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oxymethylene ethers (f-OMEs) based on allyl
alcohol as building blocks for the chemical
industry

Victor Kühnpast, * Thomas A. Zevaco, Ulrich Arnold and Jörg Sauer

In the context of a circular economy, the production of chemicals and materials from renewable resources

becomes increasingly relevant. One possible approach to reduce the dependence on fossil-based materials

is the use of catalyzed acetalization reactions to produce useful building blocks in the chemical sector. Here,

aldehydes and alcohols react to form acetals, which are commonly known for their good degradability and

non-toxicity. This work focused on the solvent-free synthesis of acetals denominated functionalized

oxymethylene ethers (f-OMEs) that are based on allyl alcohol and on formaldehyde, an important C1

feedstock which can be produced from green methanol. Such f-OMEs with unsaturated end groups are

employed as useful organic compounds for the production of reactive diluents, cross-linked polymers and

epoxides and can therefore be implemented as useful green building blocks in the chemical sector. A catalyst

screening and variation of relevant reaction conditions were performed in a batch reactor. The different

reactivity of the tested solid acid catalysts is discussed. With zeolite Beta(25), conversion based on allyl

alcohol reached values up to 80% and selectivity to f-OMEs up to 90%, depending on reaction conditions.

Based on the proposed reaction network, a kinetic model to forecast product distributions was developed,

with educt conversion and product yield prediction being mostly within a relative deviation of ±30%.

1. Introduction

The depletion of non-renewable resources and global concern
over greenhouse gas emissions has necessitated mankind to
innovate the production pathways for fuels, chemicals and
materials. In an attempt to produce environmentally friendly
synthetic fuels, the production of biodiesel was intensely
studied and the transesterification of triglycerides to produce
fatty-acid methyl esters (FAME) is nowadays an established
industrial production route.1–4 In this reaction, glycerol
(propane-1,2,3-triol) is formed as a by-product, accounting for
approximately 10 wt% of the generated product.5–7 In the
European Union, biodiesel production has ramped up from
3.7 million tons to 11 million tons between 2006 and 2015
and is expected to keep increasing.8 In 2022, biodiesel
production in the European Union amounted to
approximately 13.7 million tons.9 The biodiesel production
expansion leads to higher amounts of glycerol in the market,
resulting in an increasing supply, demand and disposal issue.
In general, the solid bio-residues from biodiesel production

are employed as compost or animal food; however, the
refinement of crude glycerol for commercialization is
considered expensive.5,8 Hence, the upgrading of glycerol into
valuable intermediates is considered a valid approach to
reduce biodiesel manufacturing costs.5,6,8 One of these
intermediates is allyl alcohol (AA, prop-2-en-1-ol), which is a
readily available chemical with reactivity towards addition,
substitution, decomposition, oxidation, rearrangement and
polymerization due to the presence of an unsaturated bound
and a hydroxyl group.10–13 It finds its applications in the
cosmetic, fine chemical and pharmaceutical industries, such
as in formulations for fragrances, plasticizers, crosslinking
agents, reactive diluents and coating additives.11,13–16 As an
alternative to the propylene-based synthesis (fossil route), the
conversion of glycerol to AA is possible (bio route).10,11,13,17,18

In the attempt at developing a more circular economy and
reducing dependency on fossil feedstocks, the use of
catalyzed acetalization reactions could provide a promising
strategy to produce chemicals and materials from the green
intermediate AA. In such reactions, a wide range of aldehydes
and alcohols can be converted into a multitude of oxygen-
containing products known as acetals, which are known for
their degradability, recyclability and non-toxicity.19–22 These
are central properties to be considered when implementing
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sustainable production strategies in a circular economy.
Acetalization reactions are generally acid-catalyzed reactions
and can be carried out under mild conditions in terms of
temperature and pressure.23–25 As acetalization reactions are
equilibrium-limited,23,26–30 acetals can be recycled into their
constituent building blocks under controlled acidic
solvolysis.19–22 A key component in the production of acetals
is the use of formaldehyde (FA), which can be produced from
green methanol (MeOH), as an important C1 feedstock.23,31,32

The acid-catalyzed acetalization reaction of MeOH and FA
results in linear acetals denominated oxymethylene ethers
(OME), which are currently employed as solvents and studied
as alternative diesel fuels.23,24,28,33–38 Other alcohols besides
MeOH39–43 and functionalized alcohols, i.e. alcohols with
additional functional groups in the molecular structure, are
also promising starting materials to tune properties of the
synthesized acetals.44 This was showcased in our previous
work, where acetalization reactions were performed with the
lactic acid derivatives ethyl lactate and butyl lactate.44

Therefore, AA is a possible renewable candidate for an
acetalization reaction to produce functionalized
oxymethylene ethers (f-OMEs) with unsaturated end groups
to provide promising building blocks for the chemical
industry, e.g. for cross-linked polymers,14–16,45 epoxidation
reactions14,46–48 or as reactive diluents to substitute styrene-
based systems.45,49,50 Fig. 1 showcases an overview of
possible green pathways for the proposed reaction.

The synthesis of f-OMEs based on AA, also known as diallyl
acetals, is described in the literature. One method is composed
of refluxing AA with dihalomethanes (dibromomethane or
dichloromethane) and tetrabutylammonium bromide in
benzene to afford the acetal after distillation.51 Also possible is
mixing AA with aqueous NaOH as well as adding
tetrabutylammonium hydrogensulfate and allyl chloride,

followed by a workup involving extraction, drying and
distillation steps.52 More conventional methods include the
acetalization according to Fischer and Giebe as described by
Müller et al.20 in which alcohols react with aldehydes in an acid-
catalyzed reaction. Webb et al.14 and Kazantsev et al.46 describe
the synthesis of diallyl formals by using paraformaldehyde (p-FA)
or 1,3,5-trioxane (TRI) with AA as reagents and utilizing a mixture
of anhydrous calcium chloride and p-toluenesulfonic acid as
catalytic systems. Furthermore, as an alternative production route
and exemplifying the viability of acetals in a circular economy, a
chemical recycling concept is demonstrated by Cullen et al.,53 in
which polyoxymethylene (POM) is depolymerized using AA and
bismuth triflate as a catalyst, generating the corresponding diallyl
formal with a conversion of 75%.

In the present work, the synthesis of f-OMEs based on the
FA source TRI and the glycerol derivative AA was developed.
After a screening of catalysts and reaction conditions, the
acetals were synthesized with a suitable catalyst in a batch
reactor and purified by distillation. Based on these
experiments, a reaction network was proposed and a kinetic
model developed to forecast conversion and product
distribution. The structure of the produced oligomers was
verified via NMR spectroscopy and GC-MS and relevant
properties of the compounds were measured. The novelty of
this work in comparison to the literature includes the use of
heterogeneous catalysts to facilitate workup steps after reaction
(comprised only of catalyst separation and distillation) as well
as the characterization of the produced oligomers. Moreover, a
novel kinetic model to predict reaction progress was developed,
a mandatory step for scale-up. This study concentrated on the
development of an environmentally friendly synthesis,
performing the reactions without any additional solvent and
with materials which can be produced from renewable sources,
resulting in recyclable and degradable products.

Fig. 1 Overview of possible green pathways for the synthesis of f-OMEs, using allyl alcohol and formaldehyde.
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2. Experimental
2.1. Materials

Trioxane (TRI, >99%) and allyl alcohol (AA, 99%) were
obtained from Thermo Scientific, n-octane (≥99%) was
obtained from VWR Chemicals and tetrahydrofuran (THF,
≥99.5%) was obtained from ITW Reagents. Benzene-d6
(deuteration grade 99.8%) was purchased from Sigma-
Aldrich. The catalyst montmorillonite K10 was obtained from
Acros Organics. Amberlyst 36 and Amberlyst 46 were
obtained from Rohm & Haas. The catalysts Beta(25),
Beta(300), ZSM-5(80), ZSM-5(280), Y(12) and Y(80) were
obtained from Zeolyst International.

To obtain the active H-form from the zeolites, they were
calcined at 500 °C for 5 h in static air. All employed catalysts
were dried at 110 °C and 10 mbar overnight prior to use so
as to avoid inhibition of catalytic activity by water.54,55

2.2. Reactor setup

The solvent-free reaction mixture consisted of TRI, AA and the
catalyst. Batch reactions were performed in glass flasks sealed
with a septum and combined with a Dean–Stark apparatus and
reflux condenser. Reaction mixtures were magnetically stirred
at 500 rpm. A thermostat (CF41, Julabo GmbH) regulated the
temperature of the cooling water and an oil bath was used for
heating the reaction mixture. Before introduction of the
catalyst, the reactants were stirred thoroughly and heated up to
reaction temperature. During reaction, continuous sampling of
the liquid phase was carried out with a syringe and filtration of
samples was made with a 0.2 μm pore width PTFE filter.
Samples were diluted with THF and as internal standard for
GC analysis a defined amount of n-octane was added.

