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� Ethene, propene and 1-butene mixtures were selectively epoxidized with H2O2 on TS-1 as heterogeneous catalyst.
� The epoxidation of different olefins took place simultaneously.
� Extensive transient and stationary experiments were conducted in a trickle bed reactor (TBR).
� A trickle bed model was employed to describe the experimental data.
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a b s t r a c t

Direct epoxidation of light olefin mixtures with hydrogen peroxide and titanium silicalite (TS-1) catalyst
is interesting from a pure scientific viewpoint and it might have a considerable economic and environ-
mental advantages. Direct epoxidation of olefin mixtures implies a significant process intensification
as the separation steps of alkenes prior to the epoxidation process is avoided. Binary and ternary mixtures
of ethene, propene and 1-butene were selectively epoxidized with hydrogen peroxide in the presence of
TS-1 as the heterogeneous catalyst. Methanol was used as the solvent. Transient and stationary kinetic
experiments were conducted in a laboratory-scale trickle bed reactor, which was operated under atmo-
spheric pressure and isothermal conditions at 15–55 �C. The experiments were designed to investigate
the kinetics of the epoxidation of light olefins at different temperatures, alkene-to-hydrogen peroxide
molar ratios as well as gas and liquid residence times in the trickle bed reactor. The recorded transient
responses of the reaction products confirmed that the components in the alkene mixtures are epoxidized
simultaneously. The epoxide selectivity was 90 % or higher in most experiments; ring-opening products
formed from the epoxides and methanol were observed as by-products. The concentration maxima of
epoxides during the transient experiments were explained by accumulation of the epoxide products
inside the catalyst, which resulted in partial blocking of active sites. After-treatment of the catalyst with
methanol and nitrogen completely restored the initial activity. Kinetic modeling was applied, based on
presumed elementary steps on the TS-1 surface to describe the behavior of the system at steady state
conditions. The trickle bed reactor was described with a dynamic multiphase model, taking into account
the kinetic and mass transfer effects. The numerical values of the activation energies, kinetic constants
and mass transfer parameters were estimated by nonlinear regression analysis. The model gave a satis-
factory description of the experimental data.
� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Ethene oxide, propene oxide and 1-butene oxide are highly
reactive chemicals used as raw materials for the manufacture of
polyether polyols, glycols, and glycol ethers (Smith, 1984; Berndt
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Nomenclature

aGL Gas-liquid interfacial area [m�1]
aLS Liquid-solid interfacial area [m�1]
Ci,G Concentration of species i in the gas phase G [mol/m3]
Ci,L Concentration of species i in the liquid phase L [mol/m3]
DA,B Molecular diffusivity of olefin A in the liquid phase B

[m2/min]
Di Reactor internal diameter [cm]
dk Krischer-Kast hydraulic diameter [m]
dp Particle diameter [lm]
Ea Activation energy [kJ/mol]
H Henry’s constant [-]
k Kinetic constant
k0 Reference kinetic constant calculated at Tref
Kads Adsorption constant [-]
kg Gas-phase mass transfer coefficient [m/min]
kL Liquid-phase mass transfer coefficient [m/min]
L Reactor length [cm]
M Molecular mass [g/mol]
NGL Gas-liquid flux [mol/(m2 min)]
P Pressure [bar]
PeG Péclet number for gas phase [-]
PeL Péclet number for liquid phase [-]
ReL Reynolds number for liquid phase [-]
RG Ideal gas constant [kJ/(K mol)]
R Reaction rate [mol/(kgcat min)]
ScL Schmidt number for liquid phase
T Temperature [K]
t Time [min]
Tref Reference temperature [K]
uG Gas-phase superficial velocity [m/min]
uL Liquid-phase superficial velocity [m/min]

VA Molar volume of the solute A at its normal boiling point
[m3/mol]

WeL Weber number for liquid phase [-]
XG Modified Lockhart-Martinelli ratio [-]

Greek letters
a Wetting efficiency parameter [mL/min]
b Wetting efficiency parameter [-]
eB Bed porosity [-]
eG Gas-phase hold up [-]
eL Liquid-phase hold up [-]
eS Solid-phase hold up [-]
gLS Wetting efficiency [-]
lL Liquid-phase viscosity [Pa s]
mi,j Stoichiometric coefficient for component i in reaction j

[–]
qb Catalyst bulk density referred to liquid phase [kg/m3]
qs Solid density [kg/m3]
v Dimensionless axial coordinate [-]
rL Liquid surface tension [N/m]
/ Association factor of solvent [-]

Abbreviations
G Gas
GFR Gas flow rate
L Liquid
LFR Liquid flow rate
TOS Time-on-stream
* Surface site
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and Brӓsel, 2009; Grigoropoulou et al., 2003). Two main synthesis
routes of industrial scale have been developed for the production
of propene oxide: chlorohydrin route and alkene epoxidation
route, which are multiphase (gas–liquid-solid catalyst) processes.
However, since a huge amounts of chlorine by-products are
obtained in the first process and global environmental awareness
requires cleaner technologies, scientific research has been focused
on studying direct epoxidation of alkenes (Jess and Wasserscheid,
2013). For the industrial production of ethene oxide, gas-phase
epoxidation is applied on promoted silver catalysts. Lefort (1935)
discovered that metallic silver can catalyze the reaction between
molecular oxygen and ethene to produce ethene oxide at 250–
300 �C. However, silver catalyst is not efficient in direct oxidation
of alkenes with allylic hydrogens, such as propene and 1-butene
(Rebsdat and Mayer, 2000).

