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This work presents a new nine-parameter kinetic model for the synthesis of oxymethylene ethers (OME) from
dimethyl ether (DME) and trioxane (TRI) on the zeolite H-ZSM-5 (Si/Al = 40), which according to recent studies
is an active and selective catalyst for this reaction. To establish a database for model parametrization, experi-
ments covering a relevant operating window were performed in a batch reactor with periodic sampling (at
353-393 K and a TRI/DME molar ratio in feed of 0.25-0.70). In addition, the database was enlarged with ex-
periments from a previous work. The model accurately reproduced the data, and the simulations suggest that the

direct incorporation of TRI to form OMEg is the preferred reaction pathway for OME production. Furthermore, an
optimal operating window was identified considering the trade-off between catalyst activity and OME selectivity.
Finally, a conceptual process design for continuous OME production from DME and TRI is proposed.

1. Introduction

Oxymethylene ethers (OME) are an interesting alternative to fossil
diesel fuel, because it can be produced from renewable sources and has
favorable combustion characteristics in terms of emission profile. The
chemical formula of OME is CH30(CH20),CHs, with the physicochem-
ical properties of OME,_3 5 being close to those of conventional diesel
fuels (Deutsch et al., 2017; Omari et al., 2019). Taking into account the
required stability at the low temperatures of a rigorous winter, OME3_4
in particular can be used in diesel blends with the current fleet, or as
pure fuels with minor modifications in the vehicle (Liu et al., 2017). Due
to the absence of C-C bonds in the molecular structure, the formation of
soot particles is strongly suppressed, similar to C; fuels (Gelner et al.,
2022; Pélerin et al., 2020). This resolves the soot-NOy target conflict,
allowing for higher exhaust gas ratios to minimize NOx emissions as well
(Hartl et al., 2014; Holzer et al., 2022). In recent years, extensive
research has focused on novel, cost-efficient routes for OME synthesis,
some of which have been scaled up to pilot scale (Mantei et al., 2023;
Voggenreiter et al., 2022). In addition, modifications of the OME
structure have been explored to tune desired physicochemical properties
(An et al., 2022; Bartholet et al., 2021; Drexler et al., 2021; Lucas et al.,
2022), opening up opportunities for these compounds to be used as fuel
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additives or in other applications in the chemical industry.

In anhydrous OME production processes, which are more selective
than the aqueous processes (Oestreich et al., 2018; Voggenreiter and
Burger, 2021), typical reactants are trioxane (TRI) and OME;, with the
reaction being catalyzed by acidic materials, such as zeolites or ion-
exchange resins. An emerging approach is to substitute OME; for
dimethyl ether (DME), which can be produced on a large scale directly
from syngas, thereby reducing process costs (Drexler et al., 2023). The
only byproduct of OME synthesis from DME and TRI is methyl formate
(MeFo), which is considered an attractive candidate to substitute gaso-
line fuel (Maier et al., 2019). In catalyst screening studies, the zeolite H-
ZSM-5 (Si/Al = 40) exhibited high activity and high OME selectivity in
the DME/TRI system, outperforming a variety of catalytic systems
(Drexler et al., 2022; Drexler et al., 2023). Furthermore, the feasibility of
a gas-phase OME synthesis process based on DME and monomeric
formaldehyde has recently been demostrated, but unfortunately the
selectivity to OME was much lower compared to the liquid-phase pro-
duction processes (Billion et al., 2024).

Understanding and describing the reaction kinetics is the corner-
stone for process optimization and scale-up. Breitkreuz et al. investi-
gated the kinetics of the OME synthesis from DME (Breitkreuz et al.,
2022b). Two experiments with periodic sampling (type A) were con-
ducted at 363 K with DME and TRI as feed mixture and TRI/DME molar
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Nomenclature I Rate of reaction k (mol-kggl-h™1)
Si Selectivity of component i with regard to trioxane (%)
A; Chromatogram integration area of component i T Reactor temperature (K)
Ax Lumped kinetic constant of reaction k t Time (h)
Aeqk Equilibrium constant of reaction k (-) Wijx Weight related to component x of point ij (-)
Ar Parameter of the temperature profile equation (K) X; Conversion of component i (%)
a; Activity of component i (mol-m~>) X; Mole fraction of component i in the liquid phase
Begk Equilibrium constant of reaction k (mol-mol™)
Br Parameter of the temperature profile equation (K) Yi Mole fraction of component i in the gas phase (mol-mol™1)
Cr Parameter of the temperature profile equation (s™*) 2 Mole fraction of component i considering the liquid and
Epx Activation energy of reaction k (kJ-mol~1) gas phases (mol-mol ")
K; Partition coefficient of component i (-) Vi Activity coefficient of component i (-)
Kpx Equilibrium constant of reaction k v Vapor fraction (mol-mol ')
ke Kinetic constant of reaction k Vi Molar volume of component i in the liquid phase
M; Molar mass of component i (kg-mol™1) (m*mol ™)
m; Mass of component i (kg) Dik Stoichiometric coefficient of component i in reaction k (-)
ME; Mean relative error of component j (%) ; Weight fraction of component i (kg-kg ")
Nig Number of training experiments (-) ' Subscript
Ny, Number of measured samples of experiment E;
i . cat Catalyst
n; Number of moles of component i (mol) Gas
T—j,x Measured number of moles of p01.r1t l]nof component (mol) init Initial condition
Mijx Simulated number of moles of point ij of component x I Liquid
(mol) R Reactor
P Reactor pressure (Pa) S Sample
Dvap.i Vapor pressure of component i (Pa) tot Total
RF; Response factor of component i
R Universal gas constant (kJ .mol LK™ 1)
ratio between 0.134 and 0.145, while eight experiments with periodic
sampling (type B) were performed at 353-373 K with DME and different Table 1

OME mixtures in the feed (including MeFo once, and always containing
low amounts of trioxane). The experiments of type B were used to fit an
eight-parameter model (including temperature effect). To the best of our
knowledge, this is the only work in the literature on the kinetics of this
reaction, in which an acidic ion-exchange resin was used as catalyst.
Therefore, there is no available kinetic model describing this reaction on
H-ZSM-5, which is a promising catalyst for this system.