Pure components were obtained by distillation for
determination of relevant physicochemical properties and
calibration. A 36 mm diameter and 1000 mm height
distillation column with a 450 mm Monel spinning band was
employed (B/R Instrument) and products were distilled until
the GC area was ≥95%.

2.3. Catalytic tests

>Reaction mixtures without catalyst were prepared for blind
testing and no reactivity was measured by GC-FID. During
preliminary testing, appreciable conversion was seen
beginning at 70 °C and with 0.5 wt% catalyst loading. A
screening of different catalytic materials regarding structural
and acidic properties was performed and the experiments were
carried out for a reaction time of 8 h at 100 °C, 0.57 wt%
catalyst loading (in regard to initial mass of reaction mixture)
and a molar ratio of allyl alcohol : trioxane (nAA :nTRI) of 3 : 1.
With the chosen molar ratio, it is possible to ensure that
equimolar amounts of reactants are present in the reaction
mixture. Furthermore, it is known that water formed during
the acetalization reaction can adsorb on acidic sites, reducing
catalytic activity.54–58 Hence, the temperature of 100 °C was
chosen for the catalyst screening, as water can evaporate and
then leave catalyst pores, allowing for better comparability.
Table 1 gives an overview of the employed solid acid catalysts.

In addition, after choosing a suitable catalyst, a variation of
relevant reaction conditions (temperature, catalyst amount,
initial educt concentration, reaction time) was performed. The
catalyst loading in regard to the initial mass of the reaction
mixture was varied at 0.19, 0.57, 1.32 and 1.89 wt%. The initial
educt concentration was varied with a molar ratio of allyl
alcohol:trioxane (nAA : nTRI) of 1.5 : 1, 2 : 1, 3 : 1 and 4 : 1. The
temperature variation was made at 70, 80, 90 and 100 °C.
Reaction duration was varied between 10 and 80 h, depending
on temperature. Moreover, experiments with water addition at
the beginning of the experiments were performed to quantify
the inhibition effect of water on the acetalization reactions. An
overview of the performed experiments and reaction
conditions is given in the SI (Table S1).

2.4. Analytical methods

A Hewlett Packard 6890 N series gas chromatograph (GC)
coupled with a flame ionization detector (FID) equipped with
an Agilent DB-5 MS + DG column (length: 30 m, diameter:

Table 1 Summary of used catalytic materials

Catalyst Type Acidity/mmol g−1 Surface area/m2 g−1 Pore diameter/Å

Beta(25) Zeolite 0.60a 680c 6.6 × 6.7
5.6 × 5.6d

Beta(300) Zeolite 0.17b 620c 6.6 × 6.7
5.6 × 5.6d

ZSM-5(80) Zeolite 0.32a 425c 5.1 × 5.5
5.3 × 5.6d

ZSM-5(280) Zeolite 0.07a 400c 5.1 × 5.5
5.3 × 5.6d

Y(12) Zeolite n. a. 730c 7.4 × 7.4d

Y(80) Zeolite n. a. 780c 7.4 × 7.4d

Amberlyst36 (A36) Ion-exchange resin 5.4c 33c 240c

Amberlyst46 (A46) Ion-exchange resin 0.43c 75c 235c

Montmorillonite K10 Clay material, aluminosilicate 0.20c 220–270c 60c

a Value from Sheikh et al.59 b Value from Aho et al.60 c Manufacturer's data. d Value from Baerlocher et al.61
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0.25 mm, film: 0.25 μm) and helium as carrier gas was used
for the analysis of liquid samples.

Measurements for 1H, 13C and 2D NMR were recorded
under ambient conditions using a Jeol JNM-ECZR series
spectrometer equipped with a 9.4 T Oxford cryomagnet
(resonance: 1H @399.905 MHz and 13C @100.556 MHz).
Benzene-d6 (deuteration grade 99.8%) solutions were used for
the recording of the spectra together with a Jeol Royal 5 mm
probe head. The NMR measurements were carried out using
the Jeol software Delta 5.3.3 and the standard Jeol pulse
sequences, optimizing them if necessary. The NMR spectra
were evaluated using MNova 10 (version 14.2.1-27684).

An Agilent 5977B mass spectrometer (MS) coupled with
an Agilent 8890 GC system was used to record mass
spectra of the samples. The GC was equipped with an
Agilent J&W HP-5 ms Ultra Inert column (length: 30 m,
diameter: 0.25 mm, film: 0.25 μm) and helium was used as
carrier gas. Mass spectra were evaluated using the software
MassHunter Qualitative Analysis from Agilent (version 10.0).

The distillation analysis was performed with the OptiPMD:
micro-distillation from PAC (compliant with the standards
ASTM D7345 and IP 596 for the distillation of petroleum
products and liquid fuels at atmospheric pressure). The flash
point was measured using a Pensky–Martens Flash Point
Tester PMA 500 from Anton Paar (compliant with ASTM D93
and EN ISO 2719). Density, dynamic viscosity and freezing
point were measured using an SVM 3001 Cold Properties
kinematic viscometer from Anton Paar.

Pure compounds (GC area ≥95%) from distillation were
used for GC-FID calibration. THF was used as solvent and
n-octane as internal standard. In the GC-FID, the conversion
from area to mass percentage ωi of component i was carried
out according to eqn (1):

ωi ¼ RFi·
moctane

mtotal
·

Ai
Aoctane

(1)

where RFi is the compound specific response factor, Ai is the
integration area in the chromatogram referring to component
i, Aoctane is the integration area of n-octane, moctane is the mass
of n-octane in the sample andmtotal is the total samplemass.

Conversion of TRI and the reacting alcohol AA was
calculated with eqn (2). Selectivity to product species was
calculated based on TRI and AA (eqn (3)):

Xi ¼ ni;0 − ni
ni;0

(2)

Sk;i ¼
nk − nk;0
� �
ni;0− ni
� �

· νkj j
νij j

(3)

where ni,0 is the number of moles of educt i at the initial
point of the experiment before addition of catalyst and ni is
the number of moles of educt i at a given point in time after
addition of catalyst. Analogously, nk is the number of moles
of product k. ν is the stoichiometric coefficient of either educt
i or product k of the reaction being investigated.

3. Kinetic modeling
3.1. Reaction network

Some methods for the synthesis of f-OMEs based on AA are
described in the literature.14,46,51,52 However, a precise
description on reaction mechanisms or reaction networks is not
available, making detection and interpretation of possible side
products challenging. In this work, the heterogeneously acid-
catalyzed acetalization reaction as described by Müller et al.20

between the FA source TRI and AA was developed. In particular,
due to the reactivity under acidic catalysis of FA and the
unsaturated bonds present in AA and in the products, side
reactions occur and the side products could not be quantified in
this study. Thus, they were lumped together. In Fig. S17 and S18
in the SI, an overview of the detected side products of typical
GC-FID chromatograms is presented. The assignment of specific
side products by GC-MS data remained equivocal; however, the
main side product families were identified. Based on performed
preliminary studies, a reaction network was proposed to explain
the reactivity of the studied system, as shown in Fig. 2. With the
reaction network, a basic understanding of the chemical
processes is possible and accordingly, a kinetic model for the
prediction of conversion and product distribution could be
established. This enables reaction control and scale-up.

The main observed reactions are denoted with numbers in
Fig. 2. Under acidic conditions, TRI decomposes into FA
(reaction ①). The acetalization reaction proceeds in two steps.
First, FA reacts with AA to form a reactive hemiacetal
(reaction ②). Second, a reaction with a capping agent, i.e. AA,
leads to the stable acetal OMD(AA)1 (reaction ③), producing
water. The chain growth of the acetal OMD(AA)1 to the acetal
distribution OMD(AA)n takes place with the reaction of n FA
(reaction④). Side reactions occur due to the acidic catalyst, the
presence of water from the initial acetalization, the reactivity
of FA and the reactivity of unsaturated bonds of the reactants.
The main side reaction is possibly the Prins reaction14,62–64

(reaction ⑤), which takes place between an aldehyde (here FA)
and an alkene (here AA, hemiacetal or acetal) in the presence
of H+. Depending on reaction conditions, different side
products may be formed. Without water, the intermediate
reacts to form an allylic alcohol. In the presence of water and a
protic acid, a 1,3-diol is the reaction product. With an excess of
FA and a low reaction temperature, the product is a cyclic
acetal, i.e. a 1,3-dioxane. Also possible are side reactions
originating from FA, such as the formation of glycols26,56,65

due to the presence of water and formation of methyl formate
(MeFo)26,56,65,66 from Tishchenko-type reactions, which was
found in trace amounts. In the presence of water and an
acidic catalyst, MeFo can react further to produce formic acid
and methanol; however, formic acid decomposes if vaporized
and cannot be quantified via GC analysis.