In 1983, the Italian enterprise ENI patented the first catalyst for
direct epoxidation of propene with hydrogen peroxide, titanium
silicalite-1 (TS-1) (Taramasso et al., 1983; Russo et al., 2013;
Clerici et al., 1991). Hydrogen peroxide has the great benefit as it
makes the process economically and environmentally friendly,
since only water is produced as the stoichiometric co-product
under mild conditions, i.e. at moderate temperatures and pressures
(Speight, 2011). The active site on TS-1 is considered to the closed
Ti(OSi)4 tetrahedral site which interacts with hydrogen peroxide
and the solvent, forming an operative site being able to capture
the olefin and form the epoxide. TS-1 shows outstanding catalytic
performance not only in the epoxidation of propene but also of
other linear short-chained alkenes (Notari, 1996; Clerici and
Ingallina, 1993), which gives the opportunity to epoxidize olefin
2

mixtures with a single catalyst, and avoiding separation steps of
alkenes prior to the epoxidation step. In currently operating ethene
plants, ethene, propene and butenes are separated before further
treatment. However, a way to utilize biomass is to convert it to
synthesis gas consisting mainly of carbon monoxide and hydrogen.
By applying the Fischer-Tropsch concept on the synthesis gas, a
mixture of alkenes is obtained and it is attractive to study the
behavior of alkene mixtures.

We have in our previous research investigated the epoxidation
of individual alkenes (Alvear et al., 2021a, 2021b, 2022). In this
work, binary and tertiary mixtures of ethene, propene and 1-
butene were selectively epoxidized with hydrogen peroxide and
TS-1 as the heterogeneous catalyst in a laboratory-scale trickle
bed reactor operating under transient and stationary conditions.
The experimental landscape was a three-phase systemwith a com-
plex reaction scheme that had not been investigated in previous
literature. The behavior of the epoxidation of olefin mixtures was
studied to obtain reliable kinetic information related to the surface
reaction steps. A kinetic model was developed to describe the
behavior of the system under stationary conditions.
2. Experimental section

2.1. Chemicals

The gases were nitrogen (AGA), ethene (AGA), propene (AGA),
and 1-butene (Linde). Aqueous solutions of hydrogen peroxide
(>30 wt%, Fisher Chemicals), highly pure methanol (>99.9 wt%,
Sigma Aldrich), 1-methoxyethanol (>99.5 wt%, Sigma Aldrich),
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ethylene glycol (>99.5 wt%, Fluka), propylene glycol (<99.5%, Sigma
Aldrich), propylene oxide (99.9%, Sigma Aldrich, 1-methoxy-2-
propanol (>99.5%, Sigma-Aldrich), 1,2-epoxybutane (99%, Sigma
Aldrich), 1-methoxy-2-butanol (97%, Sigma Aldrich), 1,2-
butanediol (>98%, Sigma Aldrich), ferroin indicator (0.1wt%, Sigma
Aldrich), cerium sulphate solution (0.1 M, honeywell) were used
without further purification. Commercial titanium-silicalite (TS-
1) of ACS material type B was employed as the heterogeneous cat-
alyst: CAS No 13463-67-7 (titanium dioxide)/7621-86-9 (silicon
dioxide).
2.2. Experimental equipment and procedures

The kinetic experiments were carried out in the experimental
set-up illustrated in the flowsheet in Fig. 1.

The gas phase comprising nitrogen, ethene, propene and 1-
butene was fed into the trickle bed reactor through Brook Instru-
ments mass flow controllers (MFC-1, MFC-2, MFC-3 and MFC-4).
Simultaneously, a solution of H2O2 in methanol was pumped into
the reactor through an Agilent 1100 Series HPLC pump. The mass
flow of the solution of H2O2 in methanol was checked by an analyt-
ical balance. Typical mole fractions in the liquid feed were 0.892
for methanol, 0.076 for water and 0.032 for hydrogen peroxide.
The trickle bed reactor had an internal diameter of 1.5 cm and a
length of 34 cm. Inside the reactor, the catalyst bed was made up
of 1 g of TS-1 mixed with 20 g of quartz beads. The remaining vol-
ume of the reactor was filled with quartz sand to get a better dis-
tribution and mixing of the reactants through the bed. To reach
good thermal control, the reactor was completely covered by a
heating coil in which water from a thermostatic bath was circulat-
ing. The pressure of the system was controlled by Equilibar U3L
Ultra Low Flow Back Pressure Regulator (PC-1), assuring that the
liquid phase could not return back to the reactor but passed to
the 50 mL gas–liquid separator. The gas phase flowed through a
condenser at 15 �C, and then analyzed online by a Micro Gas Chro-
matograph (Agilent 490 Micro GC) equipped with a micro thermal
conductivity detector (TCD). At the same time, liquid samples were
collected from the bottom of the liquid–gas separator and analyzed
offline via a GC (Agilent 6890N) equipped with a TCD. The condi-
tions of trickle flow in the reactor system were checked before
the experiments. The ratios between the liquid and gas densities
Fig. 1. Experimental set-up for ep
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and velocities were calculated and based on flow charts for
three-phase fixed beds (Alvear et al., 2021a; Salmi et al., 2019). It
was confirmed that the reactor operated under trickle flow
conditions.
2.3. Kinetic experiments

Kinetic experiments on the epoxidation of 1-butene-propene
binary mixture (Table 1) and 1-butene-propene-ethene ternary
mixture (Table 2) were carried out by applying transient tech-
niques, i.e. step response experiments. The liquid flow, the reaction
temperature and hydrogen peroxide concentration were varied to
study the effect of these parameters on the reaction kinetics and
product distribution. The upper temperature was limited to
55 �C, because hydrogen peroxide decomposition starts to increase
above this temperature.
3. Experimental results and discussion

3.1. Epoxidation of 1-butene-propene binary mixtures

3.1.1. Temperature effect
The effect of the reaction temperature on propene and 1-butene

conversions and product selectivities are displayed in Figs. 2–3,
respectively. Propene oxide (PO) and 1-butene oxide (BO) where
always the main products, whereas 2-methoxypropanol and 2-
methoxybutanol were the secondary products formed via ring
opening caused by methanol. By increasing the reaction tempera-
ture, both propene and 1-butene conversions were considerably
enhanced, and the dynamics of the step responses became faster,
but kept similar forms. The step responses of the main products,
the epoxides are very similar, thus indicating that they are formed
in parallel, in analogous surface reaction steps. A maximum of the
epoxide concentration was observed in most experiments. In case
of competitive adsorption of reactants, such a maximum in the
product concentration is expected, if some of the reactants or prod-
ucts have clearly stronger adsorption affinity and start to dominate
on the surface at steady state. The catalyst was post-treated after
the experiment with inert gas (N2) and methanol at elevated tem-
perature (80 �C) and pressure (4 bar) and reaction products were
oxidation of alkene mixtures.



