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Abstract

Poly(oxymethylene) dimethyl ethers (OME) are interesting synthetic fuels: they have better
combustion properties than fossil diesel fuel and can be obtained from renewable resources.
Furthermore, they can be blended with hydrogenated vegetable oils (HVO) to obtain a new class
of environmentally benign fuels. However, it has been observed in technical processes that initially
homogeneous mixtures of (OME + HVO) split into two liquid phases after some time, which is
unacceptable for use as fuels. It is assumed that this de-mixing is a consequence of the uptake of
small amounts of water from the air by the mixtures. However, up to now, only qualitative
information on this phenomenon was available. We have, therefore, carried out systematic
experimental studies of liquid-liquid equilibria (LLE) and liquid-liquid-liquid equilibria (LLLE)
in ternary model systems of the type (OME + n-alkane + water) at temperatures between 265 to

293 K. The n-alkanes were (n-dodecane, n-hexadecane); two different OME were studied, OME:

HVO Hydrogenated vegetable oils

LLE Liquid-liquid equilibria

LLLE Liquid-liquid-liquid equilibria

NMR Nuclear magnetic resonance

OME Poly(oxymethylene) dimethyl ethers

PC-SAFT Perturbated chain statistical associating fluid theory

UNIFAC Universal quasichemical functional group activity coefficients
Tol Toluene

w Water
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and OME.4, respectively. Additionally, also multicomponent mixtures containing different OME
and mixtures containing additionally the aromatic hydrocarbon toluene were studied. The results
were modeled using UNIFAC, a group-contribution model of the Gibbs excess energy, and a good
correlation of the observed complex phase behavior was obtained. The results from the present
work confirm that the uptake of small amounts of water is the reason for the phase split observed

in technical (OME + HVO) mixtures. Measures to circumvent this problem are discussed.

1. Introduction

The use of synthetic fuels produced from renewable resources can make a significant
contribution to moving away from fossil fuels and, thus, reducing greenhouse gas emissions. [1—
4] Furthermore, synthetic fuels can offer also additional advantages such as lower emissions of
soot or nitrous oxides.[3,5] Two particularly interesting synthetic fuels are poly(oxymethylene)
dimethyl ethers (OME) and hydrogenated vegetable oils (HVO).

OME are oligomers with the general structure CH3-O-(CH20).-CHs with n > 2. We use OME
here to designate OME in general and OME. to designate a specific OME. For the use as fuels
OME, with 3 < »n < 5 are most interesting. [4,6,7] These oligomers have similar physical
properties as fossil diesel but produce much less soot upon combustion because they contain
oxygen in their backbone. OME are produced from methanol, which, in turn, is produced from
synthesis gas, which can be obtained from biogas as well as from carbon dioxide and hydrogen,
i.e. OME can be obtained from renewable resources. [8,9] This enables establishing a closed
carbon cycle to minimize greenhouse gas emissions. Efficient production of OME is a major focus

of recent research, e.g. [10—19]
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HVO are produced from triglyceride acids obtained from plants such as oilseed rape, and are
often designated simply as “oils”. HVO contain mainly n-alkanes, but also some branched alkanes,
with C-numbers typically between 15 and 20, but basically no sulfur, nitrogen, or aromatics. [4,20—
23] HVO have similar physical properties as fossil diesel, but higher cetane numbers and lower
toxic emissions. [24,25] It can be used directly as a diesel substitute without any modification of
the engine. Only at low temperatures, the high viscosity can cause problems in some cases. [25]

HVO are already produced on a large scale, whereas there are only a few facilities for OME
production. The use of blends of (OME + HVO) is of great interest for a market launch of OME.
[4,19,26]

One problem with the application of blends of (OME + HVO) is the miscibility [3,18,27-29].
HVO are non-polar, while OME are moderately polar, due to the oxygen in the backbone. This
can induce a miscibility gap in mixtures of (OME + HVO), which, however, is typically not large
and can be avoided by a suitable choice of the composition. This is mandatory for the application
as fuels, where homogeneity of the fluid is required. However, it is known that initially
homogeneous mixtures of (OME + HVO) show a liquid-liquid phase split after some time in many
technical applications. Typically, not only a small amount of the second phase is formed, but the
amounts of both phases can be of the same order of magnitude, with one phase being OME-rich
and the other HVO-rich. Only qualitative information on this phenomenon is available in the
literature [3,18,27-29] and its reasons are not fully understood. A hypothesis is that the initially
homogeneous (OME + HVO) mixture takes up small amounts of water from the air, which induces
the phase split — however not by forming a (small) second water-rich phase, but by leading to a

