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Oxymethylene ethers are a class of synthetic fuels that allows significantly reduced levels of pollutant
emissions from compression-ignition engines. Conventionally they are synthesized in liquid-phase. As a
new approach for the production of oxymethylene ethers the continuous gas-phase synthesis from
methanol and formaldehyde was studied. A broad range of zeolites has been studied as the catalysts for
the reaction and a relationship between reactivity and silica-to-alumina ratio was established. Moderate
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acidity as found in silicon-rich zeolites proved to be advantageous. Even aluminum-free zeolite shows
high selectivity and activity to OME indicating that silanol groups as found on the external surface or in
defects provide sufficient acidity for the reaction. The zeolitic catalysts deactivate with time but can be
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1 Introduction

As transportation is one of the main sectors contributing to
global greenhouse gas emission,' many efforts in politics as
well as research are directed towards solutions for a more sus-
tainable mobility. Synthetic fuels on the basis of CO, and H,
are considered promising for reducing the overall life-cycle
CO, emissions of transportation via CO, consumption during
fuel production.” In addition, such fuels allow shifting from
fossil carbon to renewable feedstocks. CO, preferentially orig-
inates from industrial exhaust gases, but could as well be pro-
vided from biomass or via direct air capture. In order to
design a sustainable process, the source of H, is also impor-
tant. Considering such a scenario, H, is preferably supplied
from water electrolysis using electricity generated from sun-
light and/or wind energy.

The group of CO,-based fuels includes methane, methanol,
dimethyl ether (DME) and Fischer-Tropsch (FT) fuels.
Recently a new class of compounds, called oxymethylene
ethers (OME), gained increasing attention due to its favorable
combustion characteristics. OME have the chemical formula
CH;0(CH,0),,CH; with n denoting the length of the central
ether chain in the abbreviation OME,. Motor tests using
different homologues of the chain ethers, either neat or in
blends, show significant reduction of soot particle emission in
compression-ignition engines as compared to conventional
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fully regenerated with common regeneration protocols.

diesel fuel. Due to the absence of a soot-NO, trade-off, para-
meters such as exhaust gas recirculation can also be adjusted
to minimize harmful NO, emissions.>™®

The physical properties of higher OME homologues, such
as OME; 5, or OME/diesel blends allow their use as drop-in
fuels in conventional motors (with only minor adjustments
required) and their distribution via existing infrastructure and
supply chains.” The market introduction barrier for OME
driven cars is hence lower than for vehicles driven by liquefied
fuels such as methane or DME or electricity. An additional
advantage is the non-toxic character of OMEs allowing their
safe handling.

The main current challenge remains the development of a
process for large-scale production. In literature, many studies
report OME liquid-phase syntheses, where OME; (also called
dimethoxymethane (DMM) or methylal) is reacted with
trioxane” " or paraformaldehyde.'®* Current industrial syn-
thesis routes are based on such systems.>® The major drawback
of this route is the large number of process steps, yielding five
main steps: (1) formation of MeOH, (2) production of aqueous
formaldehyde, (3) + (4) synthesis of the intermediate OME;
and trioxane or paraformaldehyde and (5) OME,, formation.
Another disadvantage is the need for a highly energy demand-
ing separation of the intermediates.

In order to circumvent isolation of intermediates, the direct
synthesis of OME from methanol (MeOH) and formaldehyde
(FA) is of interest. First studies, including batch mode OME
syntheses with acidic catalysts, such as ion exchange
resins®>**’ or various zeolites (H-BEA-25, H-MFI-90, H-MFI-27,
H-FAU-30, H-MFI-400, H-MOR-30; the suffixes denoting
Si0,/Al,0; ratios),*® and continuous-flow OME synthesis over
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Zr-modified y-Al,03,*?° have been reported with methanolic
or mixed aqueous methanolic solutions of formaldehyde as
reactants. Alternative approaches for avoiding isolation of
intermediates are the direct synthesis of OME; from carbon
dioxide, hydrogen and methanol over homogeneous cata-
lysts*>*! and the one-step oxidation of MeOH over bifunctional
catalysts.’>*> OME; as well as OME, were described to form
via DME oxidation, however in yields below 8%.**™**

Ouda et al. report a theoretical comparison of the conven-
tional pathway (OME, + trioxane) with the alternative pathway
(via dehydrogenation of methanol to formaldehyde and sub-
sequent OME synthesis) starting from syngas. They concluded
that in addition to technological simplicity due to a reduced
amount of synthesis steps, the alternative route shows a 20%
higher thermodynamic theoretical efficiency due to a signifi-
cantly reduced need for hydrogen.>

