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The chemoselective, efficient, solventless carbonylation of
dimethoxymethane (DMM) delivers methyl methoxyacetate
(MMA), which is not only an intermediate to ethylene glycol
but can also be considered as a fuel additive. Employing
different zeolites and ion exchange resins as catalysts, this
paper is a systematic approach to studying the effects

of catalyst amount, temperature, carbon monoxide (CO)
pressure and reaction conditions on educt conversion and
product selectivities, using a purposely designed parallel
high pressure reactor plant.
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The carbonylation of dimethoxymethane (DMM) to methyl methoxyacetate (MMA) has gained interest in
recent years not only due to its application as an important fine chemical, but also as a possible
intermediate to produce ethylene glycol (EG) as well as a possible fuel additive. Employing different zeolites
and ion exchange resins as catalysts, this paper systematically studied the effects of catalyst amount,
temperature, carbon monoxide (CO) pressure and reaction conditions on educt conversion and product
selectivities, using a parallel high pressure reactor plant. The reaction was performed in the liquid phase
without using an additional solvent. The highest DMM conversion was achieved by catalyst Z-30 (ZSM-5;
MFI type zeolite) and Amberlyst 36 (sulfonated ion exchange resin). The lowest DMM conversion was
shown by H-Y-30 (Y; FAU-type zeolite) and Amberlyst 46. According to the analytical measurements via
off-line gas chromatography (GC), the product spectrum includes, besides MMA, higher oxymethylene
ethers (OME) like OME,, OMEgz, the carbonylation products of higher OMEs, methyl formate (MeFo) and
formaldehyde (FA). The herein reported catalysts and parameter screenings for the carbonylation of DMM
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1. Introduction
1.1. Application in the chemical industry

Because of the dependency of our modern civilization on
limited fossil resources, much attention is being paid to
finding alternative reaction pathways to synthesise different
materials and products from sustainable resources. One
important precursor of such compounds and reactions is
methyl methoxyacetate (MMA), a fine chemical that is used in
the synthesis of diverse complex organic substances. Specific
applications include MMA serving as a precursor in synthesis
steps of hormones,' of useful therapeutic substances and of
organic components for biologically active substances.>”’
MMA is also found in the synthesis of many different organic
compounds, such as amino carbonyl derivatives,® chiral
amines,”"® acyclic precursors to pyrroles,"* acylation reagents
for the aminolysis'® and glycol ethers (e.g. ethylene glycol
monomethyl ether).”® Fig. 1 gives an overview of the
aforementioned applications of MMA in the chemical
industry. MMA functions as an intermediate for different
organic synthesis reactions.
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to MMA wiill assist the optimisation of this reaction as a promising industrial manufacturing process.

A further relevant commodity chemical, which can be
produced from MMA, is ethylene glycol (EG), a widely

employed antifreeze agent and polyester monomer. The
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Fig. 1 Overview of different application possibilities for MMA in
chemical synthesis processes; MMA functions as an intermediate for
the synthesis of organic compounds. The numbers in brackets
represent the literature references.
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manufacturing of EG is currently based on the production of
ethylene from naphtha cracking, the subsequent epoxidation
to ethylene oxide and a final hydration step.'*'® Main
drawbacks of this process include low yields and a
complicated purification process. With increasing demand of
EG, especially in China,"”'® it is of relevance to develop
sustainable routes of production.

One possible alternative is the use of syngas, preferably
“environmentally friendly”, gained from reverse water gas
shift, as feed for the direct production of EG. However, this is
coupled with high costs due to the high pressures (above 400
atm) and temperatures (above 200 °C) needed.'®*° Another
possible production route would be to use a C; intermediate
of the syngas chemistry, such as formaldehyde (FA). This
includes either the hydroformylation to glycolaldehyde or the
carbonylation to glycolic acid.'®'®>'>* The DuPont company
has performed the carbonylation of FA in a commercial scale
but stopped production in 1968 due to corrosion issues
connected with the utilization of sulfuric acid as catalyst.>***
Also, high pressures are required in the process since the
solubility of carbon monoxide (CO) in the solvent is low,
making the process less feasible."” Thus the use of MMA as a
precursor is a promising alternative route to EG, involving
the hydrogenation of the intermediate 2-methoxyethanol and
its further hydrolysis to EG.>*?° The conventional and
alternative route for EG synthesis is shown in Fig. 2.

1.2. Applications in the fuel industry

In order to reduce emissions, modern diesel engines have
complex exhaust aftertreatment systems. The aftertreatment
systems consists of complex catalyst systems, sensors and
control units to reduce engine emissions. Therefore, instead of
using such costly hardware, it would be favourable to employ
new fuels or fuel additives that prevent the formation of soot
and NOx within the engine, such as oxygenates like MMA.

MMA has also been reported as a possible gasoline and
diesel additive.”” In addition, Longbao et al*' described
2-methoxyethyl acetate, which has a similar structure to
MMA, as an oxygenated additive of diesel to decrease exhaust
emissions. Other oxygen-containing compounds, such as
dimethyl carbonate (DMC),***> dimethyl ether (DME)**3®
and dimethoxymethane (DMM),***>*° have also been
reported as possible additives in diesel in order to reduce
emissions. As an oxygenate, MMA can contribute to reduce
these emissions and therefore improve diesel fuel properties.
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Fig. 2 Conventional and alternative route for EG synthesis.
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1.3. Synthesis of MMA

Several synthesis methods to MMA have been reported in the
literature, e.g. the reaction of methyl chloroacetate with
sodium methoxide,*® the reaction of methyl formate with
FA"* and the oxidation of 2-methoxyethanol.*® These
synthesis routes include complicated purification steps, are
highly corrosive and are therefore unsuitable for a large-scale
process. The carbonylation of dimethoxymethane presents a
more attractive production route for MMA and the reaction
can be carried out in the gas**™® as well as in the liquid
phase.?*?*% The vapour-phase carbonylation is an easy
process to be put into operation, resulting in selectivities
higher than 70%.*>*®* However, the used DMM amount is
small, resulting in high CO/DMM molar ratios (>100/1),
which lead to low CO conversion rates (less than 0.5%).>*”
On the other hand, the liquid phase carbonylation allows the
reaction to be performed under relatively mild conditions of
temperature (T < 120 °C) and pressure (p < 60 bar), leading
to MMA selectivities between 50-80%.%°>®

In this work, we report the carbonylation of DMM with CO
without the use of any additional solvent, employing different
commercially available catalysts, namely seven different
zeolites (B-25, Y-30, F-20, M-20, Z-30, Z-80 and Z-280) and
seven different ion exchange resins (Dowex 50WX2, Dowex
50WX4, Dowex 50WX8, Amberlyst 15, Amberlyst 16,
Amberlyst 36 and Amberlyst 46). The influence of catalyst
amount, reaction temperature, CO pressure and reaction
operation were investigated.

2. Results and discussion
2.1. Catalyst screening

For an exploratory comparison of all solid acid catalysts
(SAC), 10 g of DMM was introduced under argon into the
autoclaves with 0.5 g of the SAC. 3550 ml of CO gas was
dispensed via a mass-flow-controller and the mixture heated
to 90 °C simultaneously (~55 bar reaction pressure). The end
of the CO pressurizing was defined as the starting point of
the reaction. From this point the reaction was run for 6 h.
Afterwards, the gas phase was measured after cooling the
reactor to room temperature. The reactor was depressurized
slowly, subsequently purged with argon to evacuate residual
carbon monoxide and the liquid portion was analysed using
an offline-GC. Considering the ancillary character of the
offline micro-GC analytics, it is not easy to directly correlate
the GC results of the gas and the liquid phase and close the
carbon balance. However, the gas phase analytics clearly
show the role of the dissociation of DMM into DME and FA
and the complexity of the reaction network.

For all performed experiments the catalytic data has been
summarized as tables in the ESI{ (Tables S1-S11).

2.1.1. Commercially available zeolites as SAC. The
structure of the zeolites plays a central role to explain their
activity in the DMM carbonylation. A wide variety of products
were observed indicating a complex reaction system. The
acid-catalysed decomposition of DMM to dimethylether

Catal. Sci. Technol., 2024, 14, 1148-1166 | 1149
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Fig. 3 Reactions observed during the carbonylation of DMM.