separation of OME and HVO.
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This phenomenon was studied in the present work by phase equilibrium experiments, in which
liquid-liquid equilibria (LLE), as well as liquid-liquid-liquid equilibria (LLLE), were measured,
and by accompanying modeling and simulation. A challenge in designing a such study is that both
HVO and technical OME are mixtures. The composition of HVO depend on the raw material and
production process, and also the composition of technical OME varies. We have therefore decided
to carry out experiments with model components. Two OME were used: OME4 because it is in the
middle of the typical range of OME. components in OME-fuels (OMEs; — OME:s). Additionally,
we have also included OME: in the study, to get information on the influence of the chain length
of the OME. on the results. Longer OME. were not used, as they were not available in sufficient
amounts as pure components. As model component for HVO, n-hexadecane was used. Also here,
the influence of the chain length on the results was investigated by including n-dodecane in the
study. Longer n-alkanes were not studied to avoid experimental problems with solid-precipitation
at room temperature. Hence, LLE and LLLE in well-defined binary and ternary mixtures of the
type (OME. + n-alkane + water) were studied.

Additionally, also an OME-mixture, as it is used in fuels, was included in the study. Furthermore,
also mixtures containing toluene were investigated, to see whether problems with de-mixing could
also occur in mixtures of OME with fossil diesel fuel, which contains considerable amounts of
aromatic hydrocarbons, in contrast to HVO.

There are only a few studies in the literature on LLE in the systems that are of interest here,

Table 1 gives an overview.
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Table 1 Overview of experimental studies of LLE in systems that are related to the ones studied

in the present work.

system source

OMEh + water Schmitz et al. [30]
n-alkanes + water Mokbel et al. [31]
n-alkanes + water Sutton et al. [32]

OMEn + n-hexane + water Zhuang et al. [33]

OMEs + (n-heptane, p-xylene, toluene) + water Shi et al. [34]

OME: + (cyclohexane, n-heptane) + water Shi et al. [35]
OMEn + o-xylene + water Li et al. [36]
OMEn + toluene + water Lietal. [37]

In none of these studies, a phase split between OME and hydrocarbons was observed. The
present work is the first in which this phenomenon is studied in detail, in particular regarding the
important influence of water.

Modeling LLE in mixtures containing small, highly polar components, such as water, and large
non-polar or weakly polar components (as the n-alkanes and OME studied here) is challenging.
We have tried two options: modeling with molecular equations of state (EOS), namely PC-SAFT
[38,39], and modeling with UNIFAC [40], a group-contribution model of the Gibbs excess energy.
In both cases, the model parameters were fitted to the experimental data. The latter is distinctly
simpler and, as preliminary tests with PC-SAFT indicated no advantages, we have decided to
continue only with UNIFAC, and report here on the results, which were obtained with this method.
The UNIFAC model enables predictions of the complex phase behavior of the studied ternary
systems, some of which show not only LLE but also liquid-liquid-liquid equilibria (LLLE).

There are only two modeling and simulation studies of related systems in the literature, in which,
however, other models were used. Recently, Yang et al. [41] carried out a simulation study on the

miscibility of OME, with model components of diesel fuel using the COSMO-RS method. [42]
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Yu et al. [43] investigated the miscibility of OME with diesel fuel components using molecular
dynamics simulations. These simulation studies focus on similar systems like the already
mentioned experimental studies and do not mention the phase split between OME and

hydrocarbons or they are predictive and show no experimental proofs.

2. Experimental Apparatus and Procedure

2.1 Chemicals

OME: and OME4 were provided by BASF SE with a purity of 0.985 g g'. The main impurities
are minor amounts of shorter OME, which were identified using the NMR method from Breitkreuz
et al. [44]. As they are only present in small amounts and chemically similar to the main
component, the influence of these impurities on the results is expected to be only minor. The OME-
mixture was provided by ASG Analytik-Service. The OME-mixture comprised OME3(0.58 g g),
OME:(0.27 gg"), OMEs(0.11 g g"), and OMEs(0.04 g g). n-dodecane (C12), purity >0.99 g g”',
was purchased from ThermoFisher. n-hexadecane (C16), purity > 0.99 g g, and toluene (Tol),
purity > 0.998 g g, were purchased from Merck. The purified water (specific resistance > 15

MQcm™) was prepared with a Milli-Q system from Merck Millipore.

2.2 Phase equilibrium measurements

For the measurement of LLE, feed mixtures of different compositions were prepared from the

pure components, except for the feed mixtures with low water fraction, for which not pure water
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but OME was used that was saturated with water at 293 K. Where appropriate, OME was dried
with molecular sieve (3A) before use. For the preparation of the feed mixtures, an analytical
balance (AG 204, Mettler Toledo) was used and the composition was calculated based on the
masses of the pure substances.

