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ARTICLE INFO ABSTRACT

Keywords: Solketal and oxymethylene ether (OME) are two promising blending candidates for regenerative fuels (e-fuels),
E-fuels which could contribute to a holistic solution to the energy crisis. In this study the thermo-oxidative aging of these
f)‘ﬁ:’tal two e-fuels in their pure form as well as in binary mixtures with different ratios (3:1, 1:1, and 1:3) (vol%) is

investigated. Herein, the reaction networks of the thermo-oxidative aging process of both e-fuels and mixtures
thereof is elucidated based on intermediates and decomposition products determined via GC-MS. Furthermore,
changes of important fuel-specific parameters like kinematic viscosity and density as well as total acid number
during aging have been determined. The 3:1 solketal: OME (vol%) mixture exhibits a higher stability to thermo-
oxidative aging than the pure fuel components or mixtures with other ratios. The viscosity value of this mixture is
within the DIN EN 590 norm after accelerated aging of 72 h (viscosity (72 h) = 4.25 mmz/s)) unlike other blends.
The maximum value of the total acid number of this aged mixture reaches only ~ 29 % of the maximum value of
aged pure OME and has the lowest value of all mixtures. Furthermore, the formation of a precipitate could be
successfully suppressed in the 3:1 solketal:OME (vol%) mixture different from other mixtures. With these find-

Fuel mixtures
Aging mechanism

ings, this study contributes to the design of new sustainable fuels for the transport sector.

1. Introduction

In order to achieve climate neutrality in the EU by 2050, CO,
emissions must be reduced drastically [1]. As 25 % of the total green-
house gas emissions in the EU come from the transport sector [1],
defossilization of the latter is essential to achieve the climate protection
goals. Defossilization can be achieved by switching to renewable energy
sources and using renewable fuels such as biofuels or e-fuels [2]. As a
beneficial side-effect, this also helps to reduce the dependence on oil and
gas exporting countries, which is of great importance given the current
political situation in eastern Europe.

The production of biodiesel, a biofuel consisting of fatty acid methyl
esters has been established for several years [3], whereby large amounts
of glycerol as a by-product are produced. The crude glycerol produced
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by the biodiesel industry (70 % purity) contains impurities such as
water, inorganic salts, methanol, fatty acids and esters [4] and therefore
cannot be used in the food or cosmetics industry. Glycerol has a high
boiling point (290 °C) and a high viscosity (1.412 Pa s at room tem-
perature), in addition it has a corrosive effect and acrolein is emitted
during combustion [3]. Therefore, it cannot be used as a pure fuel or as a
blend component. However, by ketalization with acetone, which can be
produced from biomass, e.g., through the acetone-butanol-ethanol
(ABE) fermentation process [5], glycerol can be used for the produc-
tion of solketal (isopropylidene glycerol). Solketal is a promising sub-
stance to be used as a regenerative fuel (biofuel) component [4,6,7]
(Fig. 1). The acid catalyzed [4,8,9] condensation reaction of glycerol
and acetone can lead to the formation of five-membered and six-
membered rings (ketals) [4,10,11], but the five-membered ketal is
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Fig. 1. Formation of solketal: condensation reaction of acetone and glycerol to
solketal (five-membered ring) or 2,2-dimethyl-1,3-dioxan-5-ol (six-membered
ring) [4].

highly favored with a ratio of 99:1 [4,12,13].

Solketal has a higher oxygen content compared to fossil fuels, which
means less chemical energy can be stored and released during com-
bustion. This is expressed by a lower specific heating value [3,14].
However, the lower number of C-C bonds and the absence of double
bonds in the solketal molecule also leads to reduced soot formation
during combustion, and thereby lower particle emissions [3]. The use of
solketal as a fuel additive has shown these effects alongside and
improved cold flow properties [4,15]. Furthermore, when added to
gasoline, gum formation is reduced and the octane number is increased
[4,16].

OME are oxymethylene ethers, i.e., acetals with the chemical struc-
ture CH3[OCH>],0CHs. The chain length n determines the physical
properties of the OME. OME; to OME; are liquid, from OMEg onwards
the oxymethylene ethers are solid [17,18]. OME is similar in structure to
the polymer POM (polyoxymethylene), which, however, has a much
higher degree of polymerization (chain length > 2000) compared to
OME [17,19,20]. There are several synthetic pathways for the produc-
tion of OME. OME; (dimethoxy methane) is commonly synthesized from
methanol and formaldehyde. Long-chain OME,, are formed by reacting
OME; with trioxane, which is obtained from formaldehyde in the pres-
sure swing process [18,21-23]. An alternative synthesis route describes
the direct synthesis of OME via methanol and formaldehyde, without
trioxane as an intermediate [18,24] (Fig. 2). Methanol is commonly
produced from fossil-based syngas (CO/ Hy) [18], but can also be syn-
thesized sustainably from green Hj and CO2[25]. Formaldehyde can be
obtained from methanol by silver catalyzed oxidation [18,26].