The proposed reaction network for AA (Fig. 2) is used as a
basis for the kinetic modeling and summarized in the
following equations. TRI decomposes to FA (eqn (4)):

TRI ⇌ 3·FA (4)

Catalysis Science & TechnologyPaper
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Fig. 2 Proposed reaction network for the acid-catalyzed acetalization reaction of allyl alcohol and trioxane.
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The formation of the f-OME molecule with one FA unit
OMD(AA)1 occurs via acetalization reaction of AA and FA with
formation of water (eqn (5)):

2·AA + FA ⇌ OMD(AA)1 + H2O (5)

Chain growth of f-OMEs results from the formaldehyde pool
in the reaction mixture (eqn (6)) or from transacetalization
reactions (eqn (7)):66,67

OMD(AA)n + FA ⇌ OMD(AA)n+1, n ≥ 1 (6)

OMD(AA)n + OMD(AA)m ⇌ OMD(AA)n+1 + OMD(AA)m−1 (7)

Since it is described in the literature that the chain growth
reaction of OME is fast,35,68 it is considered here that the
formaldehyde pool approach (eqn (6)) describes the process
sufficiently in the kinetic model.35,67

To reduce modeling complexity, side products originating
from TRI and AA were lumped together in a hypothetical
reaction to close the mass balance during kinetic modeling
(eqn (8) and (9)):

νTRI·TRI ⇌ ν(SP)TRI × (SP) TRI (8)

νEL·AA ⇌ ν(SP)AA × (SP)AA (9)

where νTRI and νAA are the respective stoichiometric
coefficients of TRI and AA of the lumped side reactions and
(SP)TRI and (SP)AA are the side products of TRI and AA and
their stoichiometric coefficients ν(SP)TRI and ν(SP)AA, respectively.

3.2. Reaction rates and reactor model

The developed kinetics are based on a pseudo-homogeneous
model with concentrations, as described in the
literature.35,44,67 The reaction system is predicated on the
reaction of the educts FA and AA and a successive chain
growth with FA units. This leads to a distribution of f-OMEs
known as Schulz–Flory distribution.69,70 In the considered
reaction system, TRI decomposes to FA. When considering
eqn (4), the reaction rate of TRI decomposition can be
formulated as:

r0 ¼ k0· CFA
3 − CTRI

Kequil

� �
(10)

where r0 is the reaction rate of TRI decomposition (mol g−1

min−1), k0 is the reaction coefficient (L3 mol−2 g−1 min−1), Ci

is the concentration of component i (mol L−1) and Kequil is
the equilibrium constant (L2 mol−2). During experiments, no
free FA was detected by GC-FID, which is in agreement with
the literature.35,67,68,71 To quantify TRI decomposition, quasi-
equilibrium was assumed, since it is reported that TRI
decomposition is fast.35,67 Therefore, the following can be
derived:67

k0 ≫ r0→
r0
k0

≈0 (11)

CFA
3 − CTRI

Kequil
¼ 0 (12)

CFA ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
CTRI

Kequil

3

s
(13)

The concentration of FA is substituted according to eqn (13)
and kinetic parameters were lumped, avoiding the estimation
of Kequil.

67 The chain length of OMD(AA)n was limited to
OMD(AA)3 for kinetic modeling, since only traces of higher
acetals were detected by GC-FID. The reaction rates for the
acetalization of AA and TRI are summarized in Table 2.

A temperature-independent inhibition term kinh was
introduced to the reaction rates to consider the inhibition
effect of water (eqn (14)), which was adapted from Oestreich
et al.56 The inhibition term kinh is calculated by considering
the inhibition factor hH2O and the water concentration cH2O.
The catalyst mass mcat is multiplied by the inhibition term
kinh; hence the effective catalyst mass mcat,eff is calculated
(eqn (15)) and then considered in the reaction rates, resulting
in the effective reaction rates.

kinh ¼ 1

1þ hH2O·cH2Oð Þ2 (14)

mcat,eff = mcat·kinh (15)

An Arrhenius-type approach was employed to describe the
temperature dependency of the reaction coefficients. The
activation energy EA (J mol−1) and the pre-exponential kinetic
factor k0 (g−1 Ln−1 mol1−n min−1, unit dependent on reaction
order n) of each reaction were calculated. To reduce

Table 2 Summary of reaction rate equations for the acetalization reaction of AA with TRI

Reaction Reaction rate expression Eqn no.

2·AA + FA ⇌ OMD(AA)1 + H2O (reaction ② + ③) r1 ¼ mcat;eff · k1·CAA
2·

ffiffiffiffiffiffiffiffiffi
CTRI

3
p − k2·COMD AAð Þ1 ·CH2OÞ

�
(16)

OMD AAð Þn þ FA⇌OMD AAð Þnþ1

1 ≤ n < 3
(reaction ④) r1þn ¼ mcat;eff· ki·COMD AAð Þn ·

ffiffiffiffiffiffiffiffiffi
CTRI

3
p − kiþ1·COMD AAð Þnþ1

Þ; 3≤ i≤6
�

(17)

νTRI·TRI ⇌ ν(SP)TRI × (SP)TRI (eqn (8)) r4 = mcat,eff·(k7·CTRI − k8·C(SP)TRI) (18)
νAA·AA ⇌ ν(SP)AA × (SP)AA (eqn (9)) r5 = mcat,eff·(k9·CAA − k10·C(SP)AA) (19)
Temperature-independent inhibition term and
effective catalyst mass (eqn (14) and (15))

kinh ¼ 1
1þk11 ·cH2Oð Þ2 ; mcat;eff ¼ mcat·kinh (20)
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unwanted correlation between the model parameters,72 the
reference temperature Tref is introduced (Tref = 100 °C).

k Tð Þ¼ kref·exp −EA

R
·
1
T
− 1
T ref

� �� 	
(21)

with kref ¼ k0·exp − EA

RT ref

� 	

where T is the temperature (K), kref is the kinetic coefficient

at the reference temperature Tref and R is the universal gas
constant (8.314 J mol−1 K−1).

A gradient-free batch reactor (BR) without heat and
mass transfer limitations was assumed, as all reagents were
thoroughly stirred. A control volume with the liquid phase
of the reaction mixture is considered, so as to calculate
the variation of the amount of substance (number of
moles) ni (mol) for each component i along the reaction
time (eqn (22)).

dni
dt

¼ mcat;eff ·
XN
j¼1

νi;j·ri;j
� �

(22)

where t (min) is the reaction time after addition of catalyst
and N the number of considered reactions.

This system of ordinary differential equations was solved
with the Matlab function ode23, with the absolute tolerance
set to 10−4 and the relative tolerance set to 10−6. The initial
conditions for the integration of eqn (22) are given in the SI
(Table S1). To avoid numerical instabilities, a non-zero value
of 10−5 mol was assigned to components with n = 0 mol at
the initial point.

3.3. Estimation of kinetic parameters

The kinetic model for the batch reactor includes 10
temperature-dependent reaction coefficients (each with its
pre-exponential kinetic factor and activation energy) and one
temperature-independent water inhibition coefficient
(Table 2). During preliminary modeling, the two reaction
orders for the accumulation of side products amounted to
the value of 1; thus, they were set to this value to formulate a
more robust kinetic model with fewer parameters. Following
the 5-fold cross-validation method,73 the kinetic fit was
implemented with training and validation datasets. A total of
25 experimental runs were considered. These were divided
into five groups at random and for each fit, four datasets
were used for training, while one was left for validation. The
prediction errors from the training and validation datasets
are combined and the kinetic fit with the smallest prediction
error is deemed the estimation with the best prediction
capabilities. Additionally, the standard deviation σ can be
calculated as well as the confidence intervals (CI) considering
a t-distribution (95% confidence level, 4 degrees of freedom).

The objective function was solved using a chi-square (χ2)
regression method, with the minimization of the sum of
the squared deviations between experiment and simulation

of all considered analytes in the reaction system, as shown
in eqn (23):

χ2 ¼
XM
j¼1

XN
i¼1

z ̂j;i − zj;i
z ̂ j;i

� �2

(23)

where j are the considered experimental data points, i the
considered components, zj,i the measured mole number
(mol) and ẑj,i the simulated mole number (mol). The
normalization occurred with the simulated values ẑj,i since
this provided more accurate and stable results during
parameter fitting. The global minimum is found using the
Matlab function fminsearch.