For the measurements at 293 K, 20 g of the feed mixture was filled into a glass vial which
contained a magnetic stir bar, and was closed with a septum cap. The closed vial was stored in an
air-thermostatted cabinet on a magnetic stir plate. The mixture was stirred for at least 24 hours.
Then, the stirrer was turned off and the phases were allowed to settle for at least 48 hours. These
values were chosen based on preliminary experiments, which showed that a further prolongation
did not yield significantly different results. Subsequently, samples of the different phases were
taken with syringes through the septum. Before use, the syringes were dried in an exsiccator that
was filled with dried molecular sieve for at least 48 hours. The temperature was measured in the
cabinet with a calibrated platinum resistance thermometer. In preliminary experiments, in which
the temperature was also measured in a vial, the maximal temperature difference between the air
and the vial was measured. The overall uncertainty of the reported temperature in the vial is
estimated to be 0.1 K.

For the measurements at 278 and 265 K, 40 g of the feed mixture was filled into a glass vial with
a cooling jacket, which, in turn, was isolated from the surroundings by a vacuum jacket. The vial
was equipped with a magnetic stir bar. The cooling medium was a mixture of water and
monoethylene glycol and was thermostatted with a cryostat. The temperature inside the vial was
measured with a platinum resistance thermometer (uncertainty of 0.1 K). The times for mixing and

settling were the same as in the measurements at 293 K. After the settling period samples from the
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different phases were taken through septa which are located at different heights of the vial. For the
sampling dried syringes were used.

All experiments were carried out at ambient pressure (1 bar = 0,05 bar ); as only equilibria with
liquid phases were studied variations of the pressure have no significant influence on the results.
This could, however, be different for the pressures used in injection systems in diesel engines,
which can be more than 1000 bar. No replica measurements were done, as the number of
experiments for each studied system was large enough to check the quality of the data by

considering their continuity.

2.3 Chemical Analysis

Only the samples from the coexisting phases were analyzed. The composition of the feed was
known from the gravimetric preparation. The uncertainty of the feed composition is better than
0.001 g g™

All samples were first analyzed with quantitative '"H-nuclear magnetic resonance (NMR)
spectroscopy to determine the concentrations of OME, water, and the hydrocarbons. The
equipment was the same as described by Breitkreuz et al. [44] The acquisition parameters were
the following: flip angle: 90°, acquisition time: 4 s, repetition time: 20 s, 8 scans, and 65 k data
points. The peak assignment was done in preliminary studies based on experiments with pure
components and mixtures. For the evaluation of the spectra, the software MestReNova 14.2 was
used and it was assumed that the proportionality constant relating the peak area to the amount of
substance is the same for all peaks. Sample spectra and the peak assignment are reported in the

Supporting Information. Results from test measurements with samples that were prepared
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gravimetrically showed that the uncertainty for the results for the concentrations of the different
components does not exceed 0.01 mol mol”. For the measurements with the OME-mixture,
additionally *C NMR spectroscopy was used to avoid problems with peak overlaps. The procedure
was adopted from Breitkreuz et al. [44] For samples with water-contents below 0.1 g g,
additionally, Karl-Fischer titration was used to determine the water concentration (for mass
fractions in the range of 0.1 to 0.005 g g' volumetric Karl-Fischer titration and below 0.005 g g
coulometric Karl-Fischer titration). Each titration was carried out at least three times and the mean
value was used as the result. The uncertainty of the Karl-Fischer titration results for the water
concentration is estimated to be 80 ppm for the coulometric titration and 0.001 g g for volumetric
titration, based on experiments with gravimetrically prepared samples. Further information on the
Karl-Fischer titration is given in the Supporting Information. When Karl-Fischer titration results

were available, they were used and the NMR results were neglected.

3. Modeling

The phase equilibria were calculated using the isoactivity criterion in Equation 1 which is given
here for LLLE.
Xyl =Xy =i = LN ()
Therein is x: the mole fraction of component i and y: the corresponding activity coefficient; N is
the number of components in the mixture and the primes refer to the phases. The activity
coefficient was calculated with the group contribution model UNIFAC with parameters from
Schmitz et al. [45], or, where this was not possible, from the original UNIFAC model [46].

Furthermore, group interaction parameters representing interactions between groups in OME and

10
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in hydrocarbons were fitted to experimental results from the present work. Details on the
parameterization are reported in the Supporting Information. The split of the considered
components into UNIFAC groups is reported in Table 2, the group parameters, and the interaction
parameters in Table 3. Tables 2 and 3 also contain detailed information on the source of all
parameters. As the activity coefficients calculated with UNIFAC depend only on a temperature

and composition, the model does not account for the pressure.

Table 2 Group assignment and size and surface parameters of the groups for the UNIFAC-based

activity coefficient model.