(DME, i.e. OME,) and FA is the most prominent side-reaction
in our case of study. As a matter of fact, the conversion of
DMM to formaldehyde leads to valuable products.
Formaldehyde being a reactive intermediate on acidic
surfaces, easily undergoes Tishchenko like reactions to form
methyl formate, MeFo. The aldehyde can also react with
residual DMM (i.e. OME,) and form higher oxymethylene
ethers like OME, or OME; (see Fig. 3). The decomposition of
DMM to DME is also the reason for the observed higher
pressure at the end of the reaction, owing to the higher
vapour pressure of DME. In comparison, the acid catalysed
carbonylation of DMM to form methyl methoxyacetate, MMA,
leads to a quantifiable drop of reactor pressure, allowing an
accurate evaluation of the carbon monoxide conversion.

The highest catalytic activity was observed for the MFI-
type (ZSM-5) zeolites as shown in Fig. 4. This widespread
structure has the highest ratio of external surface to total
surface area and shows, depending on the Si/Al ratio, a high
Brgnsted acidity. These zeolites display the highest density of
Bronsted acid centres within the investigated range and
inhibit efficiently the unwanted DMM decomposition (this
behaviour is also observed for F-20). The MFI structure shows
the higher activity towards DMM carbonylation, being the
most active zeolite in the tested range. In comparison, the
ferrierite (F-20) catalyst shows the highest selectivity towards
higher OMEs, strongly suggesting that low SiO,/Al,O; ratio
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and specific pore geometry favours the insertion of FA into
DMM over its decomposition to FA and DME. The FER pore
geometry favours the insertion of reactive formaldehyde into
already activated dimethoxymethane and higher OMEs. In
comparison, the geometry and the resulting lower mobility of
reactants in the pores of the H-Y-30 catalyst favours the
formation of smaller molecules like methyl formate. In
addition, the H-Y-30 zeolite shows the overall lowest DMM
conversion, strongly suggesting that the accessibility of the
acidic centres, necessary to activate the DMM for the
decomposition or carbonylation reactions, is limited. The
B-25 catalyst behaves quite similarly to the H-Y-30 but offers
a greater porosity in general, which leads to a higher
conversion level. However, the high porosity (pores volume
and amount) of the B-25 catalyst leads also to an
enhancement of the DMM decomposition. Z-80 and Z-280 are
MFI zeolites with, regarding the Si/Al module and NH;-TPD
results, the lowest acidity from all the tested zeolite catalysts.
Consequently, they do not catalyse effectively the DMM
decomposition reaction to DME and show accordingly the
highest pressure drop during the reaction. By contrast, Z-30
being a quite acidic zeolite, is able to decompose DMM to
DME and FA. It showed, however, the highest concentration
of MMA after the reaction, showing that this catalyst allows
both the carbonylation and the decomposition reactions to
take place. Interestingly, ferrierite F-20 shows a low pressure
drop as the majority of the zeolites investigated do (for
pressure curves of the screening runs see ESIT Fig. S6). This
can be tentatively explained either by a low CO conversion
during the reaction, not causing a measurable pressure drop,
or by an intermediary state where CO consumption and
DMM decomposition are kept in balance, resulting in a
seemingly constant pressure. Conversion levels for most
zeolites match results achieved with similar catalysts in the
OME-synthesis reaction.”®

2.1.2. Amberlyst and Dowex ion exchange resins. The
screening of the ion exchange resins delivered a completely
different picture regarding the DMM conversion and the
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Fig. 4 Catalyst activity tests with different zeolite SAC catalysts. Performed at 90 °C, with 10 g of DMM, 0.5 g of catalyst powder, 55 bar of CO

and 6 h of runtime.
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relative concentrations after 6 h of reaction time. With the
exception of the A46 resin, all SACs show a concentration of
MMA higher than 90%, with A36 displaying the highest
catalytic activity (yield 95%, selectivity 96%). Amberlyst A36
stands out as being an oversulfonated ion exchange resin,
with a higher acid capacity and acid strength compared to
monosulfonated catalysts with the same divinylbenzene
(DVB) content.”" In a direct comparison within the Amberlyst
series, A36 has the highest acidity and acid capacity, followed
by A15, A16 and finally by A46 with the lowest acid
concentration (see Table 6).

Amberlyst A46 displays a particular structure, being
sulfonated only at the material surface. This results in negligible
amounts of acid sites in the gel phase of the polymer. Thus,
most acid centres are present predominantly on the outer
surface and are therefore easily accessible for catalytic reactions.
Furthermore, A46 has about twice the surface area of A16 and
A36, while the surface area of A15 is average when compared to
the other Amberlyst catalysts (see Table 7). The formation of
bulkier, ie longer-chained, products, such as higher
oxymethylene ethers like OME,, OME; and the carbonylation
products of higher OME, are favoured with A46.

Not only the presence of sulfonated moieties plays a role
in the activity of SACs, but also the DVB content has an
important influence on the morphology of the -catalyst,
especially when employing polar media in the reaction. With
a higher crosslinker content, more DVB units are linked to
the styrene chains and therefore the stiffer the resin structure
gets. A low DVB content usually leads to higher effects of
swelling when using polar media in the reaction, creating
non-permanent micro- and mesopores which can enhance
the permeability of reactants.’™>* Using linear ethers usually
does not lead to a swelling of the ion exchange resins.>>*>*
Since the reaction occurs with DMM (i.e. OME,), which
belongs to the oxymethylene ether chemical class, there
should not be a strong swelling effect to be accounted for.

As can be seen in Fig. 6, there is a drop in DMM conversion
from 28% for A15 to 22% for A16. Although A15 (4.7 mol H'
kg™) has slightly fewer acid centres than A16 (4.8 mol H" kg™),
it possesses a higher surface area and pore diameter, improving
accessibility to active centres, which results in higher conversion
rates (A15: 0.4 cm® g ' and 300 A; A16: 0.2 cm® g * and 250 A).
Compared to A16, the DMM conversion of A36 more than
doubles to reach a value of 55%. Since A16 and A36 have similar
surface areas and pore diameters, the difference in reactivity
can be mainly explained by the higher concentration of acid
sites on A36 (5.4 mol H" kg™), as well as by the oversulfonation
of the polymer in A36. The catalyst A46 shows a different
conversion and selectivity pattern when compared to the other
ion exchange resins. DMM conversion lies below 7% with a
relative MMA concentration of just 38%. A46 has the highest
surface area among the Amberlyst catalysts and a pore diameter
similar to A16 and A36. However, with the smallest
concentration of acid sites (0.43 mol H" kg "), it demonstrates
the importance of the materials' acidity in the conversion of
DMM to MMA.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

The importance of availability and accessibility of acid
sites in such ion exchange resins is also supported by the
results obtained with the Dowex catalysts. This catalyst class
shows a similar selectivity towards MMA, higher than 90%,
even though there are some differences in the acid sites
concentration.

Dowex catalysts are gel-type resins. The terminal number
of the Dowex catalyst series describes the divinylbenzene
content (2%, 4% and 8%), which is a measure for the degree
of cross-linking of the polystyrene backbone. Catalysts with a
more strongly cross-linked matrix might show reduced
activity due to the stiffness of the catalyst and therefore a
more difficult accessibility of the active acidic centres.
However, this is not what is seen in the presented results, as
seen in Fig. 6. When analysing the results from the Amberlyst
series, the DVB content does not correlate with the
conversion and selectivities of the catalyst. A15 and A46
present the highest amount of crosslinkers, but do not show
the highest catalytic activity. Therefore, when comparing to
the Dowex catalysts, the amount of crosslinker cannot be the
catalyst property responsible for the different conversion
levels observed. In addition, the surface area is in the same
order of magnitude for all Dowex catalysts employed in this
study. This leads to the conclusion that the concentration of
acid sites and their accessibility in a porous polymer matrix
represents the major factor to explain the difference in DMM
conversion. DX2 shows a DMM conversion of 25% (3.68 mol
H' kg™"), while DX8 has a DMM conversion of 40% (4.51 mol
H" kg™), demonstrating the major effect of acid site capacity.
As described before, the accessibility to the catalytic active
centres plays a central role in the reaction to bulkier products
and therefore the selectivity to higher oxymethylene ethers
like OME,, OME;, as well as the carbonylation products of
higher OME. The product selectivities for the Dowex series
are not largely affected by the different DVB content and
different acid site concentrations. Other morphological
aspects, such as the surface area, have a higher influence on
the MMA selectivity. These characteristics have similar values
for the used Dowex catalysts, resulting in an overall similar
product spectrum with a MMA selectivity higher than 90%.