OMEj3 5 are non-toxic and have similar physical properties as fossil
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diesel fuel [17,18]. However, they show a strong potential for reducing
soot formation during combustion, as there are no direct C-C bonds in
the OME molecules [17,18,27]. This largely resolves the conflict of
optimizing combustion temperatures to either avoid NOy (lower tem-
peratures desired) or reduce soot emissions (higher temperatures
desired) [18]. This allows operation of the engine with low NOx and low
particulate emissions at the same time (through exhaust gas recircula-
tion). There have been several studies regarding the pyrolysis of OME.
De Ras et al. [28] investigated the pyrolysis of OME, over a broad
temperature range and found a decomposition of OME; to formaldehyde
and OME; at temperatures below 800 K. In addition to unimolecular
decomposition, radicals and intermediate products like methane,
methyl formate and formaldehyde were formed at higher temperatures.

Solketal as a biofuel component and OME as an e-fuel are both
promising regenerative fuels due to their advantageous characteristics.
However, some of the fuel parameters of their pure form do not fulfill the
fuel standard DIN EN590 [29], e.g., the viscosity of solketal is too high,
while it is too low for OME. But it is important for using a fuel that its
characteristics are within the norm. Therefore, some mixtures of both
have to be found which are in the desired range to get regenerative fuels
that can directly be used as fuels or fuel components, with promising fuel
properties.

Blends of gasoline or diesel fuel with solketal as well as blends of
diesel fuel with OME were already investigated [3,6,16,30]. But mix-
tures of solketal and OME have been, to the best of our knowledge, only
studied very little so far. These mixtures can also be blended with diesel
fuel or FAME (fatty acid methyl esters) to form a ternary mixture that
could be used as fuel, similar to Diesel R33 [31].

If fuels are stored for a longer period of time, for example as emer-
gency energy storage or in the case of hybrid vehicles, fuel aging is a
major concern [2]. The aging of conventional fossil fuels and biodiesel
through autoxidation is a phenomenon that has been known for many
years and is widely discussed in the literature, for example by Pradelle
et al. [32], Rizwanul Fattah et al. [33] and others [32-39]. However,
further aging studies are essential for the use of new, regenerative fuels.
Cychy et al. [40] and Kumari et al. [41] have carried out electro-
oxidative studies on solketal using electrocatalysts for synthetic pur-
poses. They found, in addition to the main product glyceric acid, some
other products, like glyceraldehyde and oxalic acid [40,41]. Moity et al.
[42] investigated cyclic glycerol acetals and ketals as bio-based solvents
and their stability with regard to pH-value dependent hydrolysis. They
also investigated the oxidation of these compounds with the PetroOxy
device [43] up to 4 h. They found that neither acetals nor ketals are
stable in an acidic media but acetals exhibited a higher stability than
ketals. Furthermore, they found that formaldehyde and acetone acetals
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Fig. 2. Synthesis process of oxymethylene ether (OME,,): synthesis to OME, from methanol and formaldehyde [24].
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Table 1
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Fuel specific parameters (extract) of solketal and oxymethylene ether (OME). 100-S: pure solketal, 100-O: pure OME, mixtures of 3:1 (75-S-25-0), 1:1 (50-S-50-0) and

1:3 (25-S-75-0) solketal:OME (vol%).

parameter 100-S 100-0 75-S-25-0 50-S-50-0 25-S-75-0 DIN EN 590
boiling range 188-189 [7] 156-242 [17] 180 - 390
[°Cl (OME 35) [17]
flashpoint 85 [16] 54-115 [17] >55 [17]
[°Cl (OME 35)
kin. viscosity 5.02 1.21 3.05 2.02 1.51 2.00-4.50 [17]
(T =40°C)
[mm?/s]
density 1.07 1.06 1.07 1.06 1.06 0.820-0.845 [17]
(T=15°QC)
[kg/m®]

are very stable against autoxidation, whereas glycerol-based ketals are
more stable than ethylene glycol-based ketals [42]. Tiirck et al. [3,6,44]
have investigated the influence of solketal on the aging of biodiesel (by
blending with C18:1 as a model fuel or by blending with biodiesel/diesel
mixtures). They have discovered that the addition of solketal has an
influence on the aging of biodiesel, for example changes in viscosity or
total acid number [3,44].