Comp.i| group count Ri Qi Ref.
OMEn MAL 1 2.9644 2.7160 [45]
FAomE (n-1) 0.9183 0.7800 [45]
C12 CHs 2 0.9011 0.8480 [47]
CH2alk 10 0.6744 0.5400 [45]
Clé6 CHs 2

CH2,aik 14
Tol ACH 5 0.5313 0.4000 [47]
ACCHs 1 1.2663 0.9680 [47]
W H:0 1 0.9200 1.4000 [45]

Table 3 Group interaction parameters for the UNIFAC activity coefficient model.

group j — MAL FAomEe CHs/ ACH ACCH; H.0
group i | CH:
MAL - 26.02 -45522°¢  -103.618°¢ -45522°¢ 1031.0-1.749 - T/K?
FAomE 141.5% - 265.483°¢ 52.13°b 265.48°¢ 670.72
CH3/ CH, 51.251°¢ 148.309°¢ - 61.13" 76.5° 1318°
ACH 6400.299°¢ 32.14b -11.12° - 167.0° 903.8"
ACCH3; 51.251°¢ 148.309°¢ -69.7°P -146.8° - 5695.0°
H,O -225.5+0.7205-T/K 2 168.9-0.8776-T/K? 300° 362.3° 377.6°

aSchmitz et al. [45] P Gmehling et at. [47] °this work

11
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Isothermal flash calculations were used to determine the two-phase and the three-phase
equilibria studied in the present work. The feed composition for the flash-calculation was
calculated from the experimental phase compositions assuming an equimolar phase split and the
initial guess for the algorithm was calculated with the method of Ohanamah and Thompson [48].
The flash model was implemented in the software Matlab. Details on the calculation can be found

in the Supporting Information.

4. Results and discussion

4.1 Overview

Before the experimental and model results are presented, we discuss the topologies of the
corresponding phase diagrams. Both the experimental results and the model show that there are
three types of phase diagrams in the systems studied here (in the temperature range that was
investigated). The three topologies, labeled here as type A, B, and C, respectively, are depicted in

Figure 1.

12
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Figure 1: Schematic representation of the three topologies of the phase behavior of the systems
studied in this work. The straight lines represent LLE conodes. The point mark in the type B

diagram is a critical point.

Type A was observed in all experiments with OME2: OME: and the n-alkanes are completely
miscible, while there are miscibility gaps in the binary systems with (OME: + water) and (n-alkane
+ water). A ternary LLE region connects these two binary LLE.

In the type C phase diagram, there is also a miscibility gap in the binary system (OME +
n-alkane). This is the case for (OME4 + C16) for all temperatures and (OME: + C16) for the two
lower studied temperatures (278 and 265 K). In the ternary system, there are three (two-phase)
LLE regions that stretch out from the binary sides of the phase diagram and meet in a (three-phase)
LLLE in the center of the diagram

Type B phase diagram has features from the other two types, which are, however, combined
differently. As in the type C phase diagram, there is a (three-phase) LLLE. On the three sides of
this LLLE-region, there are two phase LLE regions. However, only two of them are connected to
binary sides of the phase diagram, whereas the third one, that on the side with low water
concentrations, ends in a critical point, as there is no miscibility gap on the (OME + n-alkane) side
of the phase diagram. This phase behavior was observed in the system (OME4 + C12) at the highest
studied temperature 293 K.

For some of the studied systems and temperatures, it is not possible to decide whether the phase
behavior is of type B or C. An overview of the assignments of systems and temperatures to the
phase behavior is given in Table 4.

The phenomenon of the unexpected phase split in technical mixtures of OME and HVO is very

likely related to the occurrence of phase behavior of type B, cf. Figure 1. In the absence of water,
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OME and HVO are completely miscible. However, upon taking up water, the closed LLE region

is reached and the mixture splits up into a OME-rich phase and a HVO-rich phase. If larger

amounts of water are added (more than is usually taken up from the air), the three-phase region is

reached and an additional third, water-rich phase forms.

Table 4 Overview of the systems studied in this work. The third or fourth component was always

water.
293 6 A
OME:2 C12
278 4 A
C16 293 6 A
293 5 B
OME4 C12 278 5 C
265 4 C
C16 293 5 C
C16 + Tol 3 B or C?
OMEnix Ci12 293 1 B or C?
Cl6 1 BorC?

2 not clarified

4.2 Experiments in the system (OME + n-alkane + water)

First, the experimental results for the model systems are presented, in which the chain length of

the alkanes and OMEs and the temperature were systematically varied. Then, the fit of the model

to these results is then discussed. The numerical results are presented in Tables 5 to 8. The data for

each system are grouped in isothermal subsets. In some of these sets, the temperature was only

15



271  constant to about 1 K, which was due to problems with the setting of the temperature. The
272 uncertainty of the reported individual values is as specified above.
273  Table 5 Experimental LLE data for the system (OME:2 + C12 + water). The composition of the

274  feed is reported in the Supporting Information. Standard uncertainties u are u(T)=0.1 K,
275 U(Fopmep)=0.01 mol mol™, u(%.,)=0.01 mol mol*, u(%,y)=0.01 mol mol* (for 0.005 g g*< 9?‘(,\’,”)<

276 0.1gg™ u(xy”)=0.001 g g and for z{™<0.005 g g u(%{1”)=0.00008 g g?)