The A36 SAC is not only the most active, but also the most
selective catalyst used in this study. Regarding all ion
exchange resins at 90 °C after 6 h, it exhibits the highest
conversion for CO with nearly 30%. All ion exchange resins
also catalyse the DMM decomposition, but not enough DME
had been formed to be measured after the reaction. In
contrast to the zeolites (excluding Z-30), also a carbonylation
of higher OMEs was observed yielding the corresponding
esters (see Fig. 5). Multiple CO insertions into one molecule
of OME, and OME; were also observed (see ESIf Fig. S1).

2.1.3. Structure-reactivity relationships for zeolites. The
interpretation of the data from the zeolites appears to be
more complex. All characterization data for zeolites discussed
here will be presented in the experimental part of this
publication. The product spectrum of each zeolite is quite
different from one another, making a comparison and

Catal. Sci. Technol, 2024, 14, 1148-1166 | 1151
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discussion of the results not trivial. The extremes of the
catalysts' properties do not necessarily translate in an
immediate effect or trend on the reaction process, i.e. a very
high acid site density or a very high acidity does not
showcase itself clearly in form of a higher conversion or
specific product selectivity. In addition, even comparing
zeolites with similar properties does not lead to clear
tendencies for the reactivity of the carbonylation of DMM.
Y-30 has the highest BET surface area (879 m* g™') and
comparatively high values for pore volume (0.204 cm® g),
the pore diameter lies within the range of the other tested
zeolites (3.896 nm). B-25 has a moderately high BET surface
area (602 m> g') and the highest pore volume (0.570
cm® g™!) and pore diameter (6.789 nm). All the other zeolites
show significant lower values of these before mentioned
properties and similar values overall (see Table 8).
Considering the catalytic properties of acid site density and
strength, both catalysts B-25 and Y-30 show relatively similar
values (see Table 9). Considering acid strength, more than two-
third of the sites of both catalysts are regarded as strong or very
strong (77% and 86%, respectively). In regard to the NH;
uptake, which correlates to the acid site density, B-25 has
almost double the NH; uptake (596.55 pumol g ') than Y-30
(320.02 umol g™"). For both of these catalysts, the selectivity for
FA and MeFo are similar and the MMA selectivity is also in a
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similar range. The CO conversion is similarly low, but the
conversion for DMM lies quite apart. The B-25 catalyst with its
higher pore volume and diameter, as well as higher acid
density, shows a slightly higher DMM conversion. The
conversion for both reactants is low, however.

The catalysts F-20 and M-20 have a similar DMM
conversion but very different CO conversion and product
selectivities. F-20 has the highest NH; uptake (1065.8 umol
g™), ie high acid density; half of the acid sites are
considered weak sites (44%) and the other half either strong
or very strong (56%). M-20 has a slightly lower acid density
(836.15 umol g™") but a higher amount of strong or very
strong acid sites (77%). This property constellation for F-20
results in very high amounts of OME, (40%) and one of the
lowest percentages of the desired product MMA (8%). M-20
has a slightly higher DMM conversion, a very low CO
conversion and a higher MMA concentration (20%), but also
high amounts of FA (28%), MeFo (43%) and OME, (9%).

B-25 and Z-30 have similar acid site densities (596.55 and
608.91 umol g™ "), however very distinct DMM conversions (4
and 13%), CO conversions (1 and 10%) and MMA selectivity
(22 and 36%). This difference can tentatively be explained by
the different acid strength. Z-30 is the catalyst with the
weakest acidity, with 65% of the acid sites being regarded as
weak. This leads to a lesser decomposition of DMM and a
higher selectivity for the carbonylation reaction.

Comparing zeolites with similar acid strength also leads
to no clear tendency among the -catalysts, e.g. when
comparing B-25, M-20, Z-80 and Z-280, all having 72-77%
strong or very strong acid sites. Each catalyst presents a very
different DMM conversion (4-9%), CO conversion (0.4-32%)
and MMA selectivity (7-23%). B-25 and M-20 have very
similar conversion levels and product selectivities. Both have
similar BET surface areas and similar acid strengths, with
slightly different acid sites density. The pore structure is
quite different (diameter, volume and surface area). Thus,
the acid sites strength seems to have the highest impact on
product selectivity and conversion.
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Fig. 6 Catalyst activity tests with different ion exchange resins SAC catalysts. Performed at 90 °C, with 10 g of DMM, 0.5 g of catalyst, 55 bar of

CO and 6 h of runtime.
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When comparing catalysts from the same morphological
structure, as Z-30, Z-80 and Z-280, one can only see a clear
trend in the DMM conversion. Z-30 shows the highest DMM
conversion (13%) and MMA selectivity (36%) among all
zeolites. Z-30 shows a moderate acid density (608.91 umol
g™') and the highest amount of weak acid sites among the
zeolites (65%). This set of properties seems to favour the
carbonylation and less the decomposition of DMM. The
catalysts Z-80 and Z-280 have the lowest acid site density
(317.07 and 65.67 pmol g') and a very similar acid site
strength (72 and 75% are regarded as strong or very strong
sites); they demonstrate a reduced DMM conversion level but
the highest tendency for DMM decomposition (76 and 47%
FA). The MMA concentration is relatively low (7 and 23%).

From the gathered data for the zeolites, a low to moderate
acid site density and a tendency for weak acid sites seems to
be the best compromise for a moderate DMM conversion
(13%) and MMA selectivity (36%), as seen in Z-30. B-25 with
its highly accessible pore structure and Y-30 with its high
BET-surface area do not show a direct effect on the reactivity
for the carbonylation. In this regard, the acid site density and
strength seem to have a higher impact (Table 1).

2.1.4. Structure-reactivity relationships for ion exchange
resins. In a direct comparison with the ion exchange resins, a
clear difference in reactivity between zeolites and ion
exchange resins is seen. The conversion levels for DMM and
selectivities towards MMA are much higher. Thus, ion
exchange resins are the more promising catalysts for the
efficient DMM carbonylation reaction towards MMA.

All characterization data for the resins discussed here will
be presented in the experimental part of this publication.
Comparing the data from the experiments with the Amberlyst
and Dowex catalysts, we can infer a few evaluations. For the
ion exchange resins, the conversion and selectivity levels are
very similar, with two exceptions, namely A36 (showcasing a
significant higher DMM conversion) and A46 (showcasing a
comparatively low DMM conversion and different product
spectrum).

The main difference of A46 when compared to the other
resins is the fact that it is only surface sulfonated. This
translates in a high accessibility of acid sites, but at the same
time a lower acid capacity by a factor of 10, which in turn
renders a lower catalytic activity (see Table 6). The lower
catalytic activity in regard to the carbonylation of DMM to

Table 1 Comparison of the catalytic results for the zeolites in contrast
to the structural property of the NHz uptake

S(MeFo) S(MMA) X(DMM) X(CO) NH; uptake

Catalyst  [%] [%)] [%)] [%)] [umol g7
B-25 47.78 21.57 4.44 0.91 596.55
H-Y-30 51.46 14.42 1.22 0.52 320.02
F-20 29.42 7.61 4.48 6.54 1065.8
M-20 43.00 20.32 4.85 0.39 836.15
Z-30 31.84 35.60 12.97 10.14 608.91
Z-80 14.96 7.31 8.61 27.89 317.07
Z-280 22.91 22.64 4.40 31.69 65.67

This journal is © The Royal Society of Chemistry 2024
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MMA leads to the possibility of different reaction pathways,
such as side reactions as DMM decomposition. This leads to
build-up of formaldehyde, following up with formation of
MeFo and formaldehyde insertion in DMM to higher
oxymethylene ethers. Additionally, the sulfonation degree
plays an important role for the conversion level of the ion
exchange resins. This can be seen by a direct comparison of
A16 and A36, which are part of the same catalyst family, but
one being monosulfonated (A16, having about one -SOz;H
group per aromatic ring) and the other being oversulfonated
(A36, having between 1 and 1.2 -SO;H groups per aromatic
ring).”’ Here, there is a clear difference in the DMM
conversion, with A36 showing a more than doubled DMM
conversion value when compared to A16. The catalyst A15
has a slightly lower acid capacity than A16, but a higher
accessibility of acid sites, indicated with a higher surface
area, pore diameter and pore volume. This would be a
possible explanation for the slightly higher DMM conversion
of A15.