In this work, the gas-phase reaction of methanol and for-
maldehyde to OME was studied. In perspective of a future
large-scale production of OME for supplying large enough
quantities to use OME as a sustainable fuel, gas-phase techno-
logy has the advantage of scalability, improved process inte-
gration and the easy implementation of continuous processes.
Potentially, OME can be produced in a complete continuous
gas-phase process in only three process steps starting from CO,
and H,: (1) synthesis of methanol, (2) subsequent partial non-
oxidative dehydrogenation to formaldehyde to yield the FA/
MeOH reactant mixture, and (3) formation of OME. As reaction
products and by-products from each step do not interfere with
the succeeding reaction, energy intensive product separation
can be minimized. While the first two reaction steps have exten-
sively been studied,*®*” a catalytic study of the continuous gas-
phase synthesis of OME from methanol and formaldehyde has,
to our knowledge, not yet been described. In the present work,
we aim to close the gap towards a gas-phase syngas-to-OME
process.

2 Results and discussion
2.1 Catalyst screening

The catalytic tests were carried out in a set-up comprising an
evaporator unit for the reactant mixture feed, a plug-flow
reactor and a gas chromatograph for online analysis (Fig. S57).
An evaluation of suitable reaction temperatures in the range of
130-270 °C preceded the catalyst screening and was conducted
with an exemplary solid acid catalyst (zeolite H-MOR-40). A
strong influence of temperature on the OME selectivity was
observed for the gas-phase reaction studied. OME,,, selectivity
decreases from 72% at 130 °C to below 3% at 220 °C and no
OME is detected at 270 °C (Fig. S61). Methyl formate (MeFo)
formed via condensation-disproportionation of two formal-
dehyde molecules and dimethyl ether (DME) from methanol
condensation were identified as by-products. In an attempt to
account for both, the described positive impact of a low reac-
tion temperature and the necessity to keep reactants in the
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gas-phase, 130 °C was chosen as reaction temperature and
adopted for all further test runs.

In the catalyst screening, four different zeolites with varying
SiO,/Al,O;-ratios (H-Zeolite-SAR) were chosen. The selected
zeolites were used in protonated form. Three samples of
zeolite Y (H-FAU-12/129/340), two of zeolite Beta (H-BEA-35/
150), three of ZSM-5 (H-MFI-27/90/c0, the latter will be referred
to as Silicalite-1 throughout the study) and two of Mordenite
(H-MOR-14/40) were tested under the chosen conditions. For
further information on materials, analysis and evaluation rou-
tines, see Experimental section and Table S1.}

When evaluating the product distributions (Fig. 1), it is
evident that OME,, yield is decreasing with increasing n - a
typical feature of chain-growth reactions — and that products
(OME,) and by-products (MeFo, DME) are formed in varying
ratios. While the latter observation might seem trivial, it has to
be noted that in the analogous liquid phase reaction (batch
mode) from formaldehyde (FA) and methanol (MeOH) equili-
brium composition is reached irrespective of the employed
catalyst. The time for reaching equilibrium is different for
different catalysts, though.>®

The reversibility of the competing reactions in the gas-
phase was tested by feeding only MeFo or OME,; + H,O to the
catalyst. It could be confirmed that MeFo formation is irrevers-
ible under reaction conditions while OME, formation is revers-
ible. Indeed, when OME; + H,O were fed over H-MOR-40,
MeOH and FA were detected resulting from back reaction of
OME; into its constituents. In addition, MeFo and DME were
formed as by-products from the released FA and MeOH as well

conversion / selectivity / %

DME [l MeFo

O conversion OME2 [ OME1

Fig. 1 Catalyst screening: Initial selectivity and conversion of zeolitic
catalysts determined in the interval of 40-70 min reaction time.
Reaction conditions: 10 bar, 130 °C, 0.5 g of catalyst, 100 mL min~! inert
gas flow, 14 pL min~' FA/MeOH solution feed (60% FA, 38% MeOH and
2% H,O obtained by dissolving paraformaldehyde and methanol). Weight
hourly space velocity (WHSV) for formaldehyde: 1.1 g(FA) g(cat)™ h™.

This journal is © The Royal Society of Chemistry 2018
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as OME, from chain growth reaction of OME, (Fig. S81). It can
therefore be assumed that the activity of the catalysts towards
the irreversible formation of MeFo has a major influence on
the final product ratio. Although reversibility of DME for-
mation was not experimentally assessed, the same effect may
also be expected in this case.

The remarkable findings of the catalyst screening are the
pronounced correlations between the silica-to-alumina ratio
(SAR) on the one hand and conversion and selectivity on the
other hand. For all four structural classes of zeolites, an
increase in selectivity to OME is observed with increasing SAR.
At increased SAR, the amount of Al and hence the amount of
Bronsted-acidic protons is decreased.