Therefore, in the present work, a new kinetic model for the OME
synthesis from DME and TRI on zeolite H-ZSM-5 (Si/Al = 40) was
developed. Model parametrization and validation was performed with
own experiments at 353-393 K and a TRI/DME molar ratio in feed of
0.25-0.70, a significantly wider operating window compared to the
current model available in the literature (Breitkreuz et al., 2022b). Ex-
periments without dodecane dilution from a previous study were also
used to enlarge the training database. The preferential reaction path-
ways and an optimal operating window were identified, and a concep-
tual process design is proposed.

2. Experimental investigations
2.1. Catalytic tests

The zeolite catalyst H-ZSM-5 (Si/Al = 40, CBV 8014, Zeolyst Inter-
national) was used as a powder. Prior to the reaction, the catalyst was
calcined in air at 773 K for 3 h and dried at 383 K and 10 mbar for 12 h,
as water is known to strongly inhibit OME formation and promote side
reactions (Baranowski et al., 2020; Ouda et al., 2017).

Kinetic experiments were performed in a stainless-steel autoclave
(50 mm inner diameter and 95 mm height). Trioxane (TRI), catalyst
powder, and dodecane (as a solvent and internal standard) were put into
the autoclave. The batch reactor was hermetically sealed and liquid
DME was dosed using an electric syringe pump (500D, Teledyne ISCO).

Operating conditions of the experiments performed in the batch reactor.

No. Catalyst Temperature Nrri/ Initial composition (g)
mass () () Nove(mol/ oy DME  Dodecane
mol)

El 1.291 353 0.396 22.16 28.41 49.90
E2 1.297 363 0.396 22.14 28.61 49.90
E3 1.300 373 0.402 22.16  28.61 49.80
E4 1.297 383 0.399 22.18 28.21 49.90
E5 1.297 393 0.397 22.19 28.61 49.90
E6 1.292 363 0.248 16.32 33.71 49.80
E7 1.293 383 0.250 16.34 33.41 49.80
E8 1.298 363 0.533 25.84 24.81 49.80
E9 1.298 383 0.537 2592 24.71 49.70
E10 1.294 363 0.690 28.75 21.30  49.90
El1 1.298 383 0.692 28.84 21.30  49.90
E12 1.797 363 0.406 30.57 38.51 30.20
E13 O 393 0.396 22.14 28.61 49.90

The solution was continuously mixed with a magnetic stirrer (RCT basic,
IKA), and the temperature was raised to the desired setpoint by electric
heating. Temperature and pressure were monitored with a type K
thermocouple and a pressure transmitter (S11, WIKA), respectively. A
picture of the laboratory plant is provided in the Supplementary Mate-
rial (SM, see Section S1).

Samples were taken during reaction through an opening in the
reactor bottom, which was connected to two ball valves with a quarter-
inch tube in between (sample volume: 1.75 mL). Each sample collection
procedure was performed twice, with the first sample discarded (to flush
the sampling line) and the second being collected. The collected samples
were cleared of solid catalyst and solidified TRI by filtration through a
syringe filter. To terminate the experiment, the autoclave was quenched
in an ice water bath. A small amount of n-octane was added to the
sample as reference for the gas chromatograph (GC), and the whole
sample was diluted in 1:1 with tetrahydrofuran (THF).
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Fig. 1. Reaction network considered in the kinetic modeling.

The operating conditions of the experiments are summarized in
Table 1. Variations in temperature and the TRI/DME ratio were applied,
as well as a run with less dodecane and more catalyst (E12), and an
experiment without catalyst (E13).

2.2. Analytical methods

The liquid samples were analyzed by a gas chromatograph (GC,
Hewlett Packard 6890 Series), equipped with a flame ionization detector
(FID), an Agilent DB-5MS + DG column, and helium as carrier gas. Pure
compounds were used to determine the response factors (RF) of OME _s,
dodecane, and MeFo. The RF of OMEg was estimated by extrapolating
the values of the other OMEs. Higher OMEs were neglected because only
traces were detected.

Most of the DME evaporated during depressurization, while some
TRI resolidified and was lost in the syringe filter. Therefore, although
DME and TRI were indeed detected by the GC, their measured

OME,

OMEs

+=0 (rs)

OME;g

ria only belongs to Model A while r15 only belongs to Model B.

concentrations were not taken into account. Instead, these were deter-
mined by stoichiometry.

The weight fraction of dodecane in the sample (@4o4,5) Was calculated
as follows.

Adod ® Mot s
Aoct ® My s

€8]

@dods = RFgod ®

where A; is the integration area in the chromatogram related to
component i, M, s is the mass of octane in the sample, and my,, s is the
total sample mass.