The Dowex catalysts have a comparatively small surface
area and pore diameter since gel type resins generally do not
feature measurable porosity when dry.>” Their acid
capacity is comparable to the Amberlyst catalysts, though.
When comparing the Dowex catalysts among themselves,
apart from the DVB-content (crosslinker), the main difference
between them lies in the acid capacity; the higher the
capacity, the higher the conversion, without influence on the
product spectrum. As discussed earlier (section 2.1.2),
swelling of the resins is not expected, since DMM does not
induce this phenomenon. Therefore, the DVB-content does
not play a major role in the reactivity of the carbonylation of
DMM in the liquid phase.

The fact that the crosslinker content and the acid site
accessibility (surface area, pore volume and pore diameter)
do not have a major impact on the reactivity and the fact that
the formation of bulkier molecules, such as higher
oxymethylene ethers, only happened with A46, suggests that
the DMM carbonylation mainly takes place on the surface of
the catalysts and less on the resin gel-phase. The acid
capacity and sulfonation degree are the most important
catalyst properties to determine the product spectrum and
conversion. This is especially the case because no swelling of
the resins is expected.

For a selection of the proper ion exchange catalyst for the
DMM carbonylation, one should consider 2 important
aspects: acid capacity and further important morphological
aspects, e.g. sulfonation degree.

Considering all aspects, A36 presents the most promising
catalyst, showing the highest acid site concentration, an
oversulfonated structure and a good acid site accessibility,
resulting in high MMA selectivity and high DMM and CO
conversions already at low temperatures. The A36 catalyst
showcased a DMM conversion of 55% and MMA
concentration of 96%. Since A36 has proved to be the catalyst
with the highest activity and selectivity, it was used for
further studies of this catalytic reaction. To further
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Table 2 Comparison of the catalytic results for the resins in contrast to the structural property of the capacity in the dry state

Capacity (dry)
Catalyst S(MeFo) [%)] S(MMA) [%)] X(DMM) [%] X(CO) [%] [mol H' kg™
DX2 3.37 93.72 25.38 9.45 3.68°
DX4 2.60 94.42 34.26 16.21 4.47°
DX8 2.76 95.01 39.06 21.58 4.51°
A15 2.31 94.80 27.43 16.34 4.7¢
Al6 2.49 94.96 23.36 14.32 4.84
A36 2.12 96.10 54.84 26.61 5.4%
A46 15.98 52.15 5.95 2.00 0.43¢

@ Manufacturer's data. ? Value derived from manufacturer's data.

understand the reaction, a broad parameter study was
conducted by variation of catalyst amount, temperature,
pressure and reaction operation (Table 2).

2.2. Parameter studies performed with Amberlyst 36

2.2.1. Effect of catalyst amount. The amount of DMM was
changed to 43 g (50 ml) and the pressure in the reactors was
kept constant by compensating the CO consumed during the
reaction. This leads to a nearly complete DMM conversion
despite the limited gas phase in the reactors and to an easy
monitoring of the reaction over a longer reaction time.

The first study was conducted at 110 °C and the catalyst
amount was varied between 0.5, 1 and 1.5 g of A36. The results
are shown in Fig. 7. After the first hour, the difference in the
relative concentrations is negligible between the different
catalyst amounts. The DMM conversion is lower for the 0.5 g
run compared to the 1 g or 1.5 g runs, which show similar
DMM conversions. After 4 h and 6 h the difference in DMM
conversions becomes noticeable between the 1 and 1.5 g run.
This hints towards the fact that the amount of active species is
important for the faster DMM conversion, but not influencing
the selectivity of this reaction. Other products like methyl
formate, formaldehyde and higher OMEs are only measured as
traces. The CO conversion confirms what is also observed by
evaluating the DMM conversion and relative concentration

results. With 0.5 g of catalyst, the equilibrium CO conversion is
not reached in 6 h. By contrast, the equilibrium conversion for
the 1 g and 1.5 g run is reached nearly at the same rate (Fig. 8).
One should keep in mind that DME is a side product in this
reaction. The DME formation could only be compared between
these three runs and showed only a small increase from 0.5 to
1.5 g. For future studies, 1 g of A36 was chosen as the
benchmark amount yielding fast DMM conversions to properly
follow the reaction progress.

2.2.2. Effect of temperature. A broad temperature variation
was conducted using the A36 catalyst. We chose seven
temperatures ranging from 40 to 140 °C, the reaction being
monitored after 3 h (data for liquid samples taken at different
times can be found in the ESIf in Tables S5-S7). The results
from the temperature variation are presented in Fig. 9.
Increasing temperature leads clearly to the decomposition of
DMM, becoming a major side reaction and generating more
DME with concomitant increase of the pressure and decrease of
the CO conversion. Moreover, at temperatures higher than 110
°C the A36 catalyst started showing a strong leaching, leading to
a yellowish substance. Ion exchange resins are generally
unstable at higher temperatures and break down into low
molecular weight sulfonic acids.***® These tend to be much
better soluble in organic solvents and leads to a leaching of the
SACs into the liquid phase, making this reaction predominantly
homogenously catalysed.®” This effect becomes stronger the
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Fig. 7 The effect of variation of catalyst amount on the relative concentrations of the products and the DMM conversion.
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Fig. 8 The effect of variation of catalyst amount on the CO
conversion calculated from the pressure drop in the reactor.

higher the temperatures get and was not specifically quantified
in this work. In order to suppress the decomposition of the
products, a milder temperature around 100 to 110 °C is needed,
which allows a sufficiently high reaction rate, without
degradation of the catalyst. The CO conversion rate and the
DMM conversion rate again match very well and show that the
highest CO equilibrium conversion can be reached at 120 °C.
Performing in the 110-120 °C region leads to high conversions
for CO and DMM in a short reaction time (3 h). CO conversion
for these milder temperatures is nearly equal to the pressure
drop in the reactor because nearly no DME is formed, but the
overall reaction rate is rather slow. Low temperatures increase
the catalyst lifetime, but the residence time of the reactants has
to be increased to achieve comparable reaction rates.

2.2.3. Effect of pressure. Fig. 10 shows the comparison of
the catalytic activity of A36 at different pressure levels (20, 40, 60
and 80 bar). The reaction was conducted at constant pressure by
compensating the consumed amount of carbon monoxide under
reaction conditions. A nearly linear increase of the DMM
conversion was observed, while the slope of the graph is
dependant on the pressure. Interestingly, the highest conversion

View Article Online
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of DMM after 1 h was observed at 60 bar. Further increasing the
pressure to 80 bar did not have a high impact on the DMM
conversion. Comparing the DME content in the gas phase after
all 4 runs shows a remarkable trend. The formation of DME
increases the overall pressure of the system, due to the partial
pressure of DME being higher than that of DMM or MMA. Both
competing reactions cancel out the effect on the pressure. The
DME formation increases, whereas the MMA formation decreases
the reactor pressure. The pressure drop is correlated to MMA
formation and concurrent CO conversion and also to the
substantial difference in partial pressure of MMA and DMM at
110 °C. This efficient carbonylation of DMM leads to MMA
becoming the major component of the liquid phase already after
3 h of reaction time, performing the reaction at 60 and 80 bar
(see Fig. 10). Conversely, performing the reaction at a constant
pressure of 20 bar leads to an increased DMM decomposition to
form DME and FA. This demonstrates nicely the effect of the Le
Chatelier principle, the pressure in the reactor being too low to
repress the formation of DME. FA cannot stay under the
experimental conditions in its molecular form and undergo both
a disproportionation reaction to MeFo and (even though less
likely) an insertion into DMM to form higher OMEs. This effect
can be clearly observed in the pressure diagram for all 4
experiments in Fig. 11. The continuous dosing of CO was
programmed so that the automated dosing procedure starts
when 2 bar of the reactor pressure has been consumed by the
reaction, filling the reactor back to the initial pressure. It is clearly
visible that the time intervals between the re-pressurizing steps
become smaller the higher the reaction pressure is. Furthermore,
the time intervals observed in the CO replenishing procedure
become larger, the longer the reaction proceeds.