Table 1
Experimental matrix for epoxidation of 1-butene-propene mixtures.

Experiment T [�C] P [bar] Gas flow [mmol/min] Liquid flow H2O2

wt%
Propene 1-Butene N2 [mL/min]

T1 55 1 0.112 0.112 0.223 0.5 2
T2 45 1 0.112 0.112 0.223 0.5 2
T3 15 1 0.112 0.112 0.223 0.5 2
L1 45 1 0.112 0.112 0.223 1 2
L2 45 1 0.112 0.112 0.223 2 2
H1 45 1 0.112 0.112 0.223 0.5 1
H2 45 1 0.112 0.112 0.223 0.5 4
G1 45 1 0.223 0.112 0.112 0.5 2
G2 45 1 0.112 0.223 0.112 0.5 2

wt% H2O2 in the liquid feed consisting of methanol, H2O and H2O2.

Table 2
Experimental matrix for epoxidation of ethene-propene-1-butene mixtures.

Experiment T P Gas flow Liquid flow H2O2

�C bar mmol/min mL/min wt%

Ethene Propene 1-Butene Nitrogen

T1 55 1 0.112 0.112 0.112 0.112 0.5 2
T2 45 1 0.112 0.112 0.112 0.112 0.5 2
T3 35 1 0.112 0.112 0.112 0.112 0.5 2
T4 25 1 0.112 0.112 0.112 0.112 0.5 2
T5 15 1 0.112 0.112 0.112 0.112 0.5 2
L1 45 1 0.112 0.112 0.112 0.112 0.75 2
L2 45 1 0.112 0.112 0.112 0.112 1 2
L3 45 1 0.112 0.112 0.112 0.112 1.5 2
L4 45 1 0.112 0.112 0.112 0.112 2 2
H1 45 1 0.112 0.112 0.112 0.112 0.5 1
H2 45 1 0.112 0.112 0.112 0.112 0.5 1.5
H3 45 1 0.112 0.112 0.112 0.112 0.5 3
H4 45 1 0.112 0.112 0.112 0.112 0.5 4

wt% H2O2 in the liquid feed consisting of methanol, H2O and H2O2.

Fig. 2. Effect of the reaction temperature on propene conversion (a) and 1-butene conversion (b). Reaction conditions: P = 1 bar; LFR = 0.5 mL/min; GFR = 0.446 mmol/min; wt
% H2O2 = 2.

M. Alvear, F. Orabona, K. Eränen et al. Chemical Engineering Science 269 (2023) 118467
released from the catalyst as confirmed by gas chromatography.
After this treatment, the catalyst activity was completely restored.

Ring opening reactions of PO and BO to 2-methoxypropanol and
2-methoxybutanol were not detected at 15 �C but they became rel-
4

evant at 45 and 55 �C. After the initiation period, the propene oxide
(PO) and 1-butene oxide (BO) selectivities remained on constant
levels, but diminished with temperature, from 100 % at 15 �C to
approximately 90 % at 55 �C. As the main and side reactions are



Fig. 3. Effect of reaction temperature on propene oxide selectivity (a) and 1-butene oxide selectivity (b). Reaction conditions: P = 1 bar; LFR = 0.5 mL/min; GFR = 0.446 mmol/
min; wt% H2O2 = 2.
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irreversible and consecutive, the selectivity to the desired product
decreases, while that of the undesired product increases with con-
version. The increase of the by-product formation with increasing
temperature indicates that the activation energies of the ring open-
ing reactions are higher than the activation energies of epoxida-
tion. At 55 �C the hydrogen peroxide decomposition becomes
important as has been reported in our previous work (Alvear
et al., 2021a, 2021b); therefore the highest experimental tempera-
ture was fixed at 55 �C. No oxidation products of methanol were
detected, as confirmed by the gas chromatographic analysis.
Methanol is known to be a good solvent for alkene epoxidation
because it is not oxidized by hydrogen peroxide under mild reac-
tion conditions.

3.1.2. Effect of liquid flow rate
The liquid flow rate was varied to study how the residence time

affects the olefin conversion and the epoxide selectivity. The tran-
sient responses are displayed in Figs. 4 and 5. Also here both olefins
showed a very similar behavior. Both propene and 1-butene con-
versions dropped by increasing the liquid flow rate from 0.5 mL/
min to 2 mL/min, due to a shorter residence time of the reactants
in the reactor. Simultaneously, the PO and BO selectivities were
positively influenced by an increase of the volumetric flow rate.
The consecutive reactions to 2-methoxypropanol and 2-
methoxybutanol were suppressed with increasing the flow rates,
giving 100 % of selectivity to PO and BO at 2 mL/min.