As a first estimate for initial values for the kinetic fit, the
reaction coefficients were determined separately for each
temperature and an Arrhenius correlation was performed.
Consequently, the pre-exponential kinetic factor and the
activation energy for each reaction were calculated (eqn (21))
as well as the reaction orders for the side products (eqn (8)
and (9)) and the temperature-independent water inhibition
coefficient (eqn (14)). Considering the training dataset NT, the
objective function χTrain

2 is calculated and considering the
validation dataset NV the total squared deviation χTotal

2 can be
calculated. The kinetic fit with the lowest χTotal

2 is considered
the best fit among the optimizations performed. The 95%
confidence intervals of the fitted parameters are calculated
using the 5-fold cross-validation method, with G = 5 groups of
datasets, i.e. 4 degrees of freedom. More detailed information
can be found in the SI (Fig. S1).

The mean relative error MRE(i) is calculated for each
component i considering all available data points M.

MRE ið Þ ¼ 100%·
1
M
·
XM
j¼1

XN
i¼1

zi; j − z ̂i; j


 



zi; j
(24)

4. Results and discussion
4.1. Catalyst screening

Most of the existing studies describing the synthesis of diallyl
acetals14,46,51,52 were not based on heterogeneously catalyzed
acetalization reactions, which require an FA source and the
corresponding alcohol (in this case AA). Therefore, an initial
catalyst screening for the reaction system based on AA and
TRI was carried out. In Fig. 3 the results for the different
catalysts are shown. The utilized catalytic materials were the
clay montmorillonite K10, the ion exchange resins A36 and
A46 and the zeolites with FAU (Y type), MFI (ZSM-5 type) and
BEA (Beta type) framework (Table 1). The catalyst screening
was performed for a total reaction time of 8 h at 100 °C, 0.57
wt% catalyst loading (in regard to initial mass of reaction
mixture) and an educt molar ratio nAA : nTRI of 3 : 1. The
results in Fig. 3 are shown for a reaction time of 2 h, 4 h and
8 h in order to gather data for a comprehensive reactivity
profile of the employed catalysts. The temperature of 100 °C
was chosen for the catalyst screening to reduce the inhibiting
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effect of water.54–57 The OMD(AA)n acetals up to a chain
length of n = 3 are considered individually; acetals with more
FA units are lumped together as OMD(AA)n>3.

The clay montmorillonite K10 showcases the lowest
conversions among the tested catalysts in this study (10–16%
for TRI and 18–36% for AA). Even though conversion is low,
selectivity towards OMD(AA)1 is high at approximately 98%,
with little side product formation (<5 wt%). The Amberlyst
ion-exchange resins display different reactivity towards
f-OMEs. On the one hand, A36 demonstrates one of the
highest conversion values among the tested catalysts, though
showing significantly higher side product formation. After 2 h,
A36 seems to have achieved chemical equilibrium and the

continued reaction favors the formation of side products and
a slow degradation of products (37 wt% OMD(AA)1 at 2 h vs.
26 wt% OMD(AA)1 at 8 h). On the other hand, A46 shows
lower conversions than A36; however, it exhibits higher
selectivity specifically towards the f-OME with one FA unit. It
demonstrates the highest concentration of OMD(AA)1
amongst all considered catalysts in this study, with 51 wt% at
the end of the experiment. Broadly speaking, the employed
zeolites perform similarly in the acetalization reactions.
Similarly to the ion-exchange resin A36, zeolite Beta(300)
achieves equilibrium after 2 h but with higher selectivity
towards f-OMEs, with only 23 wt% side product compared to
30 wt% of A36. When considering only zeolites, after 2 h the
Y zeolites demonstrate lower conversion and lower product
yield. No substantial differences can be identified when using
zeolites with the same framework but different Al/Si ratios.
The only exception is that Beta(300) achieves its equilibrium
faster than Beta(25). Zeolites of one framework with higher
Al/Si ratio show a higher tendency to produce side products.
After 8 h, the Y-zeolites exhibit lower selectivity towards the
acetal with one FA unit OMD(AA)1 (Y(12) and Y(80) both with
27 wt%) when compared to the other zeolites (35–46 wt%).
For the zeolites, total product yield is overall similar at the
end of the experiment. The zeolites ZSM-5 and Beta lead to
similar product distributions, as the total fraction of
OMD(AA)n denotes values around 60 wt% and the
distribution of f-OME being described by a Schulz–Flory
distribution.70

Based on the performed catalyst screening, some
conjectures can be made to explain the different reactivity of
the studied catalysts. The clay montmorillonite K10 is a
sheet-structured aluminosilicate, with its layers composed of
an octahedral alumina sheet sandwiched between two
tetrahedral silica sheets, thus being described as a 2 : 1
clay.74–76 It can partially absorb water and therefore remove
it from the reaction system, resulting in formation of less
side products.44,77 This is supported by the experimental
findings, as montmorillonite K10 showcases the least side
product formation of the studied catalysts (<5 wt%). The
lower conversion of montmorillonite K10 can partially be
explained by the lower acid site density in comparison to
non-clay materials (Table 1). However, zeolites with
comparable or lower acid site density, e.g. Beta(300) or
ZSM-5(280), still showcase a higher conversion than
montmorillonite K10 and a production of f-OMEs with
higher number of FA units. This can be explained by the
stronger Brønsted acid sites in zeolites due to framework-
bound bridging hydroxyl groups (Si–O(H)–Al) rather than
the edge silanol groups or weaker hydrated proton sites
found on layered clays like montmorillonite K10. This
results in higher reactivity of the zeolites in comparison to
the clay material.78–81

Furthermore, the accessibility of acid sites seems to
significantly influence selectivity towards OMD(AA)n. This is
substantiated by the experimental findings with the studied
ion-exchange resins and the zeolites of the catalyst screening.

Fig. 3 Results of catalyst screening at atmospheric pressure for the
reaction system AA and TRI, with conversion of AA and TRI being
depicted as data points and axis on the right side, while mass fractions
of reactants and products are shown as bars and on the left axis
(values below 5 wt% are not shown).

Catalysis Science & TechnologyPaper



Catal. Sci. Technol.This journal is © The Royal Society of Chemistry 2026

The employed ion-exchange resins are both sulfonated
styrene–divinylbenzene copolymers with –SO3H as the acid
group. A36 is considered an oversulfonated resin, as it
presents 1 to 1.2 –SO3H groups per aromatic ring and thereby
showcases higher acid capacity and acid strength.59,82 A46
exhibits essentially double the surface area of A36 and is only
sulfonated at the catalyst surface, making the active catalytic
centers more accessible, however presenting smaller values
for acid capacity than A36.59,82 These structural properties
are reflected in their reactivity, as A46 demonstrates higher
selectivity towards f-OMEs, especially towards OMD(AA)1
when compared to A36. The lower conversions in the case of
A46 indicate a smaller acid capacity compared to A36.
Additionally, the relevance of accessibility of active acid sites
in this reaction system can be further backed up by analyzing
the zeolite frameworks used in this work. Broadly speaking,
the FAU framework is characterized by a large 12-membered
ring (pore diameter ca. 7.4 Å) with interconnected cages, the
BEA framework features also a 12-member ring (pore
diameter ca. 6.0 Å), while the MFI framework has medium-
sized pore systems with intersecting channels (pore diameter
ca. 4.7 Å).83–85 The larger pore system (also called
“supercages”) is a tentative explanation for the higher
propensity of FAU zeolites to produce higher amounts of
long-chain f-OME after prolonged reaction durations,
followed by the BEA and then the MFI framework, as shown
in Table 3 (e.g. weight fraction of OMD(AA)n>3 Y(80): 8.96
wt% and ZSM-5(80): 0.61 wt%).

Considering the studied zeolites, after 8 h AA conversion
stays basically the same. With higher Si/Al ratios, a higher
side product formation and a higher concentration of long-
chain f-OMEs are observed. With the exception of the MFI
framework, higher Al/Si ratios lead to higher TRI conversion.
These findings indicate that the higher side product
formation is not necessarily coupled with higher TRI
conversion and could have a different underlying cause. A
possible explanation could be a higher stability of the long-
chain OMD(AA)n molecules in a catalytic environment with
lower acid site density, as acetalization reactions are generally
equilibrium-limited.23,27–29 A higher acid site density of the
zeolites with lower Al/Si ratios could lead to a higher
probability of OMD(AA)n molecules breaking down to their
constituent building blocks and thus reducing the amount of
long-chain f-OMEs. Concomitantly, with higher

concentrations of long-chain f-OMEs in the case of zeolites
with higher Al/Si ratios, a higher probability of side-product
formation originating from unsaturated bonds (e.g. Prins
reactions) could be given.