Since dodecane is inert in the system, its weight fraction in the
reactor remains the same as under the initial conditions (wgoqr =
Wdod.inic)- Sampling has a negligible effect on the system composition,
because the liquid phase contains essentially the entire system mass
(~99.4 wt%), while the sampling mass was small (~1.5 wt%). Thus, the
weight fraction of each component in the reaction mixture (w;,;) was
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determined.

wi = RF, .Ai ® Mocrs ® Wdod,init )
Aoct ® My s ® a)dod,x
The conversion of TRI (Xg;) and DME (Xpyz) and the selectivity of

OME with respect to TRI (Souz) were calculated as follows.

M, 2 ® Wpgeror 5. fiew, r
- FA“.|: MeF +Z< ozvus)} 3)

Xrr = 100% o
™ ® WTRIinit Mirero —~ \ Mowu,

6
WOME; r
Xpme = 100% o . E — @
ue OpME it “=5 (MOMEE>

-1
6 i 6
Some = 100% e Z (l .IVI&;OMEb’) ° [2 ;V[C"MBFOJ + Z (l ® Dome; ,) :|
ME; MeFo

i-1 i-1 Mowr,

()

Here, M; is the molar mass of component i.

2.3. Experiments from a previous study

Experiments performed in a previous study from our group (Drexler
et al. 2022) were also considered for the model development. These
experiments were performed with of 20 g of reactants (DME + TRI) and
0.52 g of H-ZSM-5 (Si/Al = 40) in a 75 mL autoclave. No dilution with
dodecane was used, which is the main difference between these exper-
iments and the ones from the present work. The total reaction time was
always 2 h including the heating ramp, and a liquid sample was
collected at t = 2h to be analyzed by the GC. A total of 15 experiments
were conducted, varying the final temperature (353-425 K) and the
initial ntry/npmg (0.10-1.00). Further information can be found in the
original work (Drexler et al. 2022). Experiments with T > 400 K were
not considered, as the OME selectivity is much lower (MeFo production
rises), and even methanol was detected at these conditions.

3. Kinetic modeling
3.1. Reaction network

Trioxane (TRI) decomposes to formaldehyde (FA), as follows.
TRI=3 e FA 6)

OME is formed either by reaction of formaldehyde (FA) with DME
(Eq. (7)) or by direct incorporation of TRI (Eq. (8)).

DME + FA2 OME, @

DME + TRI2OME; ®

While these two reactions might occur in parallel, it is not trivial to
find statistically significant parameters for both pathways through
parametrization. Therefore, it was considered that one reaction could
satisfactorily describe OME formation, and two models were developed:
Model A considers that OME formation occurs only via Eq. (7), while
Model B considers only Eq. (8).

OME chain elongation is described in the literature both by the
formaldehyde pool (Eq. (9)) and by transacetalization reactions (Eq.
(10)) (Drexler et al., 2022).

OME,_, + FA20OME, ©

OME,_, + OME,,20OME, + OME,,_, (10)

Since the OME chain elongation is generally faster than OME for-
mation from DME (Breitkreuz et al., 2022b; Drexler et al., 2023),
consideration of only one route in the model should be sufficient to
describe this process. The formaldehyde pool was chosen because it
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Table 2
Reaction rate equations.

Rate of reaction (mol-kggi-h™) No.

17
\Vrm ® dpyME *a—OM&) an
Kpa1

Reaction

OME synthesis via o ki . (
FA (Eg. (6) ' T T4 Kpod ® Gpod
(Model A)

OME synthesis via S ki1
TRI (Eq. (7) 1 T 1 4 Kpod ® apoa
(Model B)

OME chain Th = 19

elongation (Eq. kn 5 domE
_— Ja a — ~12<n<6
8 1 + Kpoq ® apod ° TRI ® GOME-+ Kpn .

(Models A and
B)

MeFo formation
(Eq. (10)
(Models A and
B)

aom&) (18)

L (aTRI ® ApmE —
Kpa1

r; =k; e /a2y 0

consists of a lower number of reactions, it is simpler to implement and to
define the equilibrium constants. Breitkreuz et al. (2022b) made the
same choice to simulate the OME chain propagation.

The formation of MeFo is typically described by a Tishchenko-type
reaction (Drexler et al., 2022) (Eq. (11)). An alternative pathway via
OME, decomposition was proposed by Breitkreuz et al. (2022b) (Eq.
(12)). In the present kinetic model, the more established Tishchenko
reaction (Eq. (11)) was considered.

2 e FA—MeFo an

OME;—MeFo + DME 12)

No other side products were detected in the operating conditions
applied in this work, indicating that water contamination did not occur,
and the process ran under dry conditions. Therefore, no other reactions
were considered in the kinetic modeling. The reaction network is illus-
trated in Fig. 1.

3.2. Reaction rates

Following the approach of Breitkreuz et al. (2022b), a pseudo-
homogeneous approach based on activities was considered. Thus, the
reaction rate of trioxane decomposition (ry, in mol~kgg§t~h’1) is:

a
=koe (ag,, - 1%) 13)

where kg is the reaction constant (rn9~mol’2~kg§;t-h’l), q; is the activity
of component i (mol-m_3), and Kpo is the equilibrium constant
(m®mol~?).