3.1.3. Effect of hydrogen peroxide concentration
The effect of the hydrogen peroxide concentration on olefin

conversions and epoxide selectivities was investigated by varying
the concentration of H2O2. The results are displayed in Figs. 6
and 7. By increasing the hydrogen peroxide concentration from 1
to 2 wt%, the propene and 1-butene conversions were improved.
However, a further increase of the hydrogen peroxide concentra-
5

tion to 4 wt% did not anymore affect the conversions. A possible
explanation can be the adsorption effect: it is known that the
adsorbed complex of hydrogen peroxide on TS-1 plays a key role
in the reaction mechanism, thus a saturation coverage on the cat-
alyst surface is approached as the peroxide concentration is
increased. Concerning the product distribution, the effect of the
peroxide concentration on the PO and BO selectivities is minor,
as illustrated in Fig. 7.

3.1.4. Effect of gas composition
The effect of the gas composition on the propene and 1-butene

conversions as well as on epoxide selectivities was investigated by
varying the propene-to-1-butene molar ratio, while maintaining
the total gas flow rate constant.

An experiment was carried out with a 2:1 propene-to-1-butene
molar ratio, in which the propene flow was doubled. The results
are displayed in Figs. 8 and 9. Compared to the equimolar experi-
ment, both olefin conversions decreased, while the PO and BO
selectivities did not change. The other experiment was dual to
the first, with a 1:2 C3H6-to-C4H8 molar ratio as shown in Figs. 10
and 11. Similarly, the propene and 1-butene conversions decreased
but the epoxide selectivities were practically the same by shifting
the molar ratio from equimolar conditions.

3.2. Epoxidation of 1-butene-propene-ethene ternary mixture

3.2.1. Temperature effect
The conversions of ethene, propene and 1-butene are shown in

Fig. 12, while the epoxide selectivities are displayed in Fig. 13. Sim-
ilarly to the binary mixture, the propene, 1-butene and ethene con-
versions were improved by increasing the reaction temperature. At
the same time, the PO and BO selectivities remained stable at 100 %
from 15 to 35 �C, but decreased to approximately 90 % from 45 to
55 �C. For EO, a 100 % selectivity was detected in all the experi-



Fig. 4. Effect of liquid flow rate (LFR) on propene conversion (a) and 1-butene conversion (b). Reaction conditions: T = 45 �C; P = 1 bar; GFR = 0.446 mmol/min; wt% H2O2 = 2.

Fig. 5. Effect of liquid flow rate (LFR) on propene oxide selectivity (a) and 1-butene oxide selectivity (b). Reaction conditions: T = 45 �C; P = 1 bar; GFR = 0.446 mmol/min; wt%
H2O2 = 2.

M. Alvear, F. Orabona, K. Eränen et al. Chemical Engineering Science 269 (2023) 118467
ments. The transient behaviors of the epoxides showed an interest-
ing behavior: the step response of ethene oxide was monotonic,
whereas a maximum was noticed for the PO and BO responses.
This can be due to the presence of BO side products in the pores
affecting the accessible titanium active sites for butene
epoxidation.
6

3.2.2. Effect of liquid flow rate
Compared to propene-1-butene system, the ternary mixture

showed a more complex behavior as the liquid flow rate was
increased. Although a reduction of the residence time was
expected to affect negatively the olefin conversions, they did
not remarkably change, as shown in Fig. 14. In addition, the pro-



Fig. 6. Effect of H2O2 concentration on propene conversion (a) and 1-butene conversion (b). Reaction conditions: T = 45 �C; P = 1 bar; LFR = 0.5 mL/min; GFR = 0.446 mmol/
min.

Fig. 7. Effect of H2O2 concentration on propene oxide selectivity (a) and 1-butene oxide selectivity (b). Reaction conditions: T = 45 �C; P = 1 bar; LFR = 0.5 mL/min;
GFR = 0.446 mmol/min.
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pene and 1-butene conversions showed a maximum at the flow-
rate 1.5 mL/min, while the ethene conversion had a maximum at
at 1 mL/min. A competition between two effects needs to be
taken into account: the effect of the residence time and the
external mass transfer around the catalyst particles. Until the
flow rate 1.5 mL/min, the reduction in the residence time is bal-
anced by the increase of the liquid–solid mass transfer coeffi-
cient, which depends on the liquid flowrate. As the flowrate is
7

further increased, the decrease of the residence time begins to
have a dominating effect and the conversion decreases. Fig. 15
shows that the epoxide selectivities were stable and very high
in all the cases.
3.2.3. Effect of hydrogen peroxide concentration
The hydrogen peroxide concentration was varied to reveal its

effect on the ethene, propene and 1-butene conversions as well



Fig. 8. Effect of gas composition on propene conversion (a) and 1-butene conversion (b). Reaction conditions: T = 45 �C; P = 1 bar; LFR = 0.5 mL/min; GFR = 0.446 mmol/min;
wt% H2O2 = 2.

Fig. 9. Effect of gas composition on propene oxide selectivity (a) and 1-butene oxide selectivity (b). Reaction conditions: T = 45 �C; P = 1 bar; LFR = 0.5 mL/min;
GFR = 0.446 mmol/min; wt% H2O2 = 2.
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as on the epoxide selectivities. As illustrated in Fig. 16, the conver-
sions increased by concentrating the liquid phase from 1 to 3 wt%
of hydrogen peroxide in methanol, but the selectivities to ethene
oxide, propene oxide and 1-butene oxide were approximately
100 %, not being affected by a variation of the hydrogen peroxide
concentration as can be seen in Fig. 17.
3.3. Reaction scheme

The reaction scheme is displayed in Fig. 18. Under the investi-
gated range of experimental conditions, 1-methoxy-2-propanol
and 1-methoxy-2-butanol were the only by-products formed,
while no glycols were observed.