An influence of SAR on catalyst performance has been
reported for H-ZSM-5,">"® H-MCM-22 *° and Al-SBA-15 '® when
OME was synthesized in batch-mode from OME,; or MeOH and
trioxane. In these cases however, a maximum in OME yield
was generally observed with conversion drastically decreasing
at higher SAR due to insufficient release of formaldehyde by
acid catalyzed decomposition of trioxane. In our study, no con-
straints by trioxane decomposition exist and we have con-
firmed the trend over a wide range of SAR and for a broad
range of samples.

2.2 Investigation of correlation between acid site properties
and catalyst performance

In order to study the suggested correlation of catalyst perform-
ance and the properties of its acid sites, temperature pro-
grammed desorption of ammonia (NH;-TPD) was carried out
for all materials under investigation (Fig. S9-S12}). While it
has been discussed for liquid-phase OME synthesis over
different zeolites that moderately strong acid sites are best
suited for OME syntheses,”'? this cannot be confirmed in case
of gas-phase synthesis from MeOH and FA.

In Fig. 2, the conversion and the OME yield are presented
as a function of the total amount of ammonia desorbed in the
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NH,-TPD measurement, the latter being related to the total
amount of acid sites in the zeolite. In addition to the zeolitic
catalysts, an amorphous siliceous reference material (fumed
silica Aerosil 200) is included.

In accordance with the above described correlation between
SAR and conversion, an increased amount of acidic sites
seems to correlate to higher conversion for the zeolitic
samples (Fig. 2a). It is also evident that amorphous silica is
not active.

The NH;-TPD curves show relatively broad and/or flat
signals. Therefore, a deconvolution into low- and high-temp-
erature contributions was not performed.

When the OME yield is related to the total amount of acid
sites (Fig. 2b), zeolites with a low acid site concentration seem
to perform best. The highest OME yields of 42% and 43% are
achieved by H-MOR-40_350 and Silicalite-1, respectively. The
latter is a siliceous zeolitic material that is characterized by the
presence of only very weakly acidic silanol groups (not detected
in NH;-TPD). The described high activity of Silicalite-1 is un-
expected. Conventionally, classical Brensted acid sites created
by Si-OH-Al bridges or Lewis acid sites are thought to be
responsible for the formation of OME. Since these are absent
in Silicalite-1, another active site than hitherto thought must
be responsible for the high activity of this catalyst. The amor-
phous silica used as a reference has no catalytic activity.

In order to substantiate the finding that Brensted acid sites
are not necessary to catalyze the formation of OME in the gas-
phase, two Al-containing zeolite catalysts were transferred into
their Na-exchanged form. In the catalytic tests, both materials
showed a significantly improved performance (Fig. 3), result-
ing in an increase of OME yield of as high as 38% in case of
the Na-MFI-27 zeolite.

As mentioned above, the product ratio is influenced by the
activity of the catalysts towards the irreversible formation of
by-products (MeFo, DME). The observations that the formation
of by-products is suppressed by Na-exchange in Al-containing
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Fig. 2 Left: Conversion and right: OME yield as a function of total amount of ammonia desorbed. Filled symbols denote zeolitic catalysts; the
hollow symbol indicates the siliceous reference sample. Suffixes at H-MOR-40 samples indicate calcination temperature as discussed below.
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Fig. 3 Initial selectivity and conversion of H- and Na-form zeolites
determined in the interval of 40-70 min reaction time. Reaction con-
ditions: 10 bar, 130 °C, 0.5 g of catalyst, 100 mL min~* inert gas flow,
14 uL min~* FA/MeOH solution feed, WHSV for formaldehyde: 1.1 g(FA)
g(cat) ™ h™

zeolites and that Silicalite-1 shows high OME selectivity
suggest that the presence of Bronsted acid sites may be related
to by-product formation. Weakly acidic sites such as silanol-
groups in framework defects or at pore mouths seem to
provide sufficient acidity for the formation of OME. Besides,
the presence of weakly Lewis acidic sodium ions in the frame-
work does also not have an adverse impact on the OME
selectivity.

When discussing the acidic properties of zeolites, it is also
important to consider the influence of extra-framework alumi-
num (EFAl), which is typically characterized by Lewis acidity.
The influence of the presence of EFAl on the formation of
OME from MeOH and FA was exemplarily studied using
H-MOR-40. In a series of H-MOR-40 material calcined at
varying calcination temperatures, emergence of EFAl was
induced at temperatures above 350 °C. This was evidenced by
*’Al-MAS-NMR (Fig. S131). The pristine H-MOR-40 shows
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mainly tetrahedrally-coordinated Al (signal centered at
57 ppm) and only little Al in octahedral environment (signal
centered at 0 ppm). Upon temperature treatment, an increase
in the asymmetric broadening of the signal related to tetra-
hedral framework indicates the formation of distorted tetra-
hedrally-coordinated and/or penta-coordinated Al.
Furthermore, a rise in the peak at 0 ppm and the additional
emergence of a broad peak centered at —5 ppm, assigned to
various Al species in octahedral environment, indicate the
removal of Al from the mordenite framework and the for-
mation of Lewis acidic EFAl species.”