No free FA was detected in the offline GC measurements, which is in
agreement with the literature (Breitkreuz et al., 2022b; Drexler et al.,
2023; Peldez et al., 2020) and makes it challenging to estimate the ki-
netics of TRI decomposition. Additionally, this reaction is described as
fast in the OME synthesis from DME (Breitkreuz et al., 2022b). There-
fore, TRI decomposition was considered rapid in this work, i.e. quasi-
equilibrium was assumed. That is:

ko>To—r2 ~ 0 (14)
ko
3 ARy
gy —5>—=0 s
A KP.O
QaTrr
app = |— (16)
FA Ko

The reaction rate equations are summarized in Table 2. In these
equations, the activity of FA is already substituted according to Eq. (16),
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and the kinetic parameters were lumped to avoid the estimation of Kp .
The OME chain length was limited to OMEg, since only traces of heavier
OMEs were detected.

From preliminary tests it was observed that the OME formation was
much slower when dodecane was present, which could not be
explained/simulated correctly by dilution alone. Furthermore, for the
experiments containing dodecane, it took longer for OME; and OME; to
reach quasi-equilibrium through chain propagation. Dodecane is
possibly causing some hinderance in these reactions, for which we have
two hypotheses:

1. Dodecane is non-polar, while DME and TRI are polar, as is the surface
of the zeolite. The presence of large amounts of dodecane inside the
catalyst pores may affect the active sites and change the kinetics of
OME synthesis.

2. Dodecane could cause steric hindrance for the arrangement of larger
molecules inside the pores. This could affect the kinetics of OME
synthesis and chain propagation, while MeFo production might
remain unaffected, as both MeFo and formaldehyde are smaller
molecules.

To account for this effect, an inhibition term (1 4+ Kpoq @ aDOUl)’1 was
added to the reaction rates of both the OME production (Egs. (17) and
(18)) and chain propagation (Eq. (19)), where Kp,q is temperature
dependent and calculated as follows:

B 1 1
Kpoa = Kpodpo ® €Xp { - ;Od . (T -7 f) } (21)
rej

Activities were calculated with Eq. (21). The activity coefficients
were estimated using a UNIFAC-based model with parameters from the
literature (Breitkreuz et al., 2022b; Breitkreuz et al., 2023; Breitkreuz
et al., 2018; Gmehling et al., 1982; Horstmann et al., 2005; Kuhnert,
2004; Schmitz et al., 2018) (see Section S2 of the SM).

i:ntor'(l—v)'xi°7i (22)
Vi
where ny, is the total number of moles considering both the liquid and
gas phases, v is the vapor fraction in the system (mol in the gas phase/
mol in total), x; is the molar fraction of component i in the liquid phase,
and V; is the volume of the liquid phase (m®).
The reaction constants were calculated according to an Arrhenius-
type equation.

Exx 1 1
ki = exp {Ak——o (7——)} (23)
R \T Ty

Here, Ay is a lumped kinetic constant, E4 is the activation energy
(kJ ~mol’1), R is the universal gas constant (kJ ~mol’1-K’1), T is the re-
action temperature, and Ty is the reference temperature (T,s = 363.15
K). The use of the reference temperature reduces the correlation be-
tween Ay and E,, facilitating the parametrization process.

The reactions concerning the OME chain distribution (ry_¢) were
considered rapid by Breitkreuz et al. (2022b) (system: OME,, synthesis
from DME using ion-exchange resin as catalyst), while Pelaez et al.
(2020) made the same consideration with the exception of OME; for-
mation from OME; (system: OME, synthesis from OME; using an un-
disclosed commercial catalyst). In this work, following the literature
approach, reactions r,_¢ were considered rapid, and a sufficiently high
constant value was applied, i.e. ky_¢ = 0.1 m*mol©/®.kgcl-h~L.

Accurate values of the equilibrium constants (Kp;_¢) are not trivial
to obtain for this system. This is because MeFo formation is slow and
either irreversible or only equilibrates at very high MeFo concentration,
thus preventing the system from reaching chemical equilibrium under
typical reaction times, a fact that has been elucidated in the literature
(Breitkreuz et al., 2022b). In the case of OME formation from DME (Egs.
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(7) and (8)), its equilibrium constant (Kp;) was fitted to the experi-
mental database together with the kinetic constants. At first, an Arrhe-
nius type equation was considered, i.e. Kpx = €xp(Aegx —Beqk/RT). The
temperature dependent parameter (B) was found to be statistically
insignificant and was therefore excluded, so that Kp; was fitted as a
single parameter, i.e. Kp; = exp(Aeq1) = constant.

To estimate the equilibrium constants of the OME chain elongation
(Eq. (9)), we tested a three-parameter Schulz-Flory distribution corre-
lation described by Peldez et al. (2020), which correlates Kpo_¢ with
temperature and the chain length. However, the parameters were not
statistically significant, indicating a low dependency of Kp2_¢ in relation
to temperature and chain length in the operating conditions of the
present study. Therefore, all equilibrium constants of the OME chain
propagation were set equal and temperature-independent, decreasing
the number of fitted parameters by two. That is: Kpy_¢ = exp (Aeq_z).

3.3. Vapor-liquid equilibrium

In this section, the procedure for estimating the vapor-liquid equi-
librium conditions inside the reactor is described. To simulate the gas
phase, both ideal gas and the predictive Soave-Redlich-Kwong (PSRK)
(Breitkreuz et al., 2022b; Horstmann et al., 2005) approaches have been
tested, with negligible difference in the results. There are probably two
reasons for this: (i) low reactor pressure (p < 15 bar) and (ii) the mass of
the gas phase was minimal compared to the liquid phase (my/m; ~
0.006), so that non-idealities in the gas phase would have negligible
effects on the liquid phase, where the reaction takes place. Therefore, to
reduce complexity and computational time, ideal gas behavior was
chosen for the modeling.