277
water-rich phase organic phase
K ay” xowe | w) Yowm
gg* gg* gg” gg”

264.37 solid® 0.0008 0.3290

278.28 0.8123 0.1870 0.0002 0.1323

278.50 0.7219 0.2781 0.0024 0.4496

278.71 0.7082 0.2918 0.0058 0.6421

293.15 0.7054 0.2946 0.0153 0.8029

0.7122 0.2878 0.0113 0.7349

0.7542 0.2458 0.0018 0.3648

0.7970 0.2030 0.0012 0.2209

0.7313 0.2687 0.0046 0.5420

0.8354 0.1646 0.0003 0.1231

*not analyzed

278
279
280
281
282
283

16



284  Table 6 Experimental LLE data for the system (OME: + C16 + water). The composition of the

285  feed is reported in the Supporting Information. Standard uncertainties u are u(T)=0.1 K,
286 U(Fopep)=0.01 mol mol™, u(%.,6)=0.01 mol mol™, u(%,y)=0.01 mol mol* (for 0.005 g g*< 9?‘(,\’,”)<

287 0.199g™ u(y”)=0.001 g g* and for £{;”<0.005 g g*: u(%{~)=0.00008 g g)

water-rich phase organic phase
(m) (m) (m) (m)
T/K Xw OME2 Xw XOME2

/gg*  /gg* | /gg* /gg’
293.15 07132 02868 | 0.0105  0.6971
07023 02978 | 0.0116  0.7152
07021 02979 | 0.0067  0.5991
07229 02771 | 0.0032  0.4389
07577 02423 | 0.0010  0.2568
0.8483  0.1517 | 0.0003  0.1145

288
289  Table 7 Experimental LLE and LLLE data for the system (OME4 + C12 + water). The composition

290  of the feed is reported in the Supporting Information. Standard uncertainties u are u(T)=0.1 K,

291 U(Fopps)=0.01 mol mol™, u(%:,)=0.01 mol mol*, u(%,,)=0.01 mol mol* (for 0.005g g*< x\(,(,”)<

292 0.19g™ u®(”)=0.001 g g* and for {;”<0.005 g g u(%{”)=0.00008 g g

water-rich phase alkane-rich phase OME-rich phase
T/K xw'  Xowes | *w.  Yowss | *w.  Xowes

gg” gg* gg* gg” gg” gg*
264.27 solid® 0.0001 0.1418 0.0131 0.9372
265.63 0.0001 0.1537 0.0094 0.9339
266.71 0.0001 0.1643 0.0040 0.9254
266.78 0.0008 0.1716 0.0021 0.9220
267.19 0.0002 0.1592 0.0076 0.9282
278.63 0.7542 0.2457 0.0004 0.1953 0.0178 0.9166
278.41 0.0004 0.2217 0.0092 0.9042
278.43 0.0003 0.2413 0.0054 0.8922
278.84 0.0004 0.2057 0.0144 0.9133

17



293

294

295

296

297

298

299

300

Table 7 continued

278.86 0.0002 0.2599 0.0027 0.8783
293.15 0.7691 0.2309 0.0011 0.2753 0.0214 0.8918
293.15 0.0011 0.3950 0.0051 0.8097
293.15 0.0011 0.3346 0.0087 0.8510
293.15 0.0011 0.2796 0.0122 0.8721

* not analyzed

Table 8 Experimental LLE and LLLE data for the system (OME4 + C16 + water). The composition

of the feed is reported in the Supporting Information. Standard uncertainties u are u(T)=0.1 K,

U(Rone4)=0.01 mol mol™, u(%¢;6)=0.01 mol mol™, u(&y,)=0.01 mol mol* (for 0.005 g g < £ <

0.1ggl u(f‘(,\',")

)=0.001 g g and for {™<0.005 g g u(%\”)=0.00008 g g?)

water-rich phase

alkane-rich phase

OME-rich phase

T/K x) Xomes | WD Xomes | W Xomes
/gg* /gg* lgg* /gg? /gg* lgg*

293.15 0.74974  0.25026 0.0005 0.1666 0.0279 0.9378
0.0005  0.1815 | 0.0182  0.9553

0.0004  0.1975 | 0.0110  0.9419

0.0002 02235 | 0.0035  0.9180

0.0002 0.2352 0.0004 0.8770

In Figure 2, the LLE in the systems (OME:2 + C12 + water) and (OME: + C16 + water) are shown.

The different temperatures are indicated by different colors and the symbol type indicates the

n-alkane that was used. The feed compositions for the different tie lines are shown as crosses.