The change in the ratio of Brgnsted- to Lewis-acidity as a
result of EFAl formation was confirmed by Pyridine-FTIR
measurements (Table 1 and Fig. S14}). As expected, a decrease
in the ratio of Bronsted to Lewis acidity with increasing calcina-
tion temperature is observed at a constant level of Si/Al-ratio.

The effect of EFAI formation is reflected in the catalytic per-
formance of H-MOR-40. A significant drop in OME selectivity
was observed when calcination temperatures above 350 °C
were employed (Fig. 4).

The H-MOR-40 samples were also characterized by NH;-
TPD (Fig. S15%). An increased amount of ammonia desorbed
in the high-temperature range of 500-700 °C is evident in the
curves of samples calcined at 450 and 550 °C as compared to
350 °C suggesting upon temperature treatment, stronger acid
sites were created. These could be due to strongly acidic EFAl
sites and/or Brensted acid sites with increased acidity due to
interaction with EFAL>' NH;-TPD analysis also supports that
strongly acidic sites favor competing reactions leading to by-
product formation.

In summary, one may conclude that three different acidic
species in zeolites — namely Brensted acid sites, Lewis acidic
EFAI species as well as silanol groups - all affect the catalytic
performance of the zeolites. This complex interplay of acidic
sites along with the competition of OME formation with irre-
versible side-reactions render it difficult to exactly determine
specific contributions of each type of acid site. However, the
general conclusions can be drawn that catalysts characterized
by a low number of Bregnsted and/or EFAI acid sites show
better performance and that weakly acidic species such as
silanol groups are sufficient to catalyze the OME formation.

Table 1 Acid sites concentration of selected samples after pyridine adsorption at 150 °C (Cg: concentration of Brgnsted acid sites; C,: concen-

tration of Lewis acid sites). Suffixes denote the calcination temperature

Pyridine desorption

temperature (°C) Cg (mmol g™*) C.* (mmol g™) B/L Si/Al?
H-MOR-40_350 °C 150 0.34 0.09 3.8 30
250 0.29 0.08 3.6
350 0.18 0.06 3.0
H-MOR-40_450 °C 150 0.30 0.11 2.7 30
250 0.25 0.09 2.8
350 0.14 0.07 2.0
H-MOR-40_550 °C 150 0.28 0.15 1.9 28
250 0.26 0.13 2.0
350 0.18 0.10 1.8

“ Considering the band at 1455 cm™". ? Calculated at 150 °C.
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In order to rule out an effect of external surface area of the
zeolites on the catalyst performance, external surface areas
were determined from nitrogen sorption isotherms via t-plot
analysis. When plotted against conversion (Fig. S161) and
OME yield (Fig. S17), no clear correlation with the external
surface area is evident.

2.3. Optimization and catalyst deactivation and regeneration

In order to further investigate the catalyst performance for
OME gas-phase formation, the two best performing zeolites
from the screening were tested under optimized conditions
and the deactivation and regeneration behavior was studied.
For both materials, an improved OME yield was achieved
when the weight hourly space velocity (WHSV) was increased

100+
e

—— mass loss —— H,0 —— FA——MeOH —— CO,

Initial conversion and selectivity of H-MOR-40 as a function of calcination temperature.

from 1.1 to 6.4 g(FA) g(cat)™* h™" by adapting reactant mass
flow as well as reactant partial pressure (Fig. 5, left).
Experimentally, a further increase of WHSV was limited by the
saturation pressure of reactants as well as a limit of gas flows
that can be handled within the set-up.

Under the mentioned conditions, total OME selectivity
reaches 95% at a conversion of 49% (H-MOR-40) or 47%
(Silicalite-1) and, in contrast to screening conditions, OME;
was detected. Notably, trioxane is also observed as a by-
product. However, the amount of trioxane formed decreases
strongly within the first 60 min reaction time and sub-
sequently shows a stable level. Initial conversion and selecti-
vity under optimized conditions was therefore determined at
60-90 min reaction time.
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Fig. 5 Left: Initial selectivity and conversion of H-MOR-40 and Silicalite-1 at increased WHSV and reactant partial pressure determined in the inter-
val of 60-90 min reaction time. Reaction conditions: 10 bar, 130 °C, 1 g of catalyst, 400 mL min~* inert gas flow, 168 uL min~* FA/MeOH solution
feed. WHSV for formaldehyde: 6.4 g(FA) g(cat)™* h™. Center: TG-MS curve of Silicalite-1 measured in argon. Right: Initial selectivity and conversion
determined in the interval of 1-3 h reaction time of fresh samples and of regenerated samples. Reaction conditions: 10 bar, 130 °C, 0.5 g of catalyst,
100 mL min~* inert gas flow, 14 uL min~* FA/MeOH solution feed. WHSV for formaldehyde: 1.1 g(FA) g(cat) > h™.,