In the present case, the impact of the side reactions, the ring
opening reactions was minor, because the epoxide selectivity typ-
ically exceeded 90 %.
8

3.4. The role of active sites on TS-1 and the effect of alkene chain length
on conversion

In all the experiments, the olefin conversion was observed to
decrease in the order 1-butene > propene > ethene. The issues
which have to be addressed when discussing the reactivities of
alkenes are the steric hindrance, the alkene solubility in methanol
and the inductive effect. In general, steric hindrance plays a crucial
role in olefin reactivity when microporous crystalline TS-1 is
employed as the catalyst (Grigoropolou et al., 2005; Clerici,
2015). As a matter of fact, the smaller and more linear are the
molecules, the faster they diffuse in the catalyst micropores. How-
ever, this would not describe the observed reactivity order, if con-
sidered as the main and single effect. In all the experiments, 1-
butene was indeed the biggest and the most reactive olefin, imply-
ing that other effects are predominant. As the epoxidation reaction
occurs in liquid phase, the olefin solubilities in methanol strongly



Fig. 10. Effect of gas composition on propene conversion (a) and 1-butene conversion (b). Reaction conditions: T = 45 �C; P = 1 bar; LFR = 0.5 mL/min; GFR = 0.446 mmol/min;
wt% H2O2 = 2.

Fig. 11. Effect of gas composition on propene oxide selectivity (a) and 1-butene oxide selectivity (b). Reaction conditions: T = 45 �C; P = 1 bar; LFR = 0.5 mL/min;
GFR = 0.446 mmol/min; wt% H2O2 = 2.
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affect their reactivities. Table 3 (Section 4.3) reveals that the gas
solubilities follow the order 1-butene > propene > ethene. Further-
more, the reactivity increases with increasing alkene chain length
due to an inductive effect (Panyaburapa et al., 2007). As a matter
of fact, the electron-donating properties of the alkyl groups
enhance the nucleophilicity of double bonds, making them more
reactive. To sum up, the reactivity of the olefins in the epoxidation
reaction with hydrogen peroxide on TS-1 is mainly determined by
two key factors, the inductive effect of the alkyl groups and the sol-
ubility of the olefins in methanol.

Fig. 19 suggests an increase in the activity with the length of the
olefin carbon chain. This result in comparison with the single olefin
compound epoxidation is contradictory (Clerici et Ingallina, 1993).
Nevertheless, the solubility of the olefins plays a major role in the
differences observed. The profound change in the activity with the
9

TOS for 1-butene epoxidationmight be related to the agglomera-
tion of by-products in the pores of the catalyst . The epoxidation
mechanism has been suggested to be of the Eley-Rideal type
(Gordon et al., 2020) consisting of an activation step and a reaction
step. The activation implies the interaction of hydrogen peroxide
and the titanium site for the creation of a hydroperoxo species.
This can take place in the entrance region of the pore and inside
the pore as has been proposed in literature (Gordon et al., 2020).
In the reaction step, the olefin interacts with the hydroperoxo spe-
cies for the formation of the epoxide molecule and water. The
epoxidation process of 1-butene more likely takes place inside
the catalyst pores, while, propene and ethene can react easily both
inside and outside of the pores. This correlation between the
agglomeration of by-products and titanium positions could explain



Fig. 12. Effect of reaction temperature on ethene (a), propene (b) and 1-butene (c) conversions. Reaction conditions: P = 1 bar; LFR = 0.5 mL/min; GFR = 0.446 mmol/min; wt%
H2O2 = 2.

Fig. 13. Effect of reaction temperature on EO (a), PO (b) and BO (c) selectivities. Reaction conditions: P = 1 bar; LFR = 0.5 mL/min; GFR = 0.446 mmol/min; wt% H2O2 = 2.
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the changes with the time-on-stream for 1-butene epoxidation and
the stability of the process for the shorter olefins.
4. Mathematical modelling

4.1. Model assumptions

The mathematical model and parameter estimation proce-
dures for the epoxidation of the ternary olefin mixtures in the
presence of the TS-1 catalyst in the trickle bed reactor is pre-
sented and discussed. The experimental equipment was the same
as reported previously (Alvear et al., 2021a, 2021b) and the cat-
alyst and the flow conditions were similar, too. Therefore, it is
reasonable to adopt the same fundamental model hypotheses
as reported in our previous work. According to the three-phase
10
dynamic model previously introduced by Alvear et al. (2022),
the basic assumptions considered in this modeling effort are
listed below.

1. The trickle bed reactor (TBR) is operated isothermally because
of moderate reaction enthalpies and the absence of heat trans-
fer limitations.

2. Uniformity of the catalytic bed is assumed.
3. Negligible radial concentration variations are presumed in the

bed.
4. Axial dispersion model is chosen to describe the deviations of

the flow pattern from ideal plug flow.
5. Internal diffusion limitations in the catalyst particles are

neglected, because the reaction was slow and very small cata-
lyst particles were used.



Fig. 14. Effect of LFR on ethene, propene and 1-butene conversions. Reaction conditions: T = 45 �C; P = 1 bar; GFR = 0.446 mmol/min; wt% H2O2 = 2.

Fig. 15. Effect of LFR on EO, PO and BO selectivities. Reaction conditions: T = 45 �C; P = 1 bar; GFR = 0.446 mmol/min; wt% H2O2 = 2.
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4.2. Mass balance equations

The dynamic mass balance of each component in the gas phase
volume elements is described by equation (1),

eG
@Ci;G

@t
¼ �uG

L
@Ci;G

@v þ eGuG

PeGL
@2Ci;G

@v2 � NGLaGL ð1Þ

The gas–liquid flux NGL [mol m�2 s�1] is defined in equation (2)
and it is obtained by assuming negligible the diffusion resistance in
the gas film at the gas–liquid interface. Dimensionless Henry’s con-
stant H is defined as the ratio between the concentration of com-
pound i at the interface in the gas film and the same in the
liquid film.