To start the calculations, initial values for the vapor fraction (v) and
the liquid composition (x;) are required. For t = 0, initial values of v =
0.01 mol/mol and x; = z; were used. g; is defined as the mole fraction of
component i considering both the liquid and gas phases, that is:

n;
Nior

2 = (24)

Here, n; is the number of moles of component i in both phases, and ny,, is
the total number of moles inside the reactor.

For all other points in the time integration, v and x; from the previous
point were considered. With a defined x;, the molar volume of the liquid
phase (v, in mol-m ) was estimated. Excess volumes were neglected.

VL =ViieX (25)

where vy ; is the molar volume of the pure component i.

The equation and the corresponding coefficients to estimate the
temperature-dependent molar volume of pure components were ob-
tained from the literature (Breitkreuz et al., 2022b; Burger et al., 2013;
Haynes, 2014; Yamada and Gunn, 1973) and are available in the SM (see
Section S3). The activity coefficients (y;), related to liquid-liquid in-
teractions, were calculated at this point with the defined (x;), using the
UNIFAC-based model.

With v, and y; defined, the iterative calculation of the vapor fraction
(v) was started. First, the liquid volume (Vy, in m?) and the gas volume
(Vg, in m3) were calculated.

Vi=vie(l—v)en, (26)
Ve=Vr -V, 27)

Here, Vi is the reactor total inner volume.
Then, the reactor pressure (p) was calculated according to the ideal
gas law.

_ven, eReT

Ve (28)

hS]
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The partition coefficients (K;) were calculated for each component
using the extended Raoult’s law.

(p *pvapvi) ®VLi Wi ® Dvap,i (29)

Ki = exp ReT P

where p,qp; is the vapor pressure of component i at T. The equation and
corresponding coefficients to estimate the vapor pressure of each
component were taken from the literature (Breitkreuz et al., 2022a;
Burger et al., 2013; Rowley et al., 2018; Willingham et al., 1945) and are
available in the SM (see Section S4).

Finally, the flash equation must hold.

Wis zi o K; Yo g
f= Z( v+voK>+ Z (;)_1:0 (30)

i=Nic+1
Here, Nj¢ is the number of liquid phase components, and N is the total
number of components. The second sum term refers to components that
have negligible concentration in the liquid phase (i.e. Ki>(1 —v)/v), i.e.
nitrogen and oxygen.

Egs. (26)-(30) were solved iteratively to find v such that f = 0. The
Matlab function fsolve was used, with function and step tolerances set to
107,

With the calculated v, the composition of the gas phase (y;) and the
liquid phase (x;) are given by:

zi o K;
= - 31
Y 1-v+vek; @D
Yi
=2t 32
YTk (32)

The vapor-liquid equilibrium is recalculated at each time point
because temperature and composition change with time. Since these
changes are relatively slow and the reactor is continuously stirred, it was
considered that the new vapor-liquid equilibrium is always immediately
reached. In the next section, the reactor model including the time
integration is described.

3.4. Reactor model

Since the substances in the batch reactor were thoroughly stirred, the
heating ramp was relatively slow, and the reaction times were in the
order of hours, the following considerations were made: (i) gradient-free
reactor, (ii) no heat or mass transfer limitations, (iii) vapor-liquid
equilibrium at all times. For a control volume containing the liquid and
gas phases, the variation of the number of moles of each component i (n;,
in mol) along the reaction time (t, in h) is described according to the
following equation.

N;
dTli 2

g = Mear® D (i o) (33)

=1

Here, m, is the total catalyst mass, and vy is the stoichiometric coef-
ficient of component i in reaction k.
The heating program for each experiment consisted of two parts:

1. A heating ramp until the setpoint temperature (Tsp) was reached
(normally after ca. 45 min).
2. Reaction at Tsp for several hours

The temperature profile was recorded for each case, and an empirical
function were adjusted (Eq. (34)). The function coefficients are available
in the SM (Section S5).

T(t) =Ar—Breexp(—Cret) (34)
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where Ar, Br, and Cr are adjusted parameters.

The reaction rates are negligible at lower temperatures (T < 338 K).
In addition, mass transfer limitations may play a role before trioxane
melts (at ca. 337 K). Therefore, any reaction at T < 338 K was neglected,
and the time integration was performed only for t at T > 338 K. The
system of ordinary differential equations (Eq. (33)) was solved with the
Matlab function ode45, with the absolute tolerance set to 10~ and the
relative tolerance set to 10~*. The function ode45 was called twice:

1. To integrate Eq. (33) considering the temperature ramp (Eq. (34))
until the temperature setpoint is reached. The initial conditions are
described in Table 1. For all components with n = 0 mol at the initial
condition, a tiny value of 107> mol was assigned instead to avoid
numerical instabilities caused by assigning zero in some cases.

2. To integrate Eq. (33) at constant temperature until the final reaction
time. The final conditions of the 1st integration are used as initial
conditions of the 2nd integration.

3.5. Estimation of the kinetic parameters

In total, 9 parameters (A1, Ay, Epi, Ea7, Kp1, Kp2-6wps KP_Q,QHD
Kad 0, AHgq) were fitted to the experiments. In Kp 2_¢wp and Kp 2_6 np, WD
and nD refer to “with dodecane” and “no dodecane”, respectively. They
were separately estimated because in preliminary simulations it was
observed that a single value did not fit both situations. Further discus-
sion about this is provided in Section 4.4.