The consideration of Brønsted and Lewis acidity is also
important to understand the reactivity profile of the
employed catalysts. In regard to the zeolites, the ZSM-5 type
is known for having predominantly Brønsted acid sites, while
the Y type has weaker Brønsted acid sites compared to the
ZSM-5 type. Generally, the Beta type has the lowest
concentration of Brønsted acid sites, but also the highest
Lewis acidity among the three framework types.68,86–89 The
higher concentration of Brønsted acid sites in the ZSM-5 type
might be an explanation for the higher reactivity towards
OMD(AA)1 in the first 2 h of the catalyst screening. Also,
ZSM-5(80) and ZSM-5 (280) have similar acid site strengths,59

explaining the overall similar reactivity. The same can be
seen with Y(12) and Y(80), as both have similar acid site
strengths and thus comparable reactivity profiles.59,90

Beta(300) showcases high reactivity towards OMD(AA)n
already in the first 2 h of the experiment. Due to lower acid
site density and acid site strength, but still with the same
framework as Beta(25),60 this reactivity profile might be
induced by a synergy of Brønsted and Lewis acid sites, which
is described for the OME synthesis.66,68,91 Ion-exchange
resins are known for exhibiting exclusively Brønsted acidity,
as they are sulfonated styrene–divinylbenzene co-polymers
with –SO3H as the active acid group.59,92–94 By comparing A36
and A46, it is possible to infer that a high Brønsted acid site
density leads to higher conversion but at the expense of
selectivity.

Considering all data gathered in this catalyst screening, a
clear decision for the utilization of a specific catalytic system
for the highest product yield is not straightforward. Each
studied catalyst system presented advantages and drawbacks
and an argument for each system can be made.
Montmorillonite K10 is an aluminosilicate which is known
for good ion-exchange properties.74–76 Even though
conversion is low, it has demonstrated high selectivity
towards OMD(AA)1 and it could be modified for higher acid
capacity to achieve higher educt conversion, making it a
potential viable and eco-friendly catalytic material for the
proposed synthesis.76,95,96 The ion-exchange resin A46
showcases the importance of availability of catalytic sites, but

Table 3 Detailed breakdown of product distribution for each catalyst in the catalyst screening after 8 h

Catalyst OMD(AA)1/wt% OMD(AA)2/wt% OMD(AA)3/wt% OMD(AA)n>3/wt%

K10 25.55 0.23 0.00 0.00
A36 26.21 8.99 3.09 3.78
A46 50.55 7.75 1.07 0.18
Y(12) 26.78 16.76 9.59 8.51
Y(80) 26.57 17.18 9.92 8.96
ZSM-5(80) 46.50 11.56 2.51 0.61
ZSM-5(280) 40.71 14.53 4.70 2.02
Beta(25) 41.35 14.44 4.60 1.95
Beta(300) 35.28 16.22 6.68 3.79
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clearly demonstrating a one-sided reactivity towards short-
chain f-OMEs due to a comparatively weaker acid capacity
among ion-exchange resins. However, this behavior could be
advantageous for a two-step synthesis. If OMD(AA)1 is
selectively produced and purified from the reaction mixture,
e.g. by distillation, a further chain growth step could be
performed with a zeolite by introducing a dry FA source, such
as TRI. A dry FA source leads to higher selectivity towards f-
OMEs, as water has an inhibiting effect on acetalization
reactions and an anhydrous pathway would be
feasible.23,35,54,66 Considering the zeolites, all denote useful
reactivity towards f-OMEs and zeolite Beta(25) showed a good
compromise between conversion and selectivity towards
OMD(AA)n. Therefore, the subsequently conducted variation
of experimental conditions and kinetic modeling was
performed based on this catalytic system.

4.2. Parameter estimation and model validation

The kinetic parameters for the system AA and TRI are shown
in Tables 4 and 5. According to the confidence intervals, all
parameters showcase statistical significance.

In particular, due to the lack of information regarding the
specific reactions for side product formation, relative deviations
on the order of magnitude of ±30% are present in the batch
reactor model, as demonstrated in the parity plots in Fig. 4.

For the developed kinetic model, a total of 25
experimental runs were considered, with 255 experimental
data points overall. Most of the data points fall within a
relative deviation of ±30% and the majority of validation data
points also stay within the relative deviation of ±30%,
demonstrating good predictive capabilities of the kinetic
model. The MRE for TRI conversion is at 33%, for AA
conversion at 22%, for number of moles of OMD(AA)1 at 29%
and for the sum of moles of OMD(AA)1–3 at 22%. Considering
the parity plots, it can be observed that at higher conversion
values, the kinetic model has a tendency to underestimate

educt conversion and selectivity towards OMD(AA)1.
Deviation towards OMD(AA)1–3 is randomly distributed. Due
to the difficulty of quantifying side products and therefore
determining the specific chemical reactions, higher
deviations occurred, especially when considering TRI
conversion and the corresponding reactivity of FA as well as
complex side products from AA (Fig. 2). With a more
profound mechanistic understanding of side product
formation, specific equations can be formulated, thereby
resulting in more precise modeling. Also, at 70 °C higher
deviations of the kinetic model's predictive capabilities were
observed, which could be an indication of a stronger water
inhibition effect when compared to higher temperatures
where water has a higher tendency to evaporate and leave the
active sites of the catalyst. Water formed during the
acetalization reaction not only may lead to side product
formation but it also may adsorb on acidic sites, reducing
catalytic activity.54–58 Baranowski et al.54 describe the
inhibition effect of water in Beta zeolites during classical
OME synthesis. A competition takes place between productive
TRI dissociation to FA and unwanted reaction of TRI with
water to form methylene glycol units. Furthermore, water
competitively adsorbs to silanol and Brønsted acid sites of
the catalyst, hindering the adsorption of reactants. All in all,
the prediction accuracy of the kinetic model could be
improved by conducting experiments with smaller
increments in the variation of water addition at different
temperatures and with a more profound mechanistic
understanding of side product formation and water inhibition.

4.3. Influence of reaction conditions: temperature

The reaction was performed at 70, 80, 90 and 100 °C. In
Fig. 5 and 6 a comparison of the temperature variation with
constant catalyst load and constant feed composition is
demonstrated. Due to lower reaction rates at lower
temperatures, the experiments at 70 and 80 °C were

Table 5 Further kinetic parameters for the system AA and TRI for the batch reactor system employing Beta(25) as the catalyst

Parameter Value/— Description

k11 3.1348 ± 1.3964 × 10−1 Water inhibition coefficient (eqn (14))

Table 4 Kinetic parameters with confidence intervals for the system AA and TRI for the batch reactor system employing Beta(25) as the catalyst. For
parameter description see Table 2. fwd = forward, bwd = backward and n = chain length of the considered acetal

Parameter
Value/g−1 Ln−1 mol1−n min−1, unit dependent on reaction
order n Parameter Value/J mol−1 Description

k0,1 1.0953 × 1012 ± 1.0926 × 1011 EA,1 9.6022 × 104 ± 1.1238 × 103 fwd reaction, n = 1, eqn (16)
k0,2 1.0081 × 1016 ± 5.3996 × 1014 EA,2 1.3133 × 105 ± 4.3622 × 103 bwd reaction, n = 1, eqn (16)
k0,3 9.8218 × 1013 ± 1.2795 × 1013 EA,3 1.0311 × 105 ± 4.0493 × 103 fwd reaction, n = 2, eqn (17)
k0,4 9.8488 × 1019 ± 7.1293 × 1018 EA,4 1.4501 × 105 ± 3.7296 × 104 bwd reaction, n = 2, eqn (17)
k0,5 5.4393 × 1023 ± 3.4103 × 1022 EA,5 1.6757 × 105 ± 1.7132 × 103 fwd reaction, n = 3, eqn (17)
k0,6 5.7460 × 1029 ± 6.5154 × 1028 EA,6 2.0681 × 105 ± 1.6981 × 104 bwd reaction, n = 3, eqn (17)
k0,7 5.0865 × 1015 ± 2.6104 × 1014 EA,7 1.1724 × 105 ± 1.4768 × 103 fwd reaction, eqn (18)
k0,8 1.0203 × 1019 ± 4.6907 × 1017 EA,8 1.5134 × 105 ± 1.1987 × 104 bwd reaction, eqn (18)
k0,9 1.5255 × 1015 ± 1.5430 × 1014 EA,9 1.1440 × 105 ± 3.6401 × 103 fwd reaction, eqn (19)
k0,10 2.9832 × 1017 ± 1.6073 × 1016 EA10 1.4202 × 105 ± 1.3331 × 104 bwd reaction, eqn (19)
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performed with longer reaction times. Experimental and
simulation results are shown and compared. Selectivity
towards f-OMEs up to chain length n = 3 is
considered.