18
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Figure 2: Experimental results for the LLE in the system (OME-: + C12 + water, circles) and the
system (OME: + C16 + water, squares). The color indicates the temperature: (blue) 293 K, (red)
278 K, (orange) 265 K. Stars indicate data from Schmitz et al.[30] for the binary system (OME: +
water). Crosses represent the feed compositions. Lines are tie lines. For the measurement at 278

K, only one liquid phase could be measured due to ice formation.

It can be seen that the feed compositions lie perfectly on the tie lines, indicating a good quality of
the experimental results. In all experiments, a split into a water-rich phase and an organic phase
was observed. In the water-rich phase, no n-alkane was found. The concentration is so small that
it is below the detection limit of the NMR-measurement. This is consistent with reports from the
literature [31,32] for the solubility of C12 and C16 in pure water, which does not exceed 0.1 ppm.

The OME fraction in the water-rich phase increases with increasing ratio of OME:/n-alkane in
the feed and approaches the value for the system (OME: + water) from Schmitz et al. [30], which

is also indicated in Figure 2. There is no data for the composition of the water-rich phase at 265 K,
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for which only the organic liquid phase could be analyzed, due to ice formation. The resolution of
the presentation of the data in Figure 2 is too low to discern an influence of the temperature or the
type of n-alkane.

Therefore, the results for the composition of the organic phase, which is of special interest for fuel
applications, are shown separately in Figure 3. Additionally, also the experimental data from

Zhuang et al. [33] for the system (OME: + n-hexane + water) are shown.

0.030

0.025 -

0.020 - *

0.015 - ®

x{P /g g?

0.010- u *

0.005 1 ® *

LIPS o
e x
0.000 T =

00 02 04 06 08 10
e /9 9

alkane

Figure 3: Experimental results for the composition of the organic phase in LLE in the system
(OME: + CI12 + water, circles) and the system (OME: + C16 + water, squares). The color
represents the temperature: (blue) 293 K, (red) 278 K, (orange) 265 K. Stars indicate data from

Zhuang et al.[33] for the system (OME: + n-hexane + water).

As expected, the concentration of water increases with increasing amount of OME: (decreasing
amount of the n-alkane). The differences between the different data sets from the present work are

not large (as could be expected from Figure 2) but indicate a tendency for an increasing water
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amount with increasing temperature, which is also not unexpected, due to the weaker influence of
H-bonds at higher temperatures. The differences between the results for C12 and C16 are basically
within the scattering of the data. The results of Zhuang et al [33] for the system (OME: + n-hexane
+ water) at 292 K show significantly higher water solubilities in the organic phase than the results
from the present work that were, however, obtained with longer n-alkanes.

The LLLE measured in the systems (OME4 + C12 + water) and (OME-s4 + C16 + water) are shown
in Figure 4. For (OME4 + C12 + water), results for different temperatures are presented.

The variation of the temperature and alkane hardly affects the water-rich phase (that contains
practically no alkane) and has only a moderate influence on the OMEu-rich phase. A stronger
influence is observed for the alkane-rich phase.

This is discussed in more detail using Figure 5, which shows results for the two organic phases of
the LLLE together with results for the LLE in the region with low water concentrations (cf.
Figure 1).

All results shown in Figure 5 belong to the type C phase behavior, except those for the system

(OMEs4+ C12 + water) at 293 K, which has type B phase behavior.
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Figure 4: Experimental results for the LLLE in the system (OME4 + C12 + water, circles) and the
system (OME4 + C16 + water, squares). The color represents the temperature: (blue) 293 K, (red)
278 K, (orange) 265 K. Stars indicate data from Schmitz et al.[30] for the binary system (OME4 +

water). Lines are tie lines.
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Figure S: Experimental results for the LLE in the system (OME4 + C12 + water, circles) and the
system (OME+ + C16 + water, squares) at low water fractions. The color represents the
temperature: (blue) 293 K, (red) 278 K, (orange) 265 K. Crosses represent the feed compositions.
Lines are tie lines. The top results for each temperature and alkane represent the phases with low

water fractions of the LLLE.

Figure 5 shows that decreasing the temperature leads to a widening of the LLE region, i.e. to an
increasing mole fraction of OME4 in the OMEs-rich phase as well as an increasing mole fraction
of C12 in the C12-rich phase. The water-content in the alkane-rich phase is always very low; it
increases with increasing OME-content of that phase (not discernable in Figure 5). Water from the
feed is basically only found in the OME:s-rich phase. Also the increase in the chain-length of the
n-alkane from C12 to C16 increases the width of the miscibility gap. Again, the feed concentrations
lie on the LLE tie-lines.

In the present work, the type A phase behavior was only observed for OME.. Zhuang et al. [33]
mixed OME4 with the smaller alkane n-hexane and also observed type A phase behavior. Type B
phase behavior can be considered as an intermediate between types A and C, the difference is

mainly caused by the differences in the solubility of the binary system (OME + n-alkane).