NGL ¼ Ci;G � HCi;L

H=kL
ð2Þ
11
The liquid-phase mass balance, the variation in the concentra-
tion of the component i over time (t) and dimensionless length
coordinate (v) is given by

eL
@Ci;L

@t
¼ �uL

L
@Ci;L

@v þ eLuL

PeLL
@2Ci;L

@v2 þ NGLaGL � NLSaLS ð3Þ

which gives the concentration profiles of component i over t
and v. As the pseudo-steady state assumption is applied for the
outer surface of the catalyst, i.e., the reactants and products do
not accumulate on the catalyst outer surface, the liquid–solid flux
NLS is coupled to the steady-state reaction kinetics as follows,

NLSaLS þ gLSqB

X
mi;jRj ¼ 0 ð4Þ

In trickle bed reactors, the liquid typically flows non-uniformly
over the catalyst particles resulting in different degrees of wetting



Fig. 16. Effect of H2O2 concentration on ethene (a), propene (b) and 1-butene (c) conversions. Reaction conditions: T = 45 �C; P = 1 bar; LFR = 0.5 mL/min; GFR = 0.446 mmol/
min.

Fig. 17. Effect of H2O2 on EO, PO and BO selectivities. Reaction conditions: T = 45 �C; P = 1 bar; GFR = 0.446 mmol/min; wt% H2O2 = 2.
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(gLS), i.e., complete, partial, or incomplete wetting, which affects
the reactor performance (Ranade et al., 2011).

In the actual case, the catalyst particles were considered par-
tially wetted, and a wetting efficiency (gLS) was included in the liq-
uid mass balance

eL
@Ci;L

@t
¼ �uL

L
@Ci;L

@v þ eLuL

PeLL
@2Ci;L

@v2 þ NGLaGL þ gLSqB

X
mi;jRi ð5Þ

Many correlations for the wetting efficiency in trickle bed reac-
tors have been proposed in scientific literature. Similarly, to Mills
and Dudukovic (1981) correlation, a simple power low equation
12
has been suggested to describe the dependence of the wetting effi-
ciency to the liquid flow rate according to equation (6)

gLS ¼ aQb
L ð6Þ

The exponent b and the multiplication constant a were both
obtained by parameter estimation from experimental data. To
solve the parabolic partial differential equations (PDEs) (1) and
(5), the boundary (BC) and initial conditions (IC) should be selected
carefully. The BCs are defined as follows,

Ci;k

��
v¼0 ¼ Ci;k;feed k ¼ G; L ð7Þ



Fig. 18. Reaction scheme.

Table 3
Comparison between calculated Henry’s constants with MSRK equation and found in
literature at 25 �C and 1 atm (Sahgal et al., 1978; Miyano and Fukuchi, 2004; Miyano
et al., 2003).

H calculated H from literature Deviation
MPa MPa MPa

Ethene 32 27.5 �4.5
Propene 7.2 6.9 �0.3
1-Butene 3.1 2.6 �0.5

Fig. 19. Effect of alkene chain length on olefin conversion.
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@Ci:k

@v

����
v¼1

¼ 0 k ¼ G; L ð8Þ

The boundary condition (7) is an approximation of the closed
inlet boundary condition of Danckwerts (1953), because the Péclet
number was high. The Péclet number for the liquid phase (PeL) and
the liquid hold-up (eL) were estimated by fluid dynamics experi-
ments conducted in our previous work (Alvear et al., 2022). The
initial conditions are defined by equations (9) and (10). As the reac-
tor is pre-saturated with the gas phase at t = 0, the initial concen-
tration of the olefin i in the gas phase is equal to the feed
concentration. A similar assumption was made for the liquid phase.

Ci;Gðt ¼ 0Þ ¼ Ci;G;feed ð9Þ

Ci;Lðt ¼ 0Þ ¼ Ci;L;feed ð10Þ
For the gas phase, plug-flow behavior was assumed (PeG = 1000)

and the gas hold-up was calculated from
13
eG ¼ 1� eL � eS ð11Þ
4.3. Physical properties and correlations

Thanks to its extensive library of chemical components and
data, CHEMCAD v.7.1.5 software was utilized to calculate the
chemical and physical parameters of the liquid phase, i.e., density
(qL), viscosity (lL) and surface tension (rL) under different opera-
tion conditions. The gas phase was considered to be ideal in the
investigated range of temperature and pressure (15–55 �C and
1 bar). Therefore, the ideal gas law was used to calculate the gas
phase density (qG) and the molar fractions of alkenes, water and
methanol. The impact of H2O2 on the gas-phase composition was
negligible, whereas the influence of methanol and water was tem-
perature dependent, according to the calculations based on vapor
pressure data. Once all the parameters had been estimated, the
flow regime was confirmed by the aid of an empirical flow map.
As expected, a low interaction, the trickle flow regime was found
to prevail under the experimental conditions studied (Alvear
et al., 2021a, 2021b; Dudukovic et al., 2013; Ranade et al., 2011;
Gunjal et al., 2005). Throughout the years, various correlations
for gas–liquid mass transfer coefficients in trickle beds have been
developed, depending on different parameters and flow regimes.
As the correlation proposed by Wild et al. (1992) is valid for the
low interaction regime, it was used to calculate the gas–liquid
mass transfer coefficients, expressed as the merged parameter kL-
aL [min�1],

kLaLd
2
k

Di;L
¼ 2:8� 10�4 X1=4

G Re1=5L We1=5L Sc1=2L
avdk

1� eB

� �1=4
" #3:4

ð12Þ

According to the correlation of Wild et al. (1992), the mass
transfer coefficient is a function of the Lockhardt-Martinelli ratio
(XG), the Reynolds (ReL), Weber (WeL) and Schmidt (ScL) numbers,
as well as of the Krischer-Kast hydraulic diameter (dk) and the dif-
fusivity of the olefin in methanol (Di,L), calculated by the Wilke-
Chang equation (Wilke and Chang, 1955; Wild and Charpentier,
1987) (in cm2/s),

DA;B ¼ 7:4� 10�8ð/MBÞ0:5T
lBV

0:6
A

ð13Þ

The parameters appearing in the expression are the association
factor of the solvent (/ = 1.9 for methanol), the molecular weight of
the solvent B (MB), the temperature (T), the solvent viscosity (lB)
and the molar volume of the solute A at its normal boiling point
(VA), calculated with the Le Bas method based on atomic incre-
ments (Reid et al., 1988). The molecular diffusivities of ethene, pro-
pene and 1-butene (A) in methanol (B) at 45 �C were estimated to
4.53∙10-9, 3.55∙10-9 and 2.99∙10-9 m2 s�1, respectively.