2.3. Fuel properties

In order to evaluate the potential of MMA as a diesel fuel
alternative or additive, relevant physico-chemical and fuel
properties were analysed and are displayed in Table 3. The data
for MMA, OME; ; and diesel (EN 590) were compared. The
OME; 5 fraction also belongs to the substance class of the
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Fig. 9 The effect of temperature on the CO conversion rate.
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Fig. 10 The effect of reaction pressure at the relative concentrations of the products and the DMM conversions for different reaction times.

Reaction conditions: 110 °C, 1 g of A36 and constant pressure of CO.

oxygenates and is widely discussed as an alternative diesel
fuel.>>*'~® For sake of comparison, it was also included in
Table 3.

The cetane number describes the ignitability of a diesel fuel.
The higher it is, the easier it is for the fuel to ignite. Since the
diesel engine works without spark ignition, the fuel must be
able to self-ignite when injected into the hot, compressed air in
the combustion chamber. Hence the necessary high cetane
number above 51 for commercial diesel fuels. A flash point
above 55 ©°C is important for safety reasons during
transportation and storage. The flash point is the temperature
at which a flammable liquid will release enough vapour into the
surrounding air that an ignition source can ignite the air/vapour
mixture above the liquid. The viscosity is a measure of the
resistance during the flow of a fluid due to internal friction. If
the viscosity of the diesel fuel is too low, it leads to increased
leakage losses in the injection pump and thus to a worse engine
performance. By comparing the properties of MMA with those
of diesel fuel (Table 3), there are a few characteristics which
make MMA more appropriate as a fuel blending component
rather than as a diesel fuel replacement.

The flash point of 42 °C (diesel: >55 °C), the cetane number
of 14.4 (diesel: >51) and the viscosity of 0.75 (diesel: 2-4.5) are
lower than the values stipulated by the diesel standard EN 590.
The autoignition temperature of 350 °C is within the range of the
standard. The lubricity seems comparable to diesel, but due to a
quick evaporation of the sample at 60 °C, the parameter could
only be measured at 25 °C. The heating value of MMA is roughly
half of fossil diesel, which is a common trait of oxygenates due to
an inherent high oxygen content. The density of MMA is higher
than diesel fuel but comparable to other oxygenates, such as
OME. The low cold filter plugging point (CFPP) value of -70 °C
and low melting point of -38.7 °C of MMA could improve cold
stability properties of a diesel-MMA fuel blend.

As can be inferred from the comparison of the
characteristics with fossil diesel, MMA does not fulfil the criteria
for a diesel fuel replacement. However, as an oxygenate, MMA
clearly represents a possible diesel fuel additive, considering the
high soot and NOx reduction potential. This is in line with more
general studies with oxygenates that an oxygen content of about
10-20 wt% in the fuel blend (e.g. with diesel) would be sufficient
for an extensive reduction of soot emissions.**?*3%61763,65°67
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Fig. 11 The effect of pressure on the CO conversion rate calculated by the pressure drop in between redosing of CO.
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Table 3 Physico-chemical and fuel properties of MMA, OME3_s (as another oxygenate as potential alternative diesel fuel) and diesel (EN 590)

Test parameter Test method/source

MMA

OME,_;“ Diesel (EN 590)” Unit

Melting point ASTM D5972: 2016

Refractive index (20 °C) DIN 51423-2: 2010

Surface tension (20 °C) DIN EN 14370: 2004

Flash point DIN EN ISO 3679: 2015

Autoignition point DIN 51794: 2003 350

Cetane number DIN EN 17155: 2018

CFPP DIN EN 116: 2018 =70

HFRR (lubricity at 60 °C) DIN EN ISO 12156-1: 2019

Heating value In-house analytics

Density (15 °C) In-house analytics

Kinematic viscosity (40 °C) In-house analytics

1 62 A 64 b

“ Values from Lautenschiitz et al.®* and Arias et a

—-38.7

1.3969

42.0

14.4

420 (25 °C)°

20.559

1.0584

-43 (OME;)
-10 (OME,)
18 (OMEs)
1.396 (OME;)
1.406 (OME,)
1.413 (OME;)
28.8 (OME;)
30.7 (OME,)
32.6 (OMEs)
54 (OME;)
88 (OME,)
115 (OME;)
235 (OME,)
235 (OME,)
240 (OME;)
72 (OME,)
84 (OME,)

93 (OMEs)
-38 (OME;_5 mixture)

Not specified °C

Not specified —

Not specified mN m

>55 °C

=220 °C

Time-dependent °C
(5 to =20 °C)

534 (OME;) <460 pum
465 (OME,)

437 (OME;)

19.6 (OME;3) 43
19.0 (OME,)

18.5 (OMEs)

1.0305 (OME3)
1.0737 (OME,)
1.1057 (OME;)

1.08 (OME;)

1.72 (OME,)

2.63 (OME;) (25 °C)

MJ kg™
0.815-0.845 kg 17

2-4.5 mm?® s

Parameters considered only for winter diesel in temperate climatic zones (not in arctic

climate zones). © Parameter measured at 25 °C due to evaporation of sample at 60 °C.

Also, the good cold stability properties of MMA could be
beneficial in a diesel-MMA blend.

Due to its low cetane number of 14.4 (see Table 3), MMA also
shows potential as a possible gasoline additive or alternative.
For gasoline, an important fuel property is the research octane
number (RON), which describes the ability of the fuel to
withstand compression in an internal combustion engine
without igniting. For this type of engine, a spark ignition at the
end of the compression stroke is needed. Generally speaking,
diesel fuels have a high cetane number >40 and a small RON <
40; by contrast, gasoline fuels have a low cetane number <19
and a high RON > 90.°® According to correlations between
cetane number and RON, MMA should present a RON above
95,°>7° matching the European fuel specifications regarding
this fuel property.”

3. Materials and methods
3.1. Materials and experimental procedures

Chemicals: chemicals and materials were supplied by Merck
KGaAM, Air Liquide®" and Thermo Scientific™ and used
without further purification. The values in brackets show the
purity and other properties.

This journal is © The Royal Society of Chemistry 2024

Carbon monoxide (99.97%, 200 bar, 40 1)*", argon
(99.9999%, 200 bar, 50 1)*", dimethoxymethan (>99.50%)"®,
methyl methoxyacetate (=99%)™, methyl formate (>97%)"®,
p-formaldehyde (>95.0%)™, methanol (99.8%, extra dry over
molecular sieves)™, OME, and OME; (>95.0%) were
synthesised and purified according to the procedure
described by Lautenschiitz et al.”> The commercially available
zeolite powders were all used as received from Zeolyst
International, the product information given by the
manufacturer is shown in Table 4. The ion exchange resins
are commercially available strongly acidic catalysts from
Rohm & Haas and Dow Chemical. They were dried for 12 h at
110 °C under reduced pressure (p < 10 mbar) before usage.
An overview of the ion exchange resins tested in this study is
shown in Table 5.