The degradation of polyoxymethylene was investigated in the 1960 s
and early 1970 s. It was found that the most important degradation
mechanism is oxidative, whereas thermal decomposition occurs via
chain reactions of free radicals at temperatures between 100 °C-170 °C
[20,45-48]. However, it is not clear to what extent the aging of poly-
oxymethylene is transferable to the aging of OME, as the influence of the
chain length was not investigated. Bogatykh et al. [20] investigated
OME aging with the aid of the Rancimat method. The authors identified
various degradation products and investigated the induction time of an
OME-mix (OMEj3_5) as a function of different concentrations of the added
antioxidant BHT (butyl hydroxy toluene). Furthermore, the influence of
hydroperoxides on the induction time was investigated. They found that
hydroperoxides have a detrimental effect and BHT led to a higher
oxidation stability of OME [20].

The here presented study, in contrast to earlier work, investigates in
detail the time-dependent concentrations of the individual OME; —
OME and the different aging products of the solketal-aging. Further-
more, the exact reaction pathways are elucidated in order to get a better
understanding of the formation of the various aging products. Also, the
time-dependent changes in important fuel-specific parameters, such as
the kinematic viscosity, density and total acid number of different
mixtures of solketal and OME and the influence of solketal on OME-
aging and vice versa are deduced.

2. Experimental
2.1. Fuels and chemicals

All chemicals were used as received without further purification.
Solketal with a purity > 97 % was purchased from Sigma Aldrich. OME
(unadditivated) was purchased from ASG (product number
2803710_001). The composition of OME can vary considerably from
batch to batch. According to the data sheet, the composition of the OME
used in this research is: 0.05 wt% OME;, 0.06 wt% OME,, 45.39 wt%
OMEg, 5.11 wt% OMEg-derivative, 25.39 wt% OME,, 2.23 wt% OME,-
derivative, 11.22 wt% OMEs and 4.57 wt% OMEg[49]. The OME-
derivatives are shown in the supporting information (Fig. S1). The
chemicals for calibration and the pure paraformaldehyde (chain length
n = 8-100) were purchased from Carl Roth and Sigma Aldrich. The
different OME,, in pure form for calibration were kindly provided from
ASG.

2.2. Experimental setup and working procedure of fuel aging

For the accelerated thermo-oxidative aging of the fuels, the aging
setup described in detail in previous articles [2,50] was used (Figure S2,
section 1). The fuel was aged in a three-neck round bottom flask, which
was placed in an oil bath (T = 110 °C). To minimize the release of
volatile aging products, a Dimroth reflux condenser (T = 2 °C) was
positioned above the flask. To oxidize the fuel, dry air was introduced
into the fuel at a constant flow rate of 10 1/h via a gas introduction tube.
These conditions were based on the Rancimat method (according to DIN
EN 14112 [51] and DIN EN 15751 [52]). This aging setup was operated
as an open aging system. The air introduced into the fuel was directed
through the reflux condenser into a wash bottle containing deionized
water. At the start of the aging process, the flask contained 250 ml of the
fuel to be aged. To monitor the aging products over time, a 25 mL fuel
sample was taken from the flask every 24 h. For this purpose, the stopper
of the flask was briefly opened and 25 ml of the aged fuel was removed
using a glass pipette. The samples were subsequently analyzed with
GC-MS of FT-IR spectroscopy (vide infra). The fuel was aged for a total
of 144 h. For a more detailed description, see references [2,50].

2.3. Analytical methods

An Agilent GC7890A gas chromatograph coupled to an Agilent 5973
quadrupole mass spectrometer was used for the gas chromatography
with coupled mass spectrometry (GC-MS) measurements. It was
equipped with a Phenomenex Zebron ZB-5 HT column with a length of
30 m, an inner diameter of 0.25 mm and a pathlength of 0.25 pm. The
carrier gas was helium with a flow rate of 35.5 mL/min. 2 pl of the
sample was injected and the split ratio was 20:1. In the temperature
program, the oven was held at 80 °C for 10 min, then brought to 120 °C
at 3 °C/min. After a holding time of 2 min, the oven was brought to
250 °C at 5 °C/min and then to 300 °C at 15 °C/min. The spectra were
compared with the NISTO8 database for product identification. To
determine the concentration of the aging products, a calibration series
was performed with each of the pure substances and an internal stan-
dard. The determination of the concentration of OME, is described in the
supporting information (section 2). For the aging products that were not
available in pure form, the peaks of the products were integrated and the
areas of the products were divided by the peak areas of the internal
standard (peak area analyte / peak area internal standard)-

The Fourier transformed infrared (FT-IR) spectroscopy measure-
ments were carried out using a Thermo Scientific Nicolet 6700 FTIR
spectrometer with a diamond ATR unit (attenuated total reflectance).
The single bounce ATR unit has a wavelength cutoff of 650 cm™!
through a ZnSe lens and an angle of incidence of 42°. The penetration
depth of the 1.5 mm diamond is 2.03 pm at 1000 cm-1. The spectrometer
has a DTGS detector (deuterated triglycine sulphate) and an XT-KBrTM
beam splitter (extended KBr range) [2,50].