4.3 Modeling of the system (OME + n-alkane + water)

In the following, modeling results are compared to experimental results in figures that are similar

to Figures 2 to 5. However, for the comparison, mole fractions are used, which enables a better

resolution of differences than the mass fractions used in Figures 2 to 5, which were preferred in
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384

these figures, as they are more convenient for applications. We have refrained from presenting the
modeling results already in Figures 2 to 5, to avoid an overloading with information.

In Figure 6, the experimental results for the LLE in the studied systems of the type (OME: +
n-alkane + water) are compared to the results from the model and Figure 7 shows the corresponding
results for the LLLE in the system of the type (OME4 + n-alkane + water). The modeling results
for these two systems in plots that are similar to the ones shown in Figures 4 and 5 are shown in

the Supporting Information.

1.00
0.00
0.00 . 0 50 0 75 1.00
OME, / mol mol: alkane

alkane

Figure 6: Experimental results (filled symbols and full line) and model results (open symbols and
dashed line) for the LLE in the system (OME:2 + C12 + water, circles) and the system (OME: +
C16 + water, squares). The color represents the temperature: (blue) 293 K, (red) 278 K. Lines are

tie lines.
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Figure 7: Experimental results (filled symbols and full line) and model results (open symbols and
dashed line) for the LLLE in the system (OME4s + C12 + water, circles) and the system (OME4 +
C16 + water, squares). The color represents the temperature: (blue) 293 K, (red) 278 K, (orange)

265 K.

The model confirms the topologies A to C discussed above. The water-rich phase is described
well in all cases. The water mole-fraction in the OME-rich phase is overestimated and the width
of the miscibility gap between the OME-rich and the alkane-rich phase is underestimated, but the

trends regarding the influence of the temperature and alkane chain length are described correctly.
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399 4.4 Experiments with systems with more than three components
400
401 4.4.1 System (OMEs + C16 + Tol + water)
402
403 LLLE in mixtures of (OME4 + C16 + Tol + water) were studied at 293 K. In the experiments,
404  the ratio OME4/(C16 + Tol)/water was held constant, and only the ratio C16/Tol was varied. The
405  feed composition was chosen so that the resulting mixture split into three phases. The numerical
406  results are presented in Table 9. The results are discussed here using ternary phase diagrams, in
407  which Tol and C16 were lumped into a single component.
408 Figure 8 shows the experimental results together with those for the Tol-free system. Besides the
409  experimental data also the results from the model are depicted.
410
411  Table 9 LLE data of the system (OME4 + C16 + Tol + water) at 293.15 K. The composition of the
412 feed is reported in the Supporting Information. Standard uncertainties u are u(T)=0.1 K,
413 U(Xompa)=0.01 mol mol™, U(Fyygrocarbon)=0.01 Mol mol™, u(Xy,)=0.01 mol mol™ (for 0.005 g g** <
414 xGY<01ggh u(Ey”)=0.001 g g and for Zy~'<0.005 g g u(%y”)=0.00008 g g%)
water-rich phase (C16 + Tol)-rich OME-rich phase
xw’  Xomes  *rol | Yw Yowes  Yrel | *w . Zowes  Trol
lgg® /99t /g9 | /gg®  /g9g*  /gg* | /gg®  /g9g*  /gg*
0.7573 0.2428  0.00000 | 0.0005 0.1722 0.0125 0.0262 0.9281 0.0091
0.7592 0.2408  0.00000 | 0.0006 0.1850 0.0280 0.0239 0.9119 0.0218
0.8886 0.1114  0.00000 | 0.0016 0.2285 0.3329 0.0140 0.7644 0.1298
415
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Figure 8: Experimental results (filled symbols and straight line) and model results (open symbols
and dashed line) for the LLLE in the system (OME4 + C16 + Tol + water) at 293.15 K. Tol and

C16 are lumped in the representation. Results from experiments with varying ratios of Tol/C16

are shown. The mass fractions of Tol in the (C16 + Tol) feed mixture (xrglﬁmix) were: (blue
m)  _ i : m)  _ ’
SqUAres) Xepol miy 0.0gg”, (green circles) Xpg iy 0.02gg’, (orange  upwards
: (m)  _ -1 : (m)  _ -1
triangle) xpop' i = 0.05 g g7, (purple downwards triangle) xp )\, =0.2 g g7