Catalyst testing and apparatus: catalyst testing procedure
has been described elsewhere,”® but was slightly modified for
the experiments described in this work. A plant equipped
with three parallel high pressure autoclaves for screening of
catalytic reactions (PASCAR: PArallel Screening of CAtalytic
Reactions; standard operational conditions: Ppay: 175 bar,
Tmax: 200 °C, reactor volume: 100 ml, Premex mechanical
stirrer, liquid probe sampling via definite tubing loop) was

Catal Sci, Technol., 2024, 14, 148-1166 | 1157
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Table 4 Overview of the product information for the zeolyst catalysts
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Product code Si0,/Al,04 Na,O Surface area
ZEOLYST ratio Cation [Wt%)] [m?*g™]
Y-Type zeolite powder (FAU)

CBV 720 30 Proton 0.03 780
Mordenite type zeolite powder (MOR)

CBV 21A 20 Ammonium 0.08 500
Beta-zeolite powder (BEA)

CP 814E 25 Ammonium 0.05 680
Ferrierite type zeolite powder (FER)

CP 914C 20 Ammonium 0.05 400
ZSM-5-type zeolite powders (MFI)

CBV 3024E 30 Proton 0.10 400
CBV 8014 80 Ammonium 0.05 425
CBV 28014 280 Ammonium 0.05 400

used.”” The needed catalyst amount was put into the
autoclaves while purging the whole system with argon. After
the addition of the catalyst and DMM, the reactors were
closed and purged three times with CO to remove residual
air traces. The needed amount of CO was dispensed with
high accuracy using a specific mass-flow-controller (+1 ml;
Bronkhorst, EL-Flow Select). The whole plant was steered
using a specific Graphic User Interface based on the
HitecZang Labvision software, which is able to control all
pneumatic valves, stirrers, heating mantles and to record
working pressures and temperatures. All experiments could
be conducted using pre-defined receipts with the HiBatch
software, thus guaranteeing a high reproducibility of the
results. Specific HiBatch receipts were used to maintain the
desired pressure over several hours in the case of isobaric
performed experiments. The amount of dispensed CO was
systematically recorded over the course of the reaction in
order to calculate the corresponding conversion.

3.2. Catalysts, analytics and test apparatus

3.2.1. Catalyst pre-treatment: calcination and catalyst
drying. Different solid acid supports were used as received.
All zeolites were calcined before use at 550 °C for 6 h (ramp:
1 h to 550 °C). Two kinds of solid acid catalysts were tested
in this study and characterised: seven zeolites with different
structural properties and different SiO,/Al,O; ratios and
seven commercially available ion exchange resins were
compared. For comparability purposes, all the ion exchange
resins were dried for 12 h at 110 °C under reduced pressure

Table 5 Overview of all tested ion exchange resins employed in this
study

Ion exchange resin  Tradename Supplier Details

DX2 Dowex50WX2 Rohm & Haas  Mesh 200-400
DX4 Dowex50WX4 Rohm & Haas Mesh 50-100
DX8 Dowex50WX8 Rohm & Haas  Mesh 50-100
A15 Amberlyst 15  Dow Chemical —

A16 Amberlyst 16 ~ Dow Chemical —

A36 Amberlyst 36  Dow Chemical —

A46 Amberlyst 46 ~ Dow Chemical —

M58 | Catal Sci. Technol, 2024, 14, 1148-1166

(p < 10 mbar) before usage. A summary of all tested ion
exchange resins is shown in Table 5.

3.2.2. Ion exchange resins as catalysts. In general,
commercially available acidic ion exchange resins are
sulfonated styrene-divinylbenzene copolymers with -SO;H as
the acid group. The thermal stability region of all ion
exchange resins is below 150 °C, which means that a
controlled acid catalysis is only possible under mild reaction
conditions. The structure of such catalysts is divided in gel-
type resins (e.g. Dowex catalysts) and macroreticular resins
(e.g. Amberlyst catalysts), depending on the procedure of the
copolymerization with divinylbenzene (DVB).>"’* Gel-type
resins are styrene-DVB copolymers that do not show spaces
between the polymer chains in the dry state, i.e. the possess
only micropores. Macroreticular resins are copolymerized in
the presence of a solvent, such as toluene. After removal of
the solvent, the originally solvent-filled spaces become pores.
Therefore, such macroreticular resins can be described as
gel-phase microspheres dispersed in macropores.>® The DVB
content also has an influence in the morphology of the
catalyst. The higher the crosslinker content, the more DVB
units are linked to the styrene chains and therefore the stiffer
the resin structure gets. The crosslinker backbone can limit
the accessibility of the catalytic active sites. This structure
changes depending on the medium in which the reaction
occurs. Generally speaking, macropores are large pores with
diameters d > 50 nm (ref. 75) and are permanently present
in the catalyst. When using polar media (e.g water or
alcohols) in the reaction, the polymer of the catalyst may
swell, leading to non-permanent micro- and mesopores
(micropores: d < 2.0 nm; mesopores: 2.0 nm < d < 50 nm)’>
which can improve the accessibility to inner active centres.
Especially strong polar solvents lead to an expansion of the
polymer chains because of the repulsive interaction between
the polar solvent and the non-polar crosslinked polymeric
structure of the catalyst.”® Using linear ethers usually does
not lead to a swelling of the ion exchange resins.>>**>* Since
the reaction occurs with DMM (i.e. OME,), which belongs to
the oxymethylene ether chemical class, there should not be a
strong swelling effect to be accounted for. In addition, the
higher the crosslinker content in the catalyst, the smaller is

This journal is © The Royal Society of Chemistry 2024
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Table 6 Summary of relevant features of employed ion exchange resins in this study

Capacity (wet) Capacity (wet) Capacity (dry) Moisture” Density (wet)* Surface area T
Ion exchange resin [eq.17"] [mol H' kg™'] [mol H kg™'] [%] [g17"] [m?g™] [°C] Company
Amberlyst 15 1.7 2.21° 4.7 52-57 770 53¢ 120° Rohm & Haas
Amberlyst 16 1.7¢ 2.18° 4.8¢ 52-58 780 304 130 Rohm & Haas
Amberlyst 36 1.95¢ 2.44” 5.4¢ 51-57 800 334 150 Rohm & Haas
Amberlyst 46 0.8“ 1.33” 0.43“ 26-36 600 75% 120“ Rohm & Haas
Dowex 50WX2 (200-400 mesh) 0.6% 0.81° 3.68° 74-82 737 0.3° 150 Dow Chemical
Dowex 50WX4 (50-100 mesh)  1.1% 1.43° 4.47" 64-72 769 0.3° 150 Dow Chemical
Dowex 50WX8 (50-100 mesh)  1.7° 2.12° 4.51° 50-56 801 0.3° 150Y Dow Chemical

¢ Manufacturer's data. ° Value derived from manufacturer's data. ¢ Parameter measured by Oestreich.®> ¢ Value from Ramirez et al.>®

the swelling effect; the swelling effect is more pronounced in
gel-type resins and less with macroreticular resins.”""**

The acid catalytic activity of ion exchange resins is also
markedly influenced by the degree of sulfonation of the
polymer.””””° They are mostly stoichiometrically sulfonated,
having one acid group per styrene or divinylbenzene monomer
unit. Catalysts with a higher degree of sulfonation are called
“persulfonated” resins and show stronger acid sites. This
feature can be attributed to the structural interaction of
neighbouring sulfonic acid groups, increasing the acid strength
of the ion exchange catalyst.”””° In anhydrous media or media
that do not induce swelling of the resins, the degree of
sulfonation and the presence of sulfone bridges between the
aromatic styrene are relevant structural features that determine
the acid strength of the catalyst.””””° When using polar media,
such as water, the ion exchange catalyst swells and can be
described as a sulfonic acid solution within the gel-phase of the
resin. With a higher degree of sulfonation, there is a higher
concentration of sulfonic acid groups in the internal solution,
increasing the strength of the acid groups, thus leading to a
higher catalytic activity.”””® By employing aqueous or polar
media that swell the resin, an enhancement of acid strength
can be observed due on the one hand, to a high acid
concentration in the gel-phase of the polymer, ie of the acid
groups on the surface of the material,”” and on the other hand
to a higher accessibility to the active sites because of catalyst
swelling.”>® Generally under non-aqueous conditions, the ion
exchange resins have an acid strength comparable to an 63-
70% aqueous H,SO,-solution and to a H-beta zeolite.”""

A summary of relevant features of the ion exchange
catalysts is presented in Tables 6 and 7.