From the database of the present work, experiments E1, E3-E8, and
E10-12 were selected as the training database, while E2 and E9 were
kept for validation only. From the database of our previous work
(Drexler et al., 2022), points P2-P5 and P11-P13 were added to the
training database.

An objective problem was solved following the chi-square regression
method (y?), i.e. minimizing the sum of normalized squared deviations
with respect to each OME and MeFo contents (Eq. (35)).

Nrp1 +Nypy
2 ~ 2
X = E WiMero ® (Zi.,MeFo - Zi,MeFo)

L

6
+ Z {Wz om, ® (ZiomE, — ELOME,[)Z} } (35)

n=1

Here, Nrp; and Nypy are the number of training points/measurements
from this work and from (Drexler et al., 2023) (N7p; = 53, Nypz = 7),
respectively, z;; is the measured mole fraction of component j at mea-
surement i, Z;; is the simulated mole fraction of component j at point i,
and w; is the weight of component j at point i.

The inverse values of the squared measured mole fractions were used
as weights, provided that they were above a certain threshold (Eq. (36)).
With this procedure, the optimization solver does not give too much
weight to either the largest or the smallest values.

1
= for  z; > 0.01mol/mol
(36)

w;; = 10 for oz < 0.01mol/mol

The mean relative error related to each component, MRE(j), was
calculated considering both training and validation points, as follows.

100% N JE

MRE(j) =
v (N1py + Np2 + Nyp) 4 25

37)

where Nyp is the number of validation points (Nyp = 11).
To calculate the 95 % confidence interval of the fitted parameters,
the Matlab function nlparci was used.
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Table 3
Kinetic and equilibrium constants of Models A and B.
Parameter & x> values Model A Model B
A () -8.56 + 1.01 -13.97 £ 1.16
A7 () —-4.70 + 0.53 -4.71 + 0.92
Ea1 (kJemol™) 59.42 + 5.65 41.29 +7.80
Ea7 (kJemol 1) 75.92 + 8.64 78.39 + 25.22
ko_g (m"»mol(’l/”-kggé‘-h’l) 0.1* 0.1%
Kp1 (4.09 +0.51)-107%  (5.40 + 0.66)-10~°
(memol /%) (m®emol 1)

Kp 2 6wp (memol /%) (with dodecane)

Kp2_6qp (memol 3) (no dodecane)
Kpodo (m3emol 1)

(2.39 + 0.30)-102
(1.68 + 1.17)-1072
(1.04 + 0.09)-102

(2.39 + 0.80)-1072
(1.68 + 0.47)-102
(2.83 + 0.52)-102

Bpoa (kJemol 1) -0.85 + 0.09 —102.84 + 58.15

" High values arbitrarily chosen, as these reactions were considered to be in
quasi-equilibrium.

Table 4

Statistical indicators of kinetic models A and B.
Indicators Model A Model B
x?* —Training 29.9 14.4
x* — Training + E2 and E9 32.9 16.3
MRE(OMEl) 27.4 17.5

RE(OME,) 26.1 13.0

MRE(OME3) 25.5 14.7
MRE(OME,) 27.3 19.2
MRE(OME;) 34.4 25.5
MRE(OME;) 49.6 42.4
MRE(OMEgn) 25.9 13.8
MRE(MeFo) 27.1 25.2

4. Results and discussion
The experimental results are provided in the SM (Section S1). No

OME or MeFo was detected in E13 (blank experiment), excluding the
possibility of reactions occurring without the presence of a catalyst
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within the studied operating range (T < 393 K).

4.1. Parameter estimation and model validation

The kinetic and equilibrium parameters of Models A and B are pre-
sented in Table 3, while the statistical indicators of both models are
summarized in Table 4. The confidence intervals show that all param-
eters are statistically significant for both models.

The »? of Model B is ca. 50 % lower than of Model A, suggesting that
direct trioxane incorporation to form OME3 (Model B) is the main re-
action pathway of OME formation. While this result does not exclude the
possibility that OME formation also occurs by reaction of FA and DME, it
supports the hypothesis that direct trioxane incorporation to OMEj is
much faster than OME; formation from DME and FA. This result con-
trasts the one from Breitkreuz et al. (2022b), who obtained similar re-
sults with both approaches. However, the authors worked with a
different catalyst, an acidic ion-exchange resin, and the reaction mech-
anism may differ from the reaction mechanism on the H-ZSM-5.

Model B simulates the total OME production with a mean error of
only 13.8 %, while the predictions of the individual OME fractions and
MeFo have mean deviations ranging between 13.0 and 25.5 %, except
for OMEg, whose higher deviations are associated with higher mea-
surement errors, caused by the low concentrations of these components.

Since Model B describes the experiments much better than Model A,
the further discussion focuses on Model B. In Fig. 2, parity plots of OME
and MeFo concentration are shown for Model B simulations. Analogous
parity plots for Model A simulations are provided in the SM (Section S6).
Although Model B has a low number of fitted parameters (9) for a high
number of products (7), OME formation and MeFo side production were
adequately simulated without systematic deviations, and similar accu-
racy was observed for the validation points.