This journal is © The Royal Society of Chemistry 2018
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Whereas catalytic properties of Silicalite-1 and H-MOR-40
with regards to conversion and product distribution are very
similar, a difference is observed in deactivation behavior. In
tests that were performed under the same reaction conditions as
the catalyst screening, deactivation proceeded much slower for
H-MOR-40 than for Sillicalite-1 (Fig. S18f). The deactivation
onset was defined as the time at which conversion has decreased
to 85% of the steady-state conversion level. Deactivation experi-
ments were repeated three times and the average deactivation
onset time was determined to be 38.3 h for H-MOR-40 and
11.1 h for Silicalite-1 with a broader spread of data in case of
H-MOR-40 compared to Silicalite-1. It has to be noted that after
the defined deactivation onset, the conversion drops with a
smaller slope in case of H-MOR-40 as compared to Silicalite-1.

Several factors can affect the starting point of deactivation.
For example, the deactivation mechanism will have a major
impact on the deactivation behavior of the catalyst. As the for-
mation of OME is a chain growth reaction, formation of
higher, non-volatile OME homologues in small quantities is
expected and could lead to a surface, pore or active site block-
ing of the catalyst. In the TG-MS curve of Silicalite-1 measured
in an inert gas stream (Fig. 5, center), the release of FA and
MeOH along with CO, and H,O in the range of 170-350 °C is
evident. Similar data is obtained when measured in a stream
of air (Fig. S19f). For H-MOR-40, the mass loss occurs in
several stages, but also in this case, the release of the starting
materials FA and MeOH along with CO, and H,O is observed
(Fig. S20 and S21+).

The release of FA and MeOH can either be related to a
release of monomeric FA and MeOH from the pores and/or
active sites or to the presence and decomposition of non-vola-
tile OME homologues or other non-volatile FA-containing
species such as paraformaldehyde. When pore or surface
blocking is discussed as possible deactivation mechanism,
several factors can be considered effective to result in the
differences in deactivation onset between Silicalite-1 and
H-MOR-40. The two samples have a pronounced difference in
crystallite sizes and size distribution (Silicalite-1: approx. 42 x
8 pm, H-MOR-40 large size distribution with an average of
about 0.15 pm). The smaller external surface area of the
Silicalite-1 could result in a faster blocking of the surface or
pore entrances. A further parameter possibly influencing the
deactivation behavior is the difference in diameters of the
micropores (ring size of largest channel: 12 (MOR) vs. 10
(MFI); computed as 6.45 A for MOR vs. 4.7 A for MFI).>>

Both catalysts could successfully be regenerated: Silicalite-1
was calcined in air at 550 °C to restore activity. For H-MOR-40,
such a treatment would be too harsh and result in decreased
OME selectivity (vide supra), and so the mordenite sample was
regenerated in inert gas flow at 350 °C (Fig. 5, right). Whether
such a treatment would also be sufficient for the Silicalite-1
was not explored.

2.4 Comparison of siliceous materials

As mentioned above, the amorphous silica reference material
(Aerosil 200) was found to be inactive for OME synthesis, while

4724 | Green Chem., 2018, 20, 4719-4728
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Silicalite-1 (crystalline zeolite with MFI structure) is one of the
best performing catalysts in this study. In order to study the
difference between the two siliceous materials, a FTIR-DRIFTS
adsorbate study was performed.

For spectra of activated samples see Fig. S22 and S23.7 The
pristine Aerosil 200 shows only isolated silanol groups
[3746 cm™'].> Signals in the IR spectrum of Silicalite-1 can be
attributed to unperturbed internal silanol groups [3723 and
3675 cm™'J* and H-bonded internal silanol groups and silanol
groups interacting with water [broad signal at 3000-3600 cm™].
No isolated external silanols are observed, which can be attribu-
ted to the large dimensions of the Silicalite-1 crystals that
feature a very low external surface area compared to the bulk
volume. At the activation temperature, which is the maximal
temperature achievable in the DRIFTS set-up, water is not com-
pletely removed as evident from the presence of a signal at
1634 cm™ " °° and the broadness of the peak at 3000-3600 cm™.
A harsher treatment to completely remove water was not
applied as water being a by-product of OME formation will also
always be present under reaction conditions.