In a direct comparison between the Amberlyst catalysts,
A36 has the highest acidity, followed by A15, then A16 and

finally A46 with the lowest acid concentration (see Table 6).
However, A46 is sulfonated only at the catalyst surface,
resulting in negligible amounts of acid sites in the gel phase
of the polymer. As a result, all acid centres are present on the
outer surface and therefore easily accessible for catalytic
reactions. Furthermore, A46 has about twice the surface area
of A16 and A36, while the surface area of A15 is average when
compared to the other catalysts. With the highest pore
diameter of 300 A from A15, it has more easily accessible
active centres than the other Amberlyst catalysts (with
exception of A46 since it has almost all active sites on the
outer polymer surface). In addition, A36 is an oversulfonated
ion exchange resin, leading to higher acid capacity and acid
strength, when compared to monosulfonated catalysts with
the same DVB content.”"

Regarding the crosslinker, a low DVB content usually leads
to higher effects of swelling when using polar media in the
reaction, creating nonpermanent micro- and mesopores
which can enhance permeability of reactants.”’**> However,
this effect shall be considered negligible in the carbonylation
of DMM, since linear ethers usually do not swell ion
exchange resins.”"**>*

Further information for the catalysts of the Amberlyst
series is described in Table 7.

3.2.3. BET measurements. Fig. 12 shows the adsorption-
desorption curves for all of the seven zeolites and the
summary of the evaluation is shown in Table 8. All zeolites
exhibit a type IV isotherm, indicating the mesoporous
character of the zeolites used in this study.®* Beside the Y-30
and M-20 zeolite, all zeolites show a hysteresis loop and can
therefore be attributed to the type IV a) isotherm, whereas
the Y-30 and M-20 zeolites can be attributed to IV b)
isotherms.®" The surface area measurements show significant

Table 7 Further information on catalyst characteristics for the Amberlyst series (manufacturer's data)

Average pore

Pore volume Divinylbenzene

Ton exchange resin Particle size [mm] diameter [A] [em®-g™] (DVB) content® [%)]
Amberlyst 15 0.60-0.85 300 0.40 20
Amberlyst 16 0.60-0.80 250 0.20 12
Amberlyst 36 0.60-0.85 240 0.20 12
Amberlyst 46 n.a. 235 n.a. 25

l.51 1.83

“ Value from Bringué et al.°* and Ramirez et a

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 BET adsorption-desorption curves for all seven tested zeolites (Ads. = Adsorption isotherm and Des. = Desorption Isotherm).

differences between the zeolites, B-25 and Y-30 zeolite
exhibiting the highest surface area of all measured catalysts.
Interestingly, these zeolites display a substantial difference in
the ratio of external surface area to micropore area. Y-30
exhibits a lower external surface area compared to the B-25
zeolite. From all the other zeolites, the M-20 zeolite shows
the lowest external surface area. This low external surface
area is the main reason for the missing of the hysteresis loop
for the M-20 and Y-30 zeolite. The lower limit of the
desorption branch of all H4 hysteresis loop indicates the p/p,
value at which cavitation takes place. The B-25, F-20 and Z-80
show this cavitation point when the relative pressure is
around 0.5. During adsorption, the Z-280, which is the zeolite

with the lowest acidity used in this study, shows a rather
steep increase of adsorbed gas at a relative pressure between
0.2 and 0.3. This indicates the point at which pore
condensation in the mesopores occurs. Beside the B-25
zeolite, all zeolites exhibit a similar pore diameter evaluated
with the BJH method (Barrett, Joyner and Halenda®’), with
values ranging between 3.8 and 3.9 nm. B-25 is the only
zeolite showing a pore diameter of 6.8 nm with a pore
volume of 0.57 cm® ¢!, meaning it has the highest pore
volume and pore diameter. The pore volumes differ between
the high surface area and low surface area zeolites. B-25 and
Y-30 exhibit a higher surface area and also show one number
of magnitude higher pore volumes than all the other zeolites.

Table 8 Summary of the evaluation of the BET measurements of the different zeolites
MBET V-t method summary (DeBoer) BJH method
Surface area Micropore volume Micropore External surface Ratio external surface Surface area Pore volume Pore diameter
Zeolite [m* g™ [em® g7 area [m® g™'] area[m®g™'] area to micropore area [m” g”'] [em® g7] [nm]
B-25 602 0.171 425 177 0.416 159 0.570 6.789
Y-30 879 0.297 744 134 0.180 115 0.204 3.896
F-20 391 0.140 364 27 0.074 28 0.065 3.830
M-20 537 0.188 496 41 0.083 27 0.091 3.863
Z-30 395 0.132 324 72 0.222 39 0.088 3.839
Z-80 458 0.150 362 95 0.262 46 0.076 3.859
Z-280 405 0.160 336 69 0.205 19 0.033 3.834
1160 | Catal. Sci. Technol., 2024, 14, 1148-1166 This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Normed and baseline corrected thermograms obtained from NH3z-TPD measurements on all zeolites presented in this work.

Interestingly though, the Y-30 shows the same pore diameter
than all the others, meaning the number of pores on this
zeolite is the highest.

3.2.4. Temperature programmed desorption (TPD)
measurements. The desorption behaviour of ammonia (NH3)
on zeolites is one of the most commonly used measurement
techniques to characterise the acidity of such catalysts.®* This
method is a useful tool to distinguish between different acid
sites, but the evaluation can be affected negatively because of
re-adsorption phenomena, when desorbed ammonia is
leaving the pores.®” Other probe molecules are also discussed
in the literature, but ammonia is the most commonly used
gas because of its small molecule size and high basicity, thus
being ideal to monitor a wide range of acid centres. Because
of big structural differences between all tested zeolites, the
range of thermograms and data obtained is vast (see Fig. 13).
Generally, two desorption bands can be noticed for all
zeolites. The low temperature desorption (LTD) of NHj
measured in between 189-212 °C and the high temperature
NH; desorption (HTD) measured between 326 and 482 °C.
The LTD corresponds to weak acid site, while the second
HTD corresponds to strongly adsorbed NH;.*® Categorising
the acid sites in weak (100-250 °C), medium (251-350 °C),
strong (351-450 °C) and very strong (450-600 °C) shows
interesting relationships between the different zeolites. One
can say that every zeolite has a distinct peak in the weak acid
site region, beside the Y-30 zeolite, which shows only a
shoulder in this region. Furthermore, only one distinct peak
is measured in the very strong acid site region by the
mordenite zeolite, indicating a very broad distribution of
acidic strength ranging from medium to very strong acid
sites. The F-20 zeolite also shows a very broad HTD also
ranging from strong to very strong acid sites. Y-30 and B-25
nearly show symmetrical thermograms, whereas the B-25
thermogram has its highest peak at the LTD and the Y-30 at
the HTD peak.

Assessing the peak surfaces and the related NH; uptakes
allows additionally to evaluate the amounts of the different
acidic centres in each zeolite (see Table 9). F-20 shows the

This journal is © The Royal Society of Chemistry 2024

highest NH; uptake meaning it has the highest acid density
from all tested zeolites, whereas Z-280 being the zeolite with
the lowest acidity (lower Al-content) shows an NHj; uptake
which is two orders of magnitude lower than that of the F-20
catalyst. Therefore, reducing the Al-content directly
influences the acid density of zeolite catalyst, because Lewis
and Bronsted acid centres are located in the vicinity of AlO,
tetrahedrons in the zeolite structures.®”~°' After F-20, M-20
shows the second highest overall NH; uptake followed by
B-25 and Z-30 which show very similar NH; uptakes. The
second lowest uptake was measured for the zeolite with the
second lowest Al-content, which is the Z-80 zeolite with only
317 umol g'. By deconvolution of the raw data the
percentage contribution of each peak to the overall NH;
uptake can be calculated (details see ESIt Fig. S5). Nearly half
of the overall high NH; uptake of the F-20 catalyst is related
to weak acid sites, whereas the other half is distributed over
strong and very strong acid sites. M-20, which also has a very
high overall uptake, has a different distribution. Here, three
quarters of the overall NH; uptake is provided by acid centres
ranging from 320 to over 650 °C. Even though B-25 and Z-30
have very similar total NH; uptakes, the distribution of the
acid centres is quite different. Three quarters of the B-25 NH;
uptake can be attributed to medium and strong acid centres.