4.2. Influence of temperature

The effect of temperature in OME synthesis is shown in Fig. 3 (ex-
periments with dodecane) and Fig. 4 (experiments without dodecane).
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Fig. 2. Simulations of Model B vs. measurements. a) OME; and OME,. b) OME; and OME,. ¢c) OMEs and OMEg. d) Sum of OME, ¢, and MeFo.
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a) OME conc. at nyg/npye = 0.40
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b) MeFo conc. at nig/npye = 0.40
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Fig. 3. Effect of temperature in the OME synthesis for experiments containing dodecane. The dots represent the measurements (E1-E5), and the curves refer to Model
B simulations. a) OME;_¢ concentration (% mol/mol), b) MeFo concentration (% mol/mol), ¢) Average Chain Length (ACL).
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Fig. 4. Effect of temperature in the OME synthesis for experiments without
dodecane. The dots represent the measurements (P1-P5), and the curves refer to
Model B simulations. The reaction time is 2 h for all points.

Increasing temperature promotes both OME and MeFo production (see
Figs. 3a, b, and 4), but decreases OME selectivity, in agreement with the
literature (Burre et al., 2019; Haltenort et al., 2018; Liu et al., 2019).
After a few hours of reaction, MeFo production continues to increase
(Fig. 3b), while OME generation seems to reach a plateau (at higher
temperatures), i.e. the chemical equilibrium has been reached (Fig. 3a).

In the experiment without dodecane at 353 K (P1, Fig. 4), high
overestimations of both OME and MeFo production were observed.
Since the temperature influence was correctly simulated for 363 — 393 K
(P2-P5, Fig. 4a), as well as for the experiment with dodecane at 353 K

(E1, Fig. 3a and b), we suspect that some experimental error might have
occurred with P1, e.g. GC measurement errors are higher at low con-
centrations. In general, while there were some discrepancies between
measurements and simulations, the kinetic model accurately simulated
the experimental trends of the data with and without dodecane.

A typical indicator of chain growth is the average chain length (ACL).
It is calculated as follows (Drexler et al., 2023).

-1

6
(2omm,r) (38)
=)

i=1

ACL = i (i ® 2omz, ) ® {

The effect of temperature on the ACL is shown in Fig. 3c. The ACL
decreases with reaction time and by increasing the temperature, as
shown in previous studies (Drexler et al., 2022; Drexler et al., 2023).
Model B correctly predicted the experimental trend for both cases (with
and without dodecane), while slight underestimations were observed at
lower temperatures and short reaction times. The cause of these un-
derestimations may be related to considering the OME chain distribution
to be in quasi-equilibrium, since the generation of OME; and OME; from
OMEj3 may not be as fast at lower temperatures. Nevertheless, the cur-
rent approach was maintained, because (i) the deviations are small and
occur only at specific points, and (ii) we did not obtain statistically
significant kinetic parameters for the OME chain distribution when
including them in the model.

4.3. Influence of the initial composition

The effect of initial composition on the OME synthesis is shown in
Fig. 5 (experiments with dodecane) and Fig. 6 (experiments without
dodecane). By increasing the TRI/DME ratio, MeFo production increases
considerably (see Figs. 5¢-f and 6), while the OME formation reaches a
maximum for nTRI/nDME between 0.40 and 0.55, although close results
are also obtained for nTRI/nDME = 0.25 and 0.70 (see Figs. 5a, , and 6).

At 383 K, the plateau in OME production was reached for all cases
(Fig. 5b), suggesting a proximity to the chemical equilibrium, and this
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b) OME conc. at Tgp = 383 K
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Fig. 5. Effect of the initial composition (i.e. nzgr/npme) in the OME synthesis for experiments containing dodecane. The dots represent the measurements (at 363 K:
E2, E6, E8, E10; at 383 K: E4, E7, E9, E11), and the curves refer to Model B simulations. a and b) Total OME concentration (% mol/mol), ¢ and d) MeFo concentration

(% mol/mol), e and f) Average Chain Length (ACL).

plateau is slightly higher with an increase in the TRI/DME ratio. As
expected, increasing the TRI/DME ratio leads to longer OME chains, i.e.
higher ACL (see Fig. Se, f, and 6). In summary, there is a trade-off be-
tween OME selectivity and ACL, with increasing TRI worsening the
former and improving the latter.

The model follows the experimental trends and accurately re-
produces most experimental points, and low deviations are seen at
specific conditions in the experiments with dodecane. Significant over-
estimations are observed for very low (nTRI/nDME = 0.10) as well as
very high trioxane content (nTRI/nDME > 0.85) in the experiments
without dodecane (see Fig. 6). These points did not participate in the
model training, as these operating regions are not the most interesting,
since catalyst performance is reduced. At very low TRI content, one
hypothesis for the overestimation is that DME could be saturating the
catalyst surface at such high concentrations, consequently decreasing
OME production rate, what is not considered by the kinetic model. At
very high TRI content, one possible explanation for the overestimations
is that TRI solubility issues might start to play a role, a phenomenon not
included in the model.

4.4. OME chain distribution

The concentration of each OME,, over time is illustrated in Fig. 7
(selected experiments with dodecane) and Fig. 8 (experiments without
dodecane). The consideration of a rapid OME chain elongation and the
averaged equilibrium constant was sufficient to capture the trends in the
OME distribution, with low deviations at specific points, especially for
OME;. This is shown for variations in temperature (Figs. 7a—c, and 8a),
feed composition (Figs. 7b, d—e, and 8b), and dodecane amount (Fig. 7b
and f).

In the first measured samples of the experiments at lower tempera-
tures (T < 363.15 K), the concentrations of OME; and OME,, sometimes
even OMEg, are close to each other (Fig. 7). These observations support
that: (i) at lower temperature and low conversion, the OME chain dis-
tribution is not fully equilibrated in the first hours of the reaction; and
(ii) OME production should occur primarily via direct trioxane incor-
poration to OME3 (Eq. (8)), since these higher OME; and OME3 con-
centrations would not be possible if OME production proceeded
exclusively via OME; formation (Eq. (7)).

