model b

Kinetic Constants kDecomp (T = 343.15 K) EaDecomp KHP Kinetic Constants kOxid (T = 343.15 K) EaOxid K1

kDecomp (T = 343.15 K) 1 kOxid (T = 343.15 K) 1

EaDecomp 0.302 1 EaOxid 0.357 1

KHP −0.998 −0.28 1 K1 −0.979 −0.274 1
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Figure 8. Parity plot for the homogeneous liquid phase using Model a (A) and Model b (B).

3.4.2. Heterogeneous Liquid-Liquid Phase System

For the case of Model c (decomposition), the adsorption constant KHP,ads,aq was fixed
to 4.40 × 10−5 m3/mol, which is the value estimated in the homogeneous liquid phase.
Table 6 shows the resulting kinetic constants and their credible intervals (HPD). The HPD
is low for the kinetic constants but high for the adsorption constant. From Table 7, the corre-
lation between the estimated parameters is low, except for the parameters between kDecomp
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(T = 343.15 K) and KHP,ads,org. Figure 9A shows the parity plot for hydrogen peroxide
concentration in the aqueous and organic phases from which Model c can correctly predict
both concentrations.

For Model d (oxidation), the equilibrium constant K1,aq obtained from the homoge-
neous liquid system was used. Modeling revealed that the values for K1,org tend to zero,
indicating that this adsorption phenomenon can be neglected. Table 6 shows that the
estimated kinetic constants are reliable due to the low value of HPD. Table 7 shows the low
correlation between rate constant and activation energy. Figure 9B shows the parity plot
for hydrogen peroxide concentration in the aqueous and organic phases from which Model
d can correctly predict both concentrations.

The posterior probability density was found to be 1089 for Model c, and 1090 for Model
d (Table 8). The estimation of these values allows calculating the posterior probability
share for each Model. Table 8 also shows objective function values for each Model in
the heterogeneous liquid phase system. The posterior probability share represents 90%
for Model d compared to Model c, and the objective function value for Model d is lower
than that for Model c, confirming that hydrogen peroxide oxidizes the hydroxyl group
on alumina.

Due to space limitation, the residual plots (Figure A1) and fit of Model d to experi-
mental data are shown in Supporting Information (Figure A2). Figure A1 shows that the
residuals are normally distributed versus time, experimental, and estimated concentration
of hydrogen peroxide obtained with Model d.

Figures A2–A5 show 95% prediction intervals for the concentration of hydrogen
peroxide in the aqueous and organic phases, using the average of the experimental data
and setting K1,org = 0 and K1,aq = 15.05 for Experiments 2, 3, 9 and 12. Model d fits the
experimental data.

Table 6. Estimated kinetic constants and credible intervals for Models c and d for the heterogeneous liquid phase system.

Model c (Decomposition) Model d (Oxidation)

Kinetic Constants Units Estimate HDP/% Kinetic Constants Units Estimate HDP/%

kDecomp (T = 343.15 K) mol/kg/s 0.007 13.69 kOxid (T = 343.15 K) mol/kg/s 0.004 2.18

EaDecomp J/mol 51,981.53 17.78 EaOxid J/mol 52,444.63 14.04

KHP,ads,aq m3/mol 4.40 × 10−5 K1,aq - 15.05

KHP,ads,org m3/mol 9.81 × 10−5 90.84 K1,org - ~0

Table 7. Normalized covariance matrix for the estimated kinetic constants for Models c and d for the heterogeneous liquid phase
system.

Model c (Decomposition) Model d (Oxidation)

Kinetic
Constants

kDecomp
(T = 343.15 K) EaDecomp KHP,aq KHP,org

Kinetic
Constants

kOxid
(T = 343.15 K) EaOxid K1,aq K1,org

kDecomp
(T = 343.15 K) 1 kOxid

(T = 343.15 K) 1

EaDecomp 0.07 1 EaOxid 0.183 1

KHP,ads,aq - - - K1,aq - - -

KHP,ads,org −0.974 −0.034 0 1 K1,org - - - -
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Figure 9. Parity plot for the heterogeneous liquid phase system using Model c (A) and Model d (B).

Table 8. Modeling results from Bayesian statistics for the case of heterogeneous liquid-liquid phase system.

Model
Objective Function Posterior Probability Posterior Probability Share %

S(θ) p(M∞|Y,Y) π(M∞|Y, Y) in %

c 7.77 × 103 1.00 × 1090 9.09

d 7.46 × 103 1.00 × 1091 90.91

4. Conclusions

Hydrogen peroxide becomes increasingly important as an oxidizing agent. However,
there is a lack of knowledge concerning its reaction mechanism: does hydrogen peroxide
decompose to produce oxygen leading to oxidation, or does hydrogen peroxide oxidize the
catalyst surface? This manuscript studied this matter by investigating two reaction systems:
hydrogen peroxide consumption with γ-alumina in the homogeneous liquid phase versus
in the heterogeneous liquid-liquid system.

Experiments were performed in batch conditions in isothermal mode by varying oper-
ating conditions such as temperature as well as catalyst and chemicals amount. The dis-
tribution coefficient of hydrogen peroxide between the organic and aqueous phases was
measured at different mass ratios and temperatures. It was observed that this parameter
was mainly sensitive to the organic to aqueous mass ratio.

Two kinetic models were evaluated: hydrogen peroxide decomposition by γ-alumina
and hydroxyl group oxidation at the surface. The heterogeneous liquid-liquid system
assumed that the kinetics of mass transfer were faster than chemical reactions. In the first
stage, kinetic models for the homogenous liquid system were developed, and then kinetics
models for the liquid-liquid heterogeneous systems were developed. The calculation of
the normalized posterior probability shows that the oxidation mechanism was the most
probable model. A continuation of this work is to elucidate the reaction mechanism between
hydrogen peroxide and hydroxyl group on alumina via density functional theory (DFT).
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Figure A2. Prediction intervals of 95% for the concentration of hydrogen peroxide in the aqueous and organic phases, using
the average of the experimental data and setting K1,org = 0 and K1,aq = 15.05 for Experiment 2.
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Figure A3. Prediction intervals of 95% for the concentration of hydrogen peroxide in the aqueous and organic phases, using
the average of the experimental data and setting K1,org = 0 and K1,aq = 15.05 for Experiment 3.
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Figure A4. Prediction intervals of 95% for the concentration of hydrogen peroxide in the aqueous and organic phases, using
the average of the experimental data and setting K1,org = 0 and K1,aq = 15.05 for Experiment 9.
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Figure A5. Prediction intervals of 95% for the concentration of hydrogen peroxide in the aqueous and organic phases, using
the average of the experimental data and setting K1,org = 0 and K1,aq = 15.05 for Experiment 12.
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