Fig. 20. Flowsheet of the numerical procedures.

Fig. 21. Effect of reaction temperature on ethene, propene and 1-butene steady-
state conversions.

Fig. 22. Effect of hydrogen peroxide concentration on ethene, propene and 1-
butene steady-state conversions.
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As the epoxidation of ethene, propene and 1-butene proceeds in
the H2O2/MetOH liquid phase, the solubility of the three gases in
this solution was calculated. The amount of a gas dissolved in a liq-
uid is described by Henry’s law, valid for diluted systems. CHEM-
CAD v.7.2.5 software was used to estimate the solubility
constants (H) of the olefins in the liquid phase at 15–55 �C. The
Modified Soave-Redlich-Kwong (MSRK) equation of state was used
to predict the vapor–liquid equilibria and it revealed a good accor-
dance with literature values (Table 3). The estimated Henry’s con-
14
stants showed a linear behavior with respect to temperature. The
linear plots are are shown in Supporting material.
4.4. Kinetic equations for ternary mixture epoxidation

The steps for the epoxidation of ethene-propene-1-butene mix-
ture with hydrogen peroxide promoted by TS-1 can be briefly
described as follows. The olefins diffuse from the gas to the liquid
phase and react with hydrogen peroxide to produce ethene oxide
(EO), propene oxide (PO) and 1-butene oxide (BO), after which they
can react further with methanol in the ring opening reactions.
However, only single epoxidation reactions are considered here
because the selectivities to epoxides always exceeded 90 %. A sim-
plified set of elementary steps can be described as follows (* active
T(OSi)4 site on TS-1, Aj = alkene, Ej = epoxide),

H2O2 + * = H2O2* (I)
H2O2* + Aj ? H2O + Ej* (II)



Fig. 23. Effect of the liquid flow rate on ethene, propene and 1-butene steady-state
conversions.

Q

Q

Fig. 24. Predicted wetting efficiency as a function of liquid flowrate.

Table 4
Parameter estimation results of ethene-propene-1-butene mixture epoxidation. The
reference kinetic constants are calculated at 318 K.

Kinetic Parameter Value Confidence Interval 95 %

Ea1 [kJ mol�1] 52 16
Ea2 [kJ mol�1] 50 9
Ea3 [kJ mol�1] 43 3
k0,1 [m3 mol�1 min�1] 6.0 � 10-6 1.0 � 10-6

k0,2 [m3 mol�1 min�1] 3.0 � 10-6 0.2 � 10-6

k0,3 [m3 mol�1 min�1] 4.7 � 10-6 0.2 � 10-6

a [min�1 mL] 0.7 0.1
b [-] 0.2 0.1
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Aj* = Ej + * (III)
H2O2 + Aj ? H2O + Ej
After assuming that the surface reaction step (II) is rate limiting,

whereas the adsorption and desorption steps (I) and (III) are rapid
compared to the surface reaction, the quasi-equilibrium hypothe-
sis can be applied to the adsorption and desorption steps. Further-
more, the total balance of the surface species is valid; the total
15
concentration of surface sites is denoted by c0. This reasoning gives
the steady-state rate equation (14) for epoxidation. The details are
reported in Supporting material.

Rj ¼
k0jKH2O2CAjCH2O2C0

1þP
KEjCEj þ KH2O2CH2O2

ð14Þ

In equation (14) j refers to ethene, propene and 1-butene and to
the corresponding epoxides. In the nominator, the product of the
parameters k0jKH2O2C0 can be merged to a single adjustable param-
eter kj. Furthermore, the adsorption constants of the molecules on
the catalyst are approximated to be negligible as the liquid phase
was very diluted. Therefore, the Eley-Rideal rate equations are
compressed to power-law kinetics since the denominators in the
original rate expressionsare reduced tounity: (1+KH2O2CH2O2+

P
Kj-

CEj) � 1. Consequently, the reaction rates were described with the
following equations,

R1 ¼ k1CH2O2CC2H4 ð15Þ

R2 ¼ k2CH2O2CC3H6 ð16Þ

R3 ¼ k3CH2O2CC4H8 ð17Þ
The kinetic constant of the j-th reaction, kj depends on the reac-

tion temperature by a modified Arrhenius law,

kj ¼ k0;j exp � Eaj
R

1
T
� 1
Tref

� �� �� �
ð18Þ

where k0,j is the reference kinetic constant calculated at a refer-
ence temperature Tref, Ea is the activation energy and R is the gas
constant. The modified form of the Arrhenius law was used to sup-
press the mutual correlation between the pre-exponential factor
and the activation energy.

4.5. Numerical strategies

The partial differential equations (PDEs) (1) and (5) describing
the trickle bed model were solved by gPROMS ModelBuilder
v.4.0.0 software52 applying the method of lines (MOL) algorithm
(Process Systems Enterprise, 2004). MOL transforms PDEs to a sys-
tem of ordinary differential equations (ODEs) by replacing the spa-
tial derivatives with discretization with finite differences. In this
way, the time remains the only independent variable in the sys-
tem. Various methods of discretization can be used such as cen-
tered, backward or forward finite difference methods. In this
case, the backward finite difference method (BFDM) of first order
was employed as the discretization method for the first derivatives
(the plug flow term), whereas the central difference method was
applied for the axial dispersion term. The number of discretization
points was equal to 30 in the computations. The maximum likeli-
hood estimation method (MAXLKHD) included in gPROMS soft-
ware was applied for the parameter estimation to obtain the best
possible values of the adjustable parameters. The determination
of the unknown parameters was performed by maximizing a like-
lihood function which searches for the parameter values that
describe the data with the highest probability. A flowsheet of the
numerical procedures is provided in Fig. 20.