These observations suggest that the kinetic parameters from rp
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Fig. 6. Effect of the initial composition (i.e. nyr/npme) in the OME synthesis for
experiments without dodecane. The dots represent the measurements (P9-P16),
and the curves refer to Model B simulations.

(OME; + FA20MEy) and possibly r3 (OME; + FA2OMEs) have slightly
lower values than those of the subsequent reaction steps. However, as
also concluded in Section 4.2, this effect is limited and has little rele-
vance for practical applications. In the experiments without dodecane,
this effect is even less pronounced. Thereby, the consideration of quasi-
equilibrium for all reactions in the OME chain elongation was
maintained.

As mentioned in Section 3.5, a single equilibrium constant was not
sufficient to match the experiments with and without dodecane. When
looking at Figs. 7 and 8, one can see that the OME concentrations are
further from each other when no dodecane is in the system, suggesting
that the addition of dodecane favors higher OME chains. Our hypothesis
for the model mismatch with a single equilibrium constant value is that:
when dodecane is added, the activity of all components is changed, but
since there are some missing values in the UNIFAC binary interaction
parameters, it is possible that this change is not fully captured by the
model. However, when adjusting one constant for each situation (with
and without dodecane), accurate simulations were obtained.

4.5. Conceptual design of a continuous OME3_4 production process

Stroefer et al. (2011) filed a patent on a process for the continuous
production of OME from TRI and dialkyl ethers, whose flowsheet basi-
cally consisted of a fixed-bed reactor and two distillation columns. Later
on, Breitkreuz et al. (2018) simulated and optimized this process spe-
cifically for TRI and DME, though not including MeFo side production.
In this section, a new concept design is proposed, taking into account the
side production of MeFo, and aiming to produce OME3_4 from DME and
TRI.

The experimental and modeling results indicate that there is a
compromise between high OME selectivity (low MeFo side production),
high ACL and reasonable catalyst activity. Considering that, the best
operating temperature for the conversion of DME to OME should be
between 353 and 363 K, while the best feed composition should be
between nrry/npye = 0.25 and 0.40.

Although a high ACL is desired in the first step, it is known that OME
chain growth can occur at lower temperatures (T < 333 K) (Peldez et al.,
2020), minimizing or even completely avoiding MeFo side production.
Therefore, a continuous production plant with two fixed-bed tubular
reactors would efficiently produce the desired OMEj3 4 with reduced
MeFo side production. The proposed flowsheet is illustrated in Fig. 9.
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Initially, DME and TRI are mixed with the recycle stream and fed into
the first reactor, the DME activator (pressurized, 353 K < T < 363 K,
0.25 < nrry/npye < 0.40). After the reaction, unreacted DME is sepa-
rated from the product stream in a pressurized column and recycled. The
remaining product stream enters a pressure relief valve, because the
second plant section can be operated at lower pressures (perhaps even
atmospheric), minimizing equipment and operating costs. Important
considerations to select the operating pressure of the first section are:

i. The pressure should be high enough to ensure liquid DME in the
reactor, but low enough to avoid the solidification of larger OME
chains.

ii. The pressure should be sufficient to facilitate the separation of
DME and MeFo (Column 1) by allowing the condenser to be
operated with cooling water.

iii. The pressure should be as low as possible to minimize equipment
and compression costs.

In the second section, additional TRI is mixed with the remaining
product stream from the first reactor, and the resulting stream enters the
second reactor (low or atmospheric pressure, T < 333 K). Since full
conversion is not possible due to the chemical equilibrium constraints,
separation via distillation columns and recycle streams of trioxane,
OME;_», and OME,>5 is required.

Theoretically, there are three possible positions for Column 2: (i)
after Reactor 1, (ii) after the pressure valve, (iii) after Reactor 2. Since
MeFo is inert in Reactor 2, and the concentration of OME; (volatile
compound) is much lower after the second reactor, option (iii) is prob-
ably the most appropriate, allowing a more efficient separation of MeFo
from the product stream and removing (possible) MeFo produced in the
second reactor.

5. Conclusions

In this work, a new kinetic model was developed and accurately
simulated the OME synthesis from dimethyl ether (DME) and trioxane
(TRI). While both the direct OME3 production from TRI and the OME;
production from formaldehyde should occur in parallel, the experiments
were better described when the former reaction was considered, sup-
porting the hypothesis that the direct TRI incorporation into OMEj3 is the
main reaction pathway for OME formation on H-ZSM-5. The developed
model is suitable for scale-up and optimization purposes.

A good compromise between catalyst activity and OME selectivity
was found by operating at lower temperatures (353 K < T < 363 K) and
low TRI content (0.25 < ntry/npyg < 0.40), where an OME selectivity
around 90 % m/m can be achieved. These findings were used to propose
a process concept for the continuous large-scale production of OME3 4
from DME and TRI. Two sections were considered: (i) a DME activation
section, where the reactor operates at moderate pressures and the
aforementioned conditions, and (ii) an OME chain growth section,
which can be operated at lower pressures and temperatures, minimizing
MeFo formation and reducing costs.

Both DME and TRI can be produced from methanol. Provided that
green methanol from renewable resources is used, sustainable process
chains with minimized overall emissions and high efficiency can be
developed. The presented results can contribute to such strategy in
terms of an optimized OME production with high selectivity towards the
desired fractions, according to the projected applications.
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