After exposure of samples to FA and MeOH vapor, no
additional signals could be observed in case of Aerosil 200
(Fig. 6). The signal related to external silanol groups shows
decreased intensity indicating that there is interaction with
adsorbed species. As the reactant molecules do not seem to
adsorb on the Aerosil 200 surface, this decrease might be
assigned to adsorption of additional water molecules. In case of
Silicalite-1, a distinct pattern of signals in the range
2770-3000 cm™" and signals at 1449, 1465 and 1475 cm™* appear
upon adsorption of the vapor containing FA and MeOH. Notably,
the spectrum after adsorption of OME,; shows the same features.
The OME, features agree well with literature data (¢f liquid
OME; spectrum®®). As a reference, pure MeOH was adsorbed on
Silicalite-1. In the considered range, signals at 2950 and
2846 cm™" are present in the difference spectrum after adsorp-
tion. Considering IR data of formaldehyde from literature [NIST

Aerosil 200 after exposure to FA/MeOH

M

‘0.5

Silicalite-1 after exposure to FA/MeOH

Silicalite-1 after exposure to OME,
Silicalite-1 after exposure to MeOH

T
3000

absorbance / a.u.

T T T T
3500 2500 2000 1500

wavenumber / cm’

Fig. 6 Difference spectra of Aerosil 200 and Silicalite-1 after adsorption
of probe molecules.
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database: 2785, 2850 and 2995 cm™'],*° the pattern arising after
exposure to FA and MeOH vapour cannot be explained by a
superposition of FA and MeOH signals. We assume that the reac-
tants FA and MeOH have already reacted to OME; at 40 °C. This
is in good agreement with reports from literature describing
liquid phase OME synthesis at temperatures as low as 50 °C.®

At this point, a clear assignment of activity to certain silanol
species in Silicalite-1 is difficult. In case of the Beckmann
rearrangement of cyclohexanone oxime to e-caprolactam, for
which Silicalite-1 is also highly active and selective, internal
silanol nests as well as external silanol groups are discussed to
be the active species.”’”® The IR-data obtained in this study
does not allow such a straightforward interpretation as IR
signals for silanol nests are not well resolved due to the presence
of water and as a decrease in signal intensity upon adsorption
could only be assigned to unperturbed internal silanol groups.

From the FTIR-DRIFTS adsorbate study, a clear difference
in the adsorption behavior of Silicalite-1 compared to amor-
phous silica was shown. We assume that the high adsorption
potential as present in micropores of the crystalline zeolite
may be a key factor for activity in OME synthesis.

3. Conclusions

In summary, a broad range of zeolites were tested in the gas-
phase synthesis of OME from methanol and formaldehyde. It
was demonstrated that catalysts characterized by a low number
of Brensted acid sites and/or EFAl show a better performance
and that very weakly acidic species such as silanol groups can
catalyze OME formation with a lower tendency for by-product
formation than strong acid sites.

With respect to catalytic activity, Silicalite-1 and H-MOR-40
showed the best performance. Both catalysts allow producing
OME with selectivity as high as 95%. A deactivation study
showed that H-MOR-40 features increased long-term stability
compared to the all-silica material Silicalite-1, while both cata-
lysts could be fully regenerated by thermal treatment.

This study provides insights into OME gas-phase synthesis
from formaldehyde and methanol without any further solvents
and shows that OME can be produced in high selectivity over
zeolites. For application of OME as diesel additives, the need to
increase the yield of the oligomers OME;_5 in the presented gas-
phase reaction can be addressed by advanced process-technology
such as additional units for water removal to shift the acetaliza-
tion equilibrium and recycling of OME with undesired chain
length. On a longer perspective, the presented process step could
be coupled with well-established methanol technology to form a
complete gas-phase route towards OME fuels.

4 Experimental
4.1 Materials

4.1.1 Commercial materials. The catalysts H-BEA-35,
H-BEA-150, NH,-MOR-14, H-MOR-40, NH,-MFI-27, H-MFI-90
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were kindly supplied by Stidchemie (now Clariant), H-FAU-129
and H-FAU-340 were kindly supplied by Degussa (now Evonik
Industries), NH,-FAU-12 was purchased from Alfa Aesar,
Aerosil 200 from Evonik (see also Table T1 in ESIt). Zeolites in
proton form and Aerosil 200 were used as supplied. Zeolites in
NH,-form were calcined at 550 °C. The suffix denotes the SiO,/
Al,O5-ratio. All commercial catalysts were pressed and sieved
to 300-400 pm pellets. The large Silicalite-1 crystals were used
as synthesized.