Good agreement is seen between experimental data points
and simulation. Conversion of TRI and AA increases with
higher temperature, which corresponds to known kinetic
effects (eqn (21)). Additionally, with increasing temperature,
lower selectivity towards OMD(AA)n is observed, especially
when considering TRI. Due to the reactivity of FA under
acidic catalysis, a higher propensity to side product
formation exists (Fig. 6). At 70 °C, higher deviations between
simulation prediction and experimental data are observed.
This can be tentatively explained by a higher water inhibition
at a lower temperature of 70 °C. Water can be removed from
the active sites of the catalyst at higher temperatures,
resulting in a reduced inhibiting effect. Hence, the
simulation overestimates conversion and underestimates
selectivity at 70 °C. Moreover, it can be observed that at 70

°C, even though conversion is low in comparison to higher
temperatures (5 h reaction time, XTRI at 12% and XAA at
27%), 99% selectivity towards OMD(AA)1 is achieved. Even
after 24 h of reaction time, selectivity stays high at 95%. By
contrast, with higher temperatures starting at 80 °C,
selectivity commences with high values of 90% or higher
(sampling after 1 h), while at the end of the experimental
run, the selectivity plummets to values of 50–80%
depending on reaction conditions. This demonstrates that
the reaction to long-chain oligomers and side reactions are
limited by temperature. Further data comparing
experimental data and simulation prediction can be seen in
the SI (Fig. S2–S5).

4.4. Characterization of synthesized compounds

The characterization encompasses NMR spectroscopy and
GC-MS as well as determination of some relevant
physicochemical properties. The assignment of peaks and

Fig. 4 Parity plots for relevant indicators employing the catalyst Beta(25), i.e. conversion of trioxane XTRI, conversion of allyl alcohol XAA, sum of
moles of the acetal with one FA unit nOMD(AA)1 and sum of moles of acetal distribution with up to 3 FA units nOMD(AA)1–3.
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structures from NMR spectroscopy and GC-MS analyses is
compatible with data from comparable OME
structures.40,43,44 Considering NMR, different complementary
methods can be employed to clarify the structure of the
synthesized f-OMEs, e.g. by correlating the information
gained from 1D methods (e.g. standard 1H and 13C
measurements using a DEPT135 pulse sequence) and from
correlated 2D NMR spectra, in this case heteronuclear single
quantum coherence (HSQC). In Fig. 7, a 2D 13C,1H-correlated
spectrum is shown for the f-OME with one FA unit OMD(AA)1.
In the 2D HSQC method 1H and 13C information are
interconnected (13C signals are shown along the f1 (y) axis,
1H signals along the f2 (x) axis). Hence, proton–carbon
connectivity can be determined as well as carbon multiplicity,
i.e. discerning CH and CH3 groups from CH2 groups. Thus,
the structure of the produced compounds can be elucidated
and the synthesis success evaluated.

The peak assignment for OMD(AA)1 is straightforward
(see SI Fig. S9 and S10 for more detailed information on
chemical shifts and integrations for the corresponding
signals and molecule fragments). The vinyl groups
(fragments 1a,b) show typical quartet coupling patterns due
to different chemical environments of the configuration of
the unsaturated bonds at 4.9 ppm for fragment 1a and 5.1
ppm for fragment 1b. The following CH fragment of the
vinyl group (fragment 2) presents a multiplet at 5.7 ppm,
being the group with the highest chemical shift in this
molecule. The methylene group (fragment 3) shows a
multiplet at the lowest field at 3.8 ppm. At 4.5 ppm, a
typical signal representing the central methylene group
from the oxymethylene bridge in acetals can be observed
(fragment 4). Since it is shielded by two oxygen atoms, no
coupling interactions with other protons are possible,
resulting in a singlet. The 13C NMR spectrum shows the

Fig. 5 Experimental runs employing the catalyst Beta(25) and performed at atmospheric pressure, showing the amount of substance of the educts
TRI and AA and the acetal distribution of OMD(AA)n with up to three FA units as a function of time (experimental values as data points and
simulation as solid line).
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corresponding C atoms seen in the molecule. The carbon
atoms from the vinyl group are seen with the highest
chemical shift at 116 ppm (fragment 1) and 135 ppm
(fragment 2). The carbon from the oxymethylene bridge is
seen at 94 ppm (fragment 4) and the carbon closest to it at
68 ppm (fragment 3).

Further NMR spectra (Fig. S9–S16), GC-MS data (Fig. S6–S8)
and physicochemical properties at different temperatures
(Tables S2–S4) of the synthesized f-OMEs, are shown in the SI.

5. Conclusions

The solvent-free synthesis of diallyl f-OMEs based on the FA
source TRI and AA was investigated. A broad catalyst
screening was performed and zeolite Beta(25) exhibited a
good compromise between selectivity and conversion among
the tested catalysts. The compounds were synthesized and
purified by distillation and molecular structures were verified
by NMR spectroscopy and GC-MS. Experiments were

performed in a batch reactor, with a variation of temperature,
catalyst amount, initial composition and reaction time.
Higher temperatures (T >70 °C) lead to higher conversions
and a higher concentration of long-chain oligomers; however,
side product formation also becomes more pronounced.
Performing the reaction at lower temperatures of 70–80 °C in
a batch reactor with longer reaction times would be a
possibility to reduce unwanted side reactions. Following the
proposed reaction network, a kinetic model was developed
and validated using the 5-fold cross-validation method, with
most of the data being within a relative deviation of ±30%.
By further studying the reaction mechanism, clarification of
side product reactions can be achieved. Implementing them
in the kinetic model would lead to higher accuracy in the
prediction of relevant process parameters.

This study provides valuable insights for the synthesis of
customizable f-OMEs structures as green building blocks for
the chemical industry. Further work could involve the
optimization of the catalyst system towards higher

Fig. 6 Overview of temperature variation for the batch system AA and TRI, showing conversion of trioxane XTRI, conversion of allyl alcohol XAA

and f-OME selectivity in relation to trioxane STRI and in relation to allyl alcohol SAA. Reaction conditions: t = 5 h, 1.32 wt% Beta(25) as catalyst,
nAA :nTRI = 3 : 1, atmospheric pressure.
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selectivity and conversion. As seen from the catalyst
screening, different acidic catalysts showed promising
results, such as the ion-exchange resin A46 with a high
selectivity mainly towards OMD(AA)1 or the clay material
montmorillonite K10 demonstrating almost no side-product
formation but with low conversion. By catalyst modification,
higher conversion could be achieved in a shorter reaction
time and selectivity could be maintained. By modifying the
production process, it would be possible to employ a zeolite
(e.g. Beta(25)) or ion-exchange resin (e.g. A46) to produce
selectively OMD(AA)1 and after purification, a dry
formaldehyde source (e.g. TRI) could be used to selectively
perform chain growth to OMD(AA)n. The evaluation of long-
term catalyst stability and recycling possibilities are also of
relevance for a potential scale-up. In addition, the
demonstration of specific applications of the produced
f-OMEs would be of relevance to validate acetal chemistry as
a valuable instrument to further develop a circular economy.
Potential applications of the produced f-OMEs could be
established in the fine chemicals and polymer sector, such as
employing them as reactive diluents, as (co-)monomers in
the production of polyacetals as degradable polymers with
thermoset properties or as reagents in epoxidation reactions
leading to useful materials for epoxides and polyurethanes.

Author contributions

Victor Kühnpast: conceptualization, methodology, formal
analysis, investigation, data curation, writing – original draft,
writing – review & editing, visualization. Thomas A. Zevaco:
methodology, investigation, writing – review & editing,
visualization. Ulrich Arnold: writing – review & editing,
supervision, funding acquisition. Jörg Sauer: writing – review
& editing, supervision, funding acquisition.

Conflicts of interest

There are no conflicts of interest to declare.

Data availability

The data supporting this article have been included as part
of the supplementary information (SI).

Supplementary information is available. See DOI: https://
doi.org/10.1039/d6cy00901h.