5. Modelling results and discussion

5.1. Effect of temperature

The reaction temperature was varied from 15 to 55 �C with an
increasing step of 10 �C. The ethene, propene and 1-butene conver-
sions were improved by increasing the reaction temperature, as
shown in Fig. 21. For irreversible reactions, like in this case, the



Table 5
Correlation matrix of the estimated parameters.

Ea1 Ea2 Ea3 k0,1 k0,2 k0,3 a b

Ea1 1
Ea2 0.02 1
Ea3 0.05 0.05 1
k0,1 0.40 �0.01 �0.02 1
k0,2 �0.01 0.10 �0.07 0.20 1
k0,3 �0.01 �0.04 0.02 0.20 0.60 1
a �0.03 �0.05 �0.10 �0.01 0.01 �0.01 1
b �0.01 �0.01 �0.02 �0.20 �0.40 �0.60 0.80 1

Fig. 25. Parity plot of experimental and predicted data.
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temperature affects the kinetics only but not the thermodynamics,
resulting in the enhancement of the intrinsic reaction rate with
temperature.

5.2. Effect of hydrogen peroxide concentration

The weight fraction of hydrogen peroxide was varied to study
its effect on ethene, propene and 1-butene conversion as well as
on the epoxide selectivity. As shown in Fig. 22, the conversions
increased by concentrating the liquid phase from 1 to 3 wt% of
hydrogen peroxide in methanol. At higher concentrations, the
hydrogen peroxide decomposition becomes relevant as well as
its adsorption on the catalyst surface, decreasing available catalytic
sites for olefin adsorption. The conversions of ethene and propene
are quite well predicted by the model, but the 1-butene predicted
1-butene conversion had a higher deviation from the experiments.
This is due to the model simplification, i.e. neglecting the adsorp-
tion parameter of hydrogen peroxide in the rate equations (14)–
(16).

5.3. Effect of liquid flow rate

The ternary mixture showed a considerably complex behavior
as the liquid flow rate was increased from 0.5 to 2 mL/min.
Although a reduction of the residence time was expected to nega-
tively affect the olefin conversions, they did not remarkably change
as shown in Fig. 23. In addition, the propene and 1-butene conver-
sions showed a maximum at 1.5 mL/min, while the ethene conver-
sion had a maximum at 1 mL/min. A competition between two
effects needs to be considered: optimization of residence time
and mass transfer. Until 1.5 mL/min, the reduction in the residence
16
time is balanced by the increase of the mass transfer coefficient kL-
aL, which depends on the liquid flow rate (Wild et al., 1992). At
higher liquid flow rates, the mass transfer rate is high, but the res-
idence time effect is predominant reducing the olefin conversion.
The predicted wetting efficiency is displayed in Fig. 24.
5.4. Parameter estimation statistics

The parameter estimation results of the ternary mixtures are
presented here. The activation energies (Ea), kinetic constants at
the reference temperature (k0) as well as the wetting efficiency
parameters (a and b from Eq. (6)) estimated by nonlinear regres-
sion analysis are listed in Table 4. The 95 % confidence intervals
of the parameters are reported in the table.

The activation energies obtained are within the common range
values for catalytic processes (30–200 kJ mol�1). As shown in
Table 4, the sensitivity of the reaction rate with temperature
decreases with an increasing olefin chain length from ethene to
1-butene. The exponent b of the liquid flow (Eq. (6)) resulted to
be equal to 0.2, which is in agreement with the information found
in literature (Mills and Dudukovic, 1981). The correlation matrix
representing the statistical relationship between two parameters
is reported in Table 5. Most of the correlation coefficients in the
matrix are less than 0.4, which is a very satisfactory result. The par-
ity plot displayed in Fig. 25 confirms the normal distribution of the
residuals withinin the range ± 20 %.
6. Conclusions

This work demonstrated the possibility to epoxidize mixtures of
ethene, propene and 1-butene, using hydrogen peroxide as the oxi-
dant and TS-1 as the heterogeneous catalyst. The transient behav-
ior of the step responses of the alkenes and epoxides revealed
following phenomena: the alkenes are epoxidized simultaneously,
and the dynamics is enhanced by increasing temperature and
hydrogen peroxide concentration. The epoxide selectivities were
stable and high after an induction period, exceeding in most cases
90 %. The highest conversions of alkenes was obtained for 1-
butene, which can be explained by its highest solubility among
the alkenes studied.

A laboratory-scale trickle bed reactor was employed in all the
experiments and it was described mathematically by a heteroge-
neous axial dispersion model involving rate equations as well as
mass transfer and dispersion effects. Parameter estimation with
nonlinear regression analysis allowed to obtain numerical values
of the kinetic constants at reference temperature, as well as activa-
tion energies and liquid–solid mass transfer parameters. The
model gave a reasonable agreement with steady-state experimen-
tal data.

A significant process intensification might be applied by direct
epoxidation of olefin mixtures with TS-1 and hydrogen peroxide,
being both economically and environmentally beneficial. As a mat-
ter of fact, separation steps would be drastically reduced and mild
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operating conditions of temperature and pressure would be
employed, still reaching high epoxide selectivities and alkene con-
versions. Moreover, bio-based a-alkenes produced by a combined
reverse water–gas shift reaction and Fischer-Tropsch process for
alkene production might be used for the epoxidation process. In
this way, the more traditional oil-based olefins can be replaced
by more sustainable alternatives.
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