4.1.2 Synthesis of Silicalite-1. 31 mL H,O and 10.672 g
tetrapropylammonium bromide (TPABr) were mixed in a
150 mL Erlenmeyer flask equipped with a magnetic stirring
bar. 23.2 mL Ludox AS-40 were successively added and stirred
at 750 rpm for 10 min at room temperature. Thereafter, the
synthesis mixture was cooled to 0 °C on an ice bath. 30 mL of
a 20% aqueous solution of NH,OH were added to the synthesis
mixture at 0 °C and the subsequently formed gel was aged for
2 h at 0 °C, while stirring at 750 rpm. The gel was transferred
into three 30 mL Teflon lined stainless steel autoclaves. The
hydrothermal synthesis was performed in a preheated oven at
180 °C for 7 days. The final solid product was obtained in its
pure form by centrifugation and washing three times with dist.
water, drying at 80 °C for 4 h and finally calcining at 550 °C
under air for 7 h (2 °C min™"). Large crystals with dimensions
of approx. 42 x 8 pm as determined with an optical microscope
were obtained (Fig. S31). The powder pattern is presented in
Fig. S1.7 Elemental analysis: Al content below detection limit
of 50 ppm.

4.1.3. Sodium exchange of zeolites. For sodium exchange,
2 ¢ of a NH,-form zeolite (NH,-MFI-27 or NH,-MOR-14) were
suspended in 20 mL of 1 M NaNO; solution and stirred for
1 h. This step was repeated twice. The zeolite powder was then
suspended in 20 mL of 1 M NaNOj; solution and stirred over-
night. The zeolite was further washed with another aliquot of
NaNO; solution for 1 h. It was then separated by filtration,
dried at 80 °C for 2 h and at 120 °C for 90 min, then calcined
at 550 °C for 5 h with a heating ramp of 1 °C min™".

4.1.4. Regeneration protocols. Silicalite-1 was regenerated
by calcination at 550 °C for 4 h with a heating rate of 2 °C
min~'. H-MOR-40 was regenerated by thermal treatment at
350 °C (heating rate 1 °C min™") in a tube oven for 4 h under
inert gas flow (50 mL min~" Ar).

4.1.5. Calcination of H-MOR-40. H-MOR-40 samples were
calcined at varying temperatures (350, 450, 550 °C). For that
purpose, 1 g of H-MOR-40 was prepared in a thin layer in a cru-
cible and was calcined for 4 h under static air with a heat

ramp of 2 °C min™".

4.2 Set-up

The catalytic tests were carried out in a set-up comprising an
evaporator unit for the reactant mixture feed, a plug-flow
reactor and a gas chromatograph for online-analysis (Fig. S57).
For catalytic tests, a packed bed of -catalyst pellets
(300-400 pm) diluted with silicon carbide powder (Alpha
Aesar, 46 grit, mass ratio of catalyst to SiC: 1: 6) was prepared
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between plugs of quartz wool inside the reactor tube (5.8 mm
inner diameter).

The reactant mixture was obtained by refluxing 120 g para-
formaldehyde (prilled, Sigma) in 100 mL methanol (Honeywell
Riedel-de-Haén) for 24 h. Subsequently, the solution was
cooled to room temperature and filtered. A solution with a
composition of 60 wt% FA, 38 wt% MeOH and 2 wt% H,O was
obtained.

4.3 Analysis

Gas-phase samples were analyzed using an Agilent 6890N gas
chromatograph with a DB-WAX capillary column equipped
with a TCD and FID detector. Methane was used as an internal
standard and was fed into the set-up in form of a 5% CH,4/N,
mixture used as carrier gas. Gases were supplied by Air
Liquide.

For calibration, response factors of pure components
OME,;, OME;, OME,, trioxane (TRI) and methyl formate
(MeFo) with respect to methanol were identified by manually
injecting pure components. In order to obtain response factors
for OME, and OME.,, the area/mole ratio was extrapolated. In
the gas-phase, response factors of MeOH, OME; and OME;
with respect to the internal standard CH, were determined by
evaporation and analysis of a known liquid feed supplied by a
calibrated HPLC pump. Ratios of the response factors of
MeOH, OME,; and OME; in the gas-phase coincided with
ratios determined via liquid phase injections, which allowed
translating response factors of further OME oligomers, tri-
oxane and MeFo to methane-based response factors. DME was
calibrated using a 5% DME/N, calibration gas.

Formaldehyde was calibrated by evaporation and analysis of
a known liquid feed of a methanolic formaldehyde solution
supplied by a calibrated HPLC pump. The formaldehyde
content of the FA/MeOH solution was determined by iodo-
metry and the water content by Karl-Fischer titration. In the
obtained chromatograms, FA, MeOH and water could be well
resolved. In addition, a peak assigned to the hemiacetal of
methanol and formaldehyde is observed. Due to difficulty in
calibration of the hemiacetal and the marginal amount
detected, it was not considered in the evaluation of GC results.
This may result in a minor systematic undervaluation of reac-
tant concentrations, which is, however, not expected to signifi-
cantly influence conversion and selectivity data. In contrast to
liquid-phase systems, methylene glycol and longer chain hemi-
formals are not detected.

The reproducibility of catalytic tests was evaluated by 5-fold
repetition of a test run with following reaction conditions: 10
bar, 130 °C, 0.5 ¢ H-MOR-40, 100 mL min~" inert gas flow,
14 pL min~' FA/MeOH solution feed. The deviation of the
arithmetic mean of obtained conversion and selectivity results
was below 3%.