Table 9 Data obtained from NH3-TPD measurements for the different
zeolites used in this study. Desorption signals marked with “*” are seen as
shoulders in the thermograms. The values in brackets shows the
percentage contribution of this peak to the overall NHz uptake. For
details on how these values were calculated see ESIT Fig. S5

Low temp. High temp. NH; uptake
Zeolite Desorption [°C] Desorption [°C] [umol g7']
B-25 199 (23%) 326° (77%) 596.55
Y-30 211° (14%) 347 (86%) 320.02
F-20 197 (44%) 427 (56%) 1065.80
M-20 196 (23%) 482 (77%) 836.15
7-30 189 (65%) 393 (35%) 608.91
7-80 210 (28%) 393 (72%) 317.07
Z-280 212 (25%) 382 (75%) 65.67
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By contrast, nearly two thirds of the Z-30 uptake can be
attributed to weak acid centres. The remaining one third of
the Z-30 uptake is located in the strong to very strong acid
sites range. Within the MFI zeolite range, Z-30 displays the
highest NH; uptake while having the highest amount of weak
acidic sites. In comparison, Z-80 and Z-280 have a similar
NH; uptake distribution with one quarter in LTD and three
quarters in HTD.

3.2.5. Gas chromatography. The liquid samples taken from
the reactors were measured in an off-line GC (Agilent
Technologies, GC8890) equipped with an auto sampler.
Detailed information about the used method can be found in
the ESLf After withdrawing the liquid sample from the
reactor and removing residual catalyst powder or beads, the
freshly filtered samples were gathered in the auto sampler
and promptly analysed. The relative concentrations of all
products were calculated from the measured areas, after due
calibration with a typical standard. The DMM conversion was
calculated comparing with its area at the beginning of the
reaction. All samples were injected three times to give a good
estimate of the statistic error.

3.2.6. Physico-chemical and fuel properties. Melting point
(ASTM D5972: 2016), refractive index (DIN 51423-2: 2010),
surface tension (DIN EN 14370: 2004), flash point (DIN EN
ISO 3679: 2015), autoignition point (DIN 51794: 2003), cetane
number (DIN EN 17155: 2018), cold filter plugging point
CFPP (DIN EN 116: 2018) and lubricity HFRR (DIN EN ISO
12156-1: 2019) of pure MMA were determined according to
the certificated standard test methods performed by the
certified company ASG Analytik-Service AG.

Additionally, heating value, density and kinematic viscosity
were measured by in-house analytics. The density measurement
was performed in a digital analyser DMA 4500 M from Anton
Paar, consisting of a U-shaped oscillating sample tube, which is
electronically excited to vibrate at its normal frequency. By
precisely measuring the normal frequency and adjusting it
appropriately, the density of the sample can be determined. The
kinematic viscosity was measured using a Modular Compact
Rheometer from Anton Paar. The time for a volume of liquid to
flow under gravity through a calibrated cylindrical viscometer at
40 °C with rotational speed of 10 rpm was measured. The
heating value was measured employing a C5003 calorimeter
from IKA, with a C5001 cooling system, calibrated with benzoic
acid under standard conditions.

4. Conclusions

This study investigated the reactivity of different solid acid
catalysts for the carbonylation of DMM in the liquid phase
without using an additional solvent. A catalyst screening with
seven different zeolites and seven different ion exchange
resins was performed. From the zeolites the Z-30 catalyst was
the most active and from the ion exchange resins the A36
was the most active and selective catalyst. The ion exchange
resins generally showed a completely different range in DMM
conversion and MMA selectivity than the zeolite catalysts.
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Under the same circumstances, the ion exchange resin A36
showed a DMM conversion of 55% and a MMA selectivity of
96%, whereas the zeolite Z-30 showed a DMM conversion of
13% and a MMA selectivity of 32%.

For the zeolites, a low to moderate acid site density and a
tendency for weak acid sites seems to be the best
compromise for a moderate DMM conversion (13%) and
MMA selectivity (36%), as seen in Z-30. The acid site density
and strength seem to have a higher impact than accessibility
of the pore structure.

For the ion exchange resins, the acid capacity and
sulfonation degree are the most important catalyst properties
to determine the product spectrum and conversion. This is
especially the case because no swelling of the resins is
expected, since linear ethers do not induce this phenomenon.
Therefore, the crosslinker-content (divinylbenzene) does not
play a major role in the reactivity of the carbonylation of
DMM in the liquid phase.

The most active and selective catalyst found in this study
was the ion exchange resin A36. Thus, this catalyst was used
in a further parameter study analysing the effect of catalyst
amount, temperature, pressure and reaction operation. The
results from the parameter studies can be summarized as
follows:

e The catalyst amount variation was performed with 0.5,
1.0 and 1.5 g catalyst at a temperature of 110 °C. From this
study, 1.0 g was chosen as the ideal catalyst amount for
further studies, because the reaction rate differs most from
0.5 g to 1.0 g but does not differ as much from 1.0 g to 1.5 g.

e The effect of temperature was analysed in a range of 40
to 140 °C after a reaction time of 4 h. At higher temperatures
(>110 °C) a stronger catalyst deactivation and enhancement
of the DME formation side reaction was observed. Therefore,
110 °C was chosen as the benchmark temperature for future
studies.

e The pressure dependency of the catalytic activity of A36
was studied in a range between 20 and 80 bar. The highest
conversion of DMM after 1 h was observed at 60 bar and
increasing the pressure to 80 bar did not have a high impact in
the CO or DMM conversion. In this study, at 20 bar, the amount
of DMM being decomposed to DME and FA was the highest. FA
is a couple product of DMM decomposition and undergoes the
disproportionation reaction to MeFo, explaining the broader
product spectrum at lower pressures.

In addition, the suitability of MMA as a diesel and gasoline
substitute fuel was investigated by determining important
physico-chemical and fuel properties. The measured fuel
properties showed that MMA is unsuitable as a diesel fuel
replacement. However, as an oxygenate, it still represents a
possible diesel fuel additive, considering the soot and NOx
reduction potential of a fuel blend, as well as good cold stability
properties. Furthermore, with a low cetane number, MMA
should present in turn a high octane number, resulting in a
promising gasoline additive or substitute.

The liquid carbonylation of DMM presents complex side
reactions, such as the formation of higher oxymethylene

This journal is © The Royal Society of Chemistry 2024
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ethers like OME,, OME; and the carbonylation products of
higher OME. However, by employing active and selective
catalysts, such as A36 and improving reaction conditions,
such as mild temperatures below 110 °C and moderate
pressures at the range of 60 bar, a high MMA selectivity and
educt conversion can be achieved. These findings can assist
future attempts at a more efficient synthesis of MMA and
therefore enable a scale-up of this process for industrial
manufacturing as MMA shows many different applications in
the fine chemical industry and fuel sector.

Abbreviations

A15 Amberlyst 15

A16 Amberlyst 16

A36 Amberlyst 36

A46 Amberlyst 46

ASTM American Society for Testing and Materials
CFPP Cold filter plugging point

DIN Deutsches Institut fiir Normung
DMC Dimethyl carbonate

DME Dimethyl ether

DMM Dimethoxymethane

DPF Diesel particulate filter

DVB Divinylbenzene

DX2 Dowex50WX2

DX4 Dowex50WX4

DX8 Dowex50WX8

EG Ethylene glycol

EGR Exhaust gas recirculation

FA Formaldehyde

GC Gas chromatograph

GC-MS Gas chromatography - mass spectrometry
HC Hydrocarbons

HFRR High frequency reciprocating rig
MeFo Methyl formate

MeOH Methanol

MMA Methyl methoxyacetate

n.a. not available

NOx Nitrogen oxides

OME Oxymethylene ether

p Pressure

Pmax Maximum pressure

PM Particulate matter

Rel. conc. Relative concentration

RON Research octane number

SAC Solid acid catalyst

SCR Selective catalytic reduction

STP Standard temperature and pressure
T, Temp. Temperature

Tinax Maximum temperature

TPD Temperature programmed desorption
WHO World Health Organisation

X Conversion
ZSM Zeolite Socony Mobil
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