In the Tol-containing systems, the basic findings regarding the three phases are the same as for
the Tol-free system. Upon increasing the amount of Tol, the amount of water in the water-rich
phase increases and the miscibility gap between the hydrocarbon-rich phase and the OME-rich
phase gets smaller, i.e., Tol acts as a solubilizer. This can be attributed to a mediating influence of

the pi-electron systems of Tol. The model predicts these trends right but underestimates the
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428  magnitude of the influence of Tol. A detailed analysis of the numerical results presented in Table 9
429  reveals that the ratio of C16/Tol in the different phases is similar, i.e., they do not separate.
430
431 4.4.2 Systems of the type (OME-mixture + n-alkane + water)
432
433 Measurements in systems containing a mixture of OMEs;, OMEs, OMEs, and OME:s of a fixed
434  composition (OMEmix), water, and either C12 or C16 were carried out at 293.15 K. The feed was
435  again chosen so that it was inside the three phase region. The numerical results for the LLLE are
436  reported in Table 10 and are illustrated in Figure 9, which shows a ternary diagram, in which
437  OMEs, OME4, OMEs, and OMEs are lumped into one pseudo-component OMEnmix. Additionally,
438  Figure 10 depicts the analytical results for the individual components in the three phases.
439
440  Table 10 Experimental LLLE data of systems of the type (OMEmix + alkane + water) at 293.15 K.
441  OMEnmix is a mixture of OMEs to OMEs. The composition of the feed is reported in the Supporting
442  Information. Standard uncertainties u are u(T)=0.1 K, U(¥opg,)=0.01 mol mol™?, u(%,j.n.)=0.01
443 mol mol?, u(%y)=0.01 mol mol* (for 0.005 g g* < f\(,\',”)< 0.1gglh u(a?‘(,\’,”)):ODOl g g and for
444 %1M<0.005 g gt u(x™)=0.00008 g g2
(m) (m) (m) (m) (m) (m)
alkane phase w Xalkane ~ YOME3 XOME4 XOMES XOMEe6
lgg* /99t  /gg* /gg* /g9t  /gg*
OME-rich 0.0256 0.0923 0.3527 0.2872 0.1800 0.0622
Cl6 water-rich 0.7062 0 0.1664 0.1131 0.0102 0.0041
alkane-rich 0.0004 0.7813 0.1112 0.0673 0.0292 0.0106
OME-rich 0.0273 0.0922 0.3521 0.2866 0.1796 0.0621
Cl12 water-rich 0.7170 0 0.1371 0.0841 0.0470 0.0133
alkane-rich 0.0013 0.7176 0.1417 0.0839 0.0434 0.0121
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Figure 9: Experimental results (filled symbols and straight line) and model results (open symbols

and dashed line) for the LLLE in systems of the type (OMEmix + alkane + water) at 293 K. The

symbols represent the alkane: (circles) C12, (squares) C16.
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Figure 10: Results for LLLE in systems of the type (OMEmix + C12 + water) at 293 K.
Experimental mass fractions (unhatched bars) are compared to mass fractions from the model
(hatched bars) for all three phases. The water fraction in the C12-rich phase was multiplied by
1000 for a better visualization.

The experimental results are similar to those of the measurements with pure OME: (cf. Figure 4).
The ratios OMEs / OME4+/ OMEs/ OMEs do not differ significantly in the different phases and are
therefore also basically the same as in the feed mixture. All in all, the model shows a good
agreement with the experimental data. The alkane-rich phase is described very well (cf. Figure 10).
The distribution of the individual OME is also reproduced well by the model. The water fraction

in the water-rich phase is somewhat underestimated.

5. Conclusions

Mixtures of poly(oxymethylene) dimethyl ethers (OME) and hydrogenated vegetable oil (HVO)
are interesting synthetic fuels. However, in technical applications of these fuels, a liquid-liquid
phase split was observed, which is unwanted. Up to now, only qualitative information on this
phenomenon was available and its causes were unclear. The present work clearly indicates that the
hypothesis that the phase separation is a consequence of the uptake of water from the air by the
(OME + HVO) mixtures in many technical applications is correct. This leads to a separation into
an OME-rich phase, which contains basically all the water, and a HVO-rich phase, which is almost
water-free. This can be deduced from the results of the experimental studies on liquid-liquid
equilibria (LLE) and liquid-liquid-liquid equilibria (LLLE) in model systems of the type (OME +

alkane + water) that we have carried out in the present work.

30



474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492
493
494

Depending on the system and temperature, three different topologies of the phase behavior were
observed. The unwanted liquid-liquid phase split is induced by a latent incompatibility of the OME
with the alkane, which becomes only manifest when water is added. Furthermore, experiments
with mixtures that contained not only alkanes but also toluene were carried out. The presence of
the aromatic compound makes the alkane-rich phase more hydrophilic, and, hence, more
compatible with OME. This reduces the risk of the phase split.

The experimental findings were also confirmed by simulations, in which UNIFAC, a model of
the Gibbs excess energy, was used for describing the liquid phases. This comparatively simple
modeling approach gave good results.

Now that the causes of the phase split are clear, measures to circumvent it can be found: a
straightforward approach is to reduce the humidity in the fuel storage tank, e.g., by common drying
agents, such as molecular sieves. Another approach is to add further fuel components that act as
solubilizers. Ranked on a polarity scale, they should lie between OME-4 and the alkanes. The model

developed in the present work can be used for a screening of such solubilizers.
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