In all test screening test runs, a quasi-plateau of product
streams was reached after 40 minutes (Fig. S77). Initial conver-
sion and initial selectivity presented in the publication are
averaged over data from four consecutive GC runs in this
regime (ca. 40-70 minutes reaction time). Selectivity comprises
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only C-containing products as water is not quantified. The con-
version is calculated as an average of the conversion of both
reactants, FA and MeOH. This value is used as a simple,
lumped indicator for catalytic activity. Due to the spectrum of
possible products with correspondingly different consumption
of both reagents, calculation of conversion normalized to one
of the reagents could give a misleading impression. For a full
assessment of catalyst performance, conversion and product
selectivities should be considered together.

Within the range of reaction conditions that could be
applied in the test set-up, conversion levels of different cata-
lysts could not be adapted to a sufficient extent in order to
compare all catalysts at the same conversion level. Therefore,
catalyst performance was chosen to only be compared at iden-
tical reaction conditions.

4.4 Catalyst characterization

4.4.1 Temperature programmed desorption of ammonia
(NH;-TPD). NH;-TPD was performed on a Micromeritics
Autochem II 2920 device. 100 mg of catalyst were activated at
500 °C for 1 h (heating ramp of 5 °C min™") and then cooled to
150 °C. The sample was exposed to a flow of 10% NH;/He for
30 min and subsequently purged in helium for 2 h. The de-
sorption profile was collected in the range of 100 °C to 800 °C
with a heating rate of 10 °C min™".

For the H-MOR-40 samples, a milder activation procedure
was applied: 100 mg of catalyst were activated at 350 °C for 5 h
(heating ramp of 2 °C min~") and then cooled to 150 °C.

4.4.2. Pyridine adsorption followed by FTIR spectroscopy
(Pyridine-FTIR). Self-supported wafers (ca. 10 mg cm ?) of
selected samples were activated under vacuum at 350 °C for
5 h. Then, pyridine (3 mbar) was adsorbed at 150 °C for
20 min. Thereafter, desorption was carried out under high
vacuum at 150 °C, 250 °C and 350 °C for 20 min at each
temperature. Spectra were recorded using a Nicolet iS50
equipped with a MCT detector. The absorption bands centered
at 1545 em™" (PyH") and 1455 em™" (PyL) were selected for
Bronsted and Lewis acid sites (BAS and LAS) quantification
applying their corresponding integrated molar extinction
coefficients, e = 1.67 cm pmol™" and &, = 2.22 cm pmol™,
respectively.>®

4.4.3. Magic-angle spinning nuclear magnetic resonance
(MAS-NMR) measurements. The solid-state *’Al-MAS-NMR
spectra were recorded on a Bruker Avance III HD 500WB
spectrometer using a double-bearing MAS probe (DVT BL4) at
a resonance frequency of 130.3 MHz. The spectra were
measured by applying single n/12-pulses (0.6 ps) with a recycle
delay of 1 s (6000 scans) at two different spinning rates (10
kHz and 13 kHz). Prior to the measurement the samples were
saturated with water vapor in a desiccator overnight. The
spectra were referenced to external 1 M aqueous solution of
AlCL,.

4.4.4 Thermogravimetric analysis coupled with mass
spectrometry (TG-MS). TG-MS measurements were carried out
using a NETZSCH STA 449 F3 Jupiter thermal analysis instru-
ment connected to a NETZSCH QMS 403 D Aéolos mass
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spectrometer. Approximately 5 mg of sample were heated in
40 mL min~' gas flow (argon or synthetic air) with an
additional protective flow of 20 mL min~" of argon. The ramp
rate was 10 °C min~" for a temperature range of 40-900 °C.
Mass spectra were collected in multiple ion detection (MID)
mode.

4.4.5. DRIFT measurements. The samples were activated
under inert gas flow at 235 °C in a DRIFT cell. For adsorption
of probe molecules, an inert carrier gas flow was bubbled
through a probe liquid at room temperature (reactant mixture
60% FA, 38% MeOH, 2% H,0, MeOH or OME;,) before enter-
ing the DRIFTS-chamber tempered at 40 °C. The chamber was
subsequently purged with inert gas. All spectra were collected
at 40 °C with a Nicolet Magna-IR 560 spectrometer.

4.4.6. N, physisorption. N, physisorption measurements
were carried out on a Micromeritics 3 Flex instrument. Firstly,
the samples were activated for 8 h at 340 °C under vacuum
using the Smart VacPrep unit of the device. Sorption isotherms
were collected at 77 K using a static volumetric method.
External surface area of the materials was determined via
t-plot analysis performed using the 3 Flex software package.
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