References

1 D. Y. C. Leung, X. Wu and M. K. H. Leung, Appl. Energy,
2010, 87, 1083–1095.

2 M. Yaghi, S. Chidiac, S. Awad, Y. E. Rayess and N. Zgheib,
Clean Technol., 2025, 7, 62.

3 W. N. A. Wan Osman, M. H. Rosli, W. N. A. Mazli and S.
Samsuri, Carbon Capture Sci. Technol., 2024, 13, 100264.

4 N. C. Kokkinos, E. Emmanouilidou and S. K. Sharma, in
Intelligent Transportation System and Advanced Technology,
ed. R. K. Upadhyay, S. K. Sharma and V. Kumar, Springer
Nature, Singapore, 2024, pp. 99–122.

5 X. Fan, R. Burton and Y. Zhou, Open Fuels Energy Sci. J.,
2010, 3, 17–22.

6 A. Behr, J. Eilting, K. Irawadi, J. Leschinski and F. Lindner,
Green Chem., 2008, 10, 13–30.

7 M. Pagliaro, R. Ciriminna, H. Kimura, M. Rossi and C. Della
Pina, Angew. Chem., Int. Ed., 2007, 46, 4434–4440.

8 M. H. Moklis, S. Cheng and J. S. Cross, Sustainability,
2023, 15, 2979.

9 EBB Statistical Report 2023, https://ebb-eu.org/news/ebb-
statistical-report-2023/, (accessed March 26, 2026).

10 L. Harvey, G. Sánchez, E. M. Kennedy and M. Stockenhuber,
Asia-Pac. J. Chem. Eng., 2015, 10, 598–606.

Fig. 7 1H, 13C HSQC 2D NMR spectrum of OMD(AA)1: chemical shift δ in ppm, measured in benzene-d6.

Catalysis Science & TechnologyPaper

https://doi.org/10.1039/d6cy00901h
https://doi.org/10.1039/d6cy00901h
https://ebb-eu.org/news/ebb-statistical-report-2023/
https://ebb-eu.org/news/ebb-statistical-report-2023/


Catal. Sci. Technol.This journal is © The Royal Society of Chemistry 2026

11 H. Zhao, Y. Jiang, H. Liu, Y. Long, Z. Wang and Z. Hou, Appl.
Catal., B, 2020, 277, 119187.

12 G. Sánchez, J. Friggieri, C. Keast, M. Drewery, B. Z.
Dlugogorski, E. Kennedy and M. Stockenhuber, Appl. Catal.,
B, 2014, 152–153, 117–128.

13 G. Sánchez, J. Friggieri, A. A. Adesina, B. Z. Dlugogorski,
E. M. Kennedy and M. Stockenhuber, Catal. Sci. Technol.,
2014, 4, 3090–3098.

14 R. F. Webb, A. J. Duke and L. S. A. Smith, J. Chem. Soc.,
1962, 4307–4319.

15 M. Mon and A. Leyva-Pérez, ACS Sustainable Chem. Eng.,
2025, 13, 19916–19936.

16 N. Amarnath, S. Shukla and B. Lochab, ACS Sustainable
Chem. Eng., 2018, 6, 15151–15161.

17 G. Sánchez, B. Z. Dlugogorski, E. M. Kennedy and M.
Stockenhuber, Appl. Catal., A, 2016, 509, 130–142.

18 M.Wormann andM. E. Maier, RSC Adv., 2019, 9, 15314–15317.
19 A. C. Renner, S. S. Thorat and M. P. Sibi, RSC Sustainability,

2024, 2, 3669–3703.
20 E. Müller, O. Bayer, H. Meerwein and K. Ziegler, in Methoden

der organischen Chemie Houben-Weyl, Georg Thieme Verlag,
Stuttgart, 1954, pp. 199–293.

21 A. Romano, S. Frattini, R. Miani, C. Gioia, A. Celli and L.
Sisti, ChemSusChem, 2025, 18, e202402154.

22 A. G. Pemba, J. A. Flores and S. A. Miller, Green Chem.,
2013, 15, 325.

23 C. J. Baranowski, A. M. Bahmanpour and O. Kröcher, Appl.
Catal., B, 2017, 217, 407–420.

24 K. Hackbarth, P. Haltenort, U. Arnold and J. Sauer, Chem.
Ing. Tech., 2018, 90, 1520–1528.

25 F. Mantei, S. Kopp, A. Holfelder, E. Flad, D. Kloeters, M.
Kraume and O. Salem, React. Chem. Eng., 2023, 8, 917–932.

26 N. Schmitz, J. Burger and H. Hasse, Ind. Eng. Chem. Res.,
2015, 54, 12553–12560.

27 J. Burger, E. Ströfer and H. Hasse, Ind. Eng. Chem. Res.,
2012, 51, 12751–12761.

28 N. Schmitz, F. Homberg, J. Berje, J. Burger and H. Hasse,
Ind. Eng. Chem. Res., 2015, 54, 6409–6417.

29 J. Voggenreiter and J. Burger, Ind. Eng. Chem. Res., 2021, 60,
2418–2429.

30 J. Voggenreiter, P. Van De Zande and J. Burger, Chem. Eng.
Sci., 2022, 262, 117995.

31 V. Shenbagamuthuraman, A. Patel, S. Khanna, E. Banerjee,
S. Parekh, C. Karthick, B. Ashok, G. Velvizhi, K. Nanthagopal
and H. C. Ong, Chemosphere, 2022, 286, 131587.

32 D. Iribarren, R. Calvo-Serrano, M. Martín-Gamboa, Á. Galán-
Martín and G. Guillén-Gosálbez, Sci. Total Environ.,
2022, 824, 153840.

33 J. Voggenreiter, A. Ferre and J. Burger, Ind. Eng. Chem. Res.,
2022, 61, 10034–10046.

34 M. Drexler, V. Zaghini Francesconi, U. Arnold, T. A. Zevaco
and J. Sauer, RSC Sustainability, 2025, 3, 1941–1956.

35 C. F. Breitkreuz, N. Hevert, N. Schmitz, J. Burger and H.
Hasse, Ind. Eng. Chem. Res., 2022, 61, 7810–7822.

36 N. Schmitz, C. F. Breitkreuz, E. Ströfer, J. Burger and H.
Hasse, J. Membr. Sci., 2018, 564, 806–812.

37 N. Mahbub, A. O. Oyedun, A. Kumar, D. Oestreich, U. Arnold
and J. Sauer, J. Cleaner Prod., 2017, 165, 1249–1262.

38 X. Zhang, A. O. Oyedun, A. Kumar, D. Oestreich, U. Arnold
and J. Sauer, Biomass Bioenergy, 2016, 90, 7–14.

39 M. A. Arellano-Treviño, D. Bartholet, A. T. To, A. W. Bartling,
F. G. Baddour, T. L. Alleman, E. D. Christensen, G. M.
Fioroni, C. Hays, J. Luecke, J. Zhu, C. S. McEnally, L. D.
Pfefferle, K. F. Reardon, T. D. Foust and D. A. Ruddy, ACS
Sustainable Chem. Eng., 2021, 9, 6266–6273.

40 V. Zaghini Francesconi, M. Drexler, T. A. Zevaco, U. Arnold
and J. Sauer, Chem. Ing. Tech., 2025, 97, 495–507.

41 S. P. Lucas, F. L. Chan, G. M. Fioroni, T. D. Foust, A. Gilbert,
J. Luecke, C. S. McEnally, J. J. A. Serdoncillo, A. J. Zdanowicz,
J. Zhu and B. Windom, Energy Fuels, 2022, 36, 10213–10225.

42 D. L. Bartholet, M. A. Arellano-Treviño, F. L. Chan, S. Lucas,
J. Zhu, P. C. St. John, T. L. Alleman, C. S. McEnally, L. D.
Pfefferle, D. A. Ruddy, B. Windom, T. D. Foust and K. F.
Reardon, Fuel, 2021, 295, 120509.

43 M. Drexler, P. Haltenort, T. A. Zevaco, U. Arnold and J. Sauer,
Sustainable Energy Fuels, 2021, 5, 4311–4326.

44 V. Kühnpast, M. Drexler, N. Kräber, F. Rohloff, T. A. Zevaco,
U. Arnold and J. Sauer, RSC Adv., 2026, 16, 44303–44324.

45 N. Amarnath, S. Shukla and B. Lochab, ACS Sustainable
Chem. Eng., 2018, 6, 15151–15161.

46 D. A. Kazantsev, A. A. Denisov, O. V. Koryakova, M. A.
Ezhikova, M. I. Kodess and A. V. Pestov, Russ. Chem. Bull.,
2023, 72, 2908–2912.

47 A. Wróblewska, E. Drewnowska and A. Gawarecka, React.
Kinet., Mech. Catal., 2016, 118, 719–731.

48 J. Baek, M. Kim, Y. Park and B.-S. Kim, Macromol. Biosci.,
2021, 21, 2100251.

49 A. R. Jagtap and A. More, Polym. Bull., 2022, 79, 5667–5708.
50 W. Liu, T. Xie and R. Qiu, Compos. Sci. Technol., 2015, 120,

66–72.
51 N. R. El-Brollosy, P. T. Jørgensen, B. Dahan, A. M. Boel,

E. B. Pedersen and C. Nielsen, J. Med. Chem., 2002, 45,
5721–5726.

52 S. Krompiec, N. Kuźnik, M. Urbala and J. Rzepa, J. Mol.
Catal. A: Chem., 2006, 248, 198–209.

53 M. J. Cullen, M. G. Davidson, M. D. Jones and J. A. Stewart,
RSC Sustainability, 2025, 3, 1114–1121.

54 C. J. Baranowski, T. Fovanna, M. Roger, M. Signorile, J.
McCaig, A. M. Bahmanpour, D. Ferri and O. Kröcher, ACS
Catal., 2020, 10, 8106–8119.

55 M. Ouda, G. Yarce, R. J. White, M. Hadrich, D. Himmel, A.
Schaadt, H. Klein, E. Jacob and I. Krossing, React. Chem.
Eng., 2017, 2, 50–59.

56 D. Oestreich, L. Lautenschütz, U. Arnold and J. Sauer, Chem.
Eng. Sci., 2017, 163, 92–104.

57 G. L. Catuzo, C. V. Santilli and L. Martins, Catal. Today,
2021, 381, 215–223.

58 S. E. Foster, J. Wang, E. P. Iaia, Y. G. Hur, S. Ezendu, K.
Perkinson, T. Szilvási, J. E. Bara and J. W. Harris, Ind. Eng.
Chem. Res., 2026, 65, 2071–2084.

59 K. A. Sheikh, V. Zaghini Francesconi, T. A. Zevaco and J.
Sauer, Catal. Sci. Technol., 2024, 14, 1148–1166.

Catalysis Science & Technology Paper



Catal. Sci. Technol. This journal is © The Royal Society of Chemistry 2026

60 A. Aho, N. Kumar, K. Eränen, T. Salmi, M. Hupa and D. Y.
Murzin, Process Saf. Environ. Prot., 2007, 85, 473–480.

61 C. Baerlocher, W. M. Meier and D. H. Olson, Atlas of zeolite
framework types, Elsevier, Amsterdam, 5th edn, 2001.

62 H. J. Prins, KNAW, Proceedings, 1919, vol. 22, pp. 51–56.
63 R. F. Talipov, E. D. Rakhmankulov, M. G. Safarov and K.

Felföldi, Acta Phys. Chem., 1990, 44–55.
64 D. R. Adams and S. P. Bhatnagar, Synthesis, 1977, 1977,

661–672.
65 N. Schmitz, F. Homberg, J. Berje, J. Burger and H. Hasse,

Ind. Eng. Chem. Res., 2015, 54, 6409–6417.
66 M. Drexler, P. Haltenort, U. Arnold and J. Sauer, Chem. Ing.

Tech., 2022, 94, 256–266.
67 B. Lacerda De Oliveira Campos, P. Beeskow, M. Drexler, K.

Herrera Delgado, U. Arnold and J. Sauer, Chem. Eng. Sci.,
2025, 312, 121655.

68 M. Drexler, P. Haltenort, U. Arnold, J. Sauer, S. A. Karakoulia
and K. S. Triantafyllidis, Catal. Today, 2023, 424, 113847.

69 L. Lautenschütz, D. Oestreich, P. Haltenort, U. Arnold, E.
Dinjus and J. Sauer, Fuel Process. Technol., 2017, 165, 27–33.

70 P. J. Flory, J. Am. Chem. Soc., 1936, 58, 1877–1885.
71 R. Peláez, P. Marín and S. Ordóñez, Biofuels, Bioprod.

Biorefin., 2021, 15, 1696–1708.
72 M. Schwaab, L. P. Lemos and J. C. Pinto, Chem. Eng. Sci.,

2008, 63, 2895–2906.
73 T. Hastie, R. Tibshirani and J. Friedman, The Elements of

Statistical Learning, Springer New York, New York, NY, 2009.
74 F. Uddin, Metall. Mater. Trans. A, 2008, 39, 2804–2814.
75 C. J. Baranowski, A. M. Bahmanpour, F. Héroguel, J. S.

Luterbacher and O. Kröcher, ChemCatChem, 2019, 11, 3010–3021.
76 B. S. Kumar, A. Dhakshinamoorthy and K. Pitchumani,

Catal. Sci. Technol., 2014, 4, 2378–2396.
77 W. J. Huang, J. H. Liu, Q. M. She, J. Q. Zhong, G. E.

Christidis and C. H. Zhou, Catal. Rev.: Sci. Eng., 2023, 65,
929–985.

78 A. M. Bahmanpour, F. Héroguel, C. J. Baranowski, J. S.
Luterbacher and O. Kröcher, Appl. Catal., A, 2018, 560,
165–170.

79 U. Flessner, D. J. Jones, J. Rozière, J. Zajac, L. Storaro, M.
Lenarda, M. Pavan, A. Jiménez-López, E. Rodríguez-

Castellón, M. Trombetta and G. Busca, J. Mol. Catal. A:
Chem., 2001, 168, 247–256.

80 C. R. Reddy, Y. S. Bhat, G. Nagendrappa and B. S. Jai
Prakash, Catal. Today, 2009, 141, 157–160.

81 C. Chizallet, C. Bouchy, K. Larmier and G. Pirngruber, Chem.
Rev., 2023, 123, 6107–6196.

82 R. Bringué, E. Ramírez, M. Iborra, J. Tejero and F. Cunill,
J. Catal., 2013, 304, 7–21.

83 J. Weitkamp, Solid State Ionics, 2000, 131, 175–188.
84 R. W. Broach, D. Jan, D. A. Lesch, S. Kulprathipanja, E.

Roland and P. Kleinschmit, in Ullmann's Encyclopedia of
Industrial Chemistry, ed. Wiley-VCH, Wiley, 1st edn, 2012.

85 europe.iza-structure.org/IZA-SC/ftc_table.php, https://europe.
iza-structure.org/IZA-SC/ftc_table.php, (accessed October 21,
2025).

86 B. Meng, S. Ren, X. Zhang, K. Chen, W. Wei, Q. Guo and B.
Shen, Microporous Mesoporous Mater., 2022, 335, 111849.

87 V. Rac, V. Rakić, D. Stošić, O. Otman and A. Auroux,
Microporous Mesoporous Mater., 2014, 194, 126–134.

88 A. Zachariou, A. P. Hawkins, R. F. Howe, J. M. S. Skakle, N.
Barrow, P. Collier, D. W. Nye, R. I. Smith, G. B. G. Stenning,
S. F. Parker and D. Lennon, ACS Phys. Chem. Au, 2022, 3,
74–83.

89 W. Wu and E. Weitz, Appl. Surf. Sci., 2014, 316, 405–415.
90 D. M. Dal Pozzo, J. A. Azevedo dos Santos, E. S. Júnior, R. F.

Santos, A. Feiden, S. N. Melegari de Souza and I. Burgardt,
RSC Adv., 2019, 9, 4900–4907.

91 C. J. Baranowski, A. M. Bahmanpour, F. Héroguel, J. S.
Luterbacher and O. Kröcher, ChemCatChem, 2019, 11,
3010–3021.

92 E. Ramírez, R. Bringué, C. Fité, M. Iborra, J. Tejero and F.
Cunill, Appl. Catal., A, 2021, 612, 117988.

93 R. Bringué, E. Ramírez, M. Iborra, J. Tejero and F. Cunill,
J. Catal., 2013, 304, 7–21.

94 R. Bringue, M. Iborra, J. Tejero, J. Izquierdo, F. Cunill, C.
Fite and V. Cruz, J. Catal., 2006, 244, 33–42.

95 L. Zatta, L. P. Ramos and F. Wypych, Appl. Clay Sci.,
2013, 80–81, 236–244.

96 D. R. Brown and C. N. Rhodes, Catal. Lett., 1997, 45,
35–40.

Catalysis Science & TechnologyPaper

https://europe.iza-structure.org/IZA-SC/ftc_table.php
https://europe.iza-structure.org/IZA-SC/ftc_table.php

	crossmark: 