The kinematic viscosity and the density were assessed using a Sta-
binger viscosimeter from Anton Paar. To carry out the measurements, 3
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Table 2

Products of the thermo-oxidative aging of solketal.
component aging time
solketal + 2,2-dimethyl-1,3-dioxan-5-ol Oh—144h
glycerol 24h —144h
acetone 24h —144h
2,2-dimethyl-1,3-dioxolane-4-carboxaldehyde 24h —144h
glyceraldehyde 24h —144h
acetic acid 24h —144h
2,2-dimethyl-1,3-dioxolane-4-carboxylate 24h —144h
2,2-dimethyl-1,3-dioxolane-4-methanol-acetate 24h —144h
2,2-dimethyl-1,3-dioxolane 24h - 144h
acetine (2,3-dihydroxypropyl acetate) 48h — 144 h
hydroxy acetic acid 96h —144h
(1,3-dioxolane-4-yl)methanol + 1,3-dioxane-5-ol 96h —144h
methyl hydroxy acetate 96h — 144 h

ml of the sample was injected into the device using a syringe. The vis-
cosity measurements were carried out at a temperature of 40 °C and the
density measurements at a temperature of 15 °C. The data processing of
the measurements was done with the Rheoplus software from Anton
Paar [2,50].

The total acid number (TAN) was determined using the potentio-
metric titration method in accordance with DIN EN 12634. An 888
Titrando and an 801 stirrer, both from Metrohm, were used to carry out
these measurements. A glass electrode suitable for non-aqueous media
was used for the titration. The measuring solution consisted of potas-
sium hydroxide dissolved in 2-propanol (0.1 mol/L). The solvent used
for the analysis consisted of 50 vol% toluene, 49.5 vol% 2 - propanol and
0.5 vol% deionized water, with a total volume of 60 mL per sample. The
sample weight varied depending on the expected total acid number and

o™
>< HO
OH
u PO

+ formic
acid
-H,0

2 z.dl'metb !1.1 !.
dioxolane

2,2-dimethyl-1,3-dioxolane-
4-carboxylic acid
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ranged from 0.505 g to 10.007 g. The TAN is the amount of base,
expressed in milligrams of potassium hydroxide per gram of fuel (mg
KOH/g), required to neutralize the acids present in the sample.

3. Results and discussion

In order to compare OME, solketal and mixtures thereof with con-
ventional diesel fuel, the fuel properties according to the fuel standard
DIN EN 590 were assessed first. The fuel properties of OME and solketal
correspond to those of diesel fuel in terms of boiling range and flash
point (Table 1). The kinematic viscosity of solketal is 5.02 mmz/s, that of
OME is 1.21 mm?/s. According to DIN EN 590, the kinematic viscosity
for a diesel fuel must be 2.00-4.50 mm?/s [17]. Mixtures with ratios of
1:1 and 3:1 (solketal: OME) (vol%) are within the desired range and were
consequently used in this study. In detail, the aging of mixtures of 3:1
(75-S-25-0), 1:1 (50-S-50-0) and 1:3 (25-S-75-0) solketal:OME (vol%)
in addition to pure solketal (100-S) and pure OME (100-O) were
investigated.

In order to understand the aging of solketal and OME as well as their
mixtures, the thermo-oxidative aging process of these fuels was accel-
erated using a previously established setup [2,50] (Figure S2) to apply
110 °C and a flow of 10L/h dry air. During this process, samples were
taken every 24 h and analyzed by GC-MS or, in case of a solid-state aging
product, by FT-IR. Additionally, the fuel specific parameters viscosity,
density, and TAN have been determined.

3.1. Thermo-oxidative aging of solketal

The initial sample of solketal already contained some of its isomer,
2,2-dimethyl-1,3-dioxan-5-ol, but no glycerol or acetone were detected.
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Fig. 3. Reaction pathway of the thermo-oxidative aging of solketal, the compounds detected by GC-MS are highlighted. References used: (A): [4]; (B): [50,53,541;

(C): [50,54,55]; (D): [56-58]; (E): [60]; (F): [59]; G: [61].
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Table 3

Components of the thermo-oxidative aging of OME.
component aging time
OME; Oh-—144h
OME; Oh—144h
OME3 Oh—144h
OME4 Oh-—144h
OME; Oh—144h
OMEg4 Oh—144h
formic acid 24h —144h
methyl formate 24h —144h
hydroxy acetic acid 48h —144h
methyl hydroxy acetate 48h — 144 h
paraformaldehyde 72h — 144 h

Starting from the 24 h sample, glycerol and acetone were found, next to
glyceraldehyde, acetic acid, 2,2-dimethyl-1,3-dioxolane and some of its
derivatives. After 48 h, acetine (2,3-dihydroxypropyl acetate) was
found, and after 96 h hydroxy acetic acid, (1,3-dioxolan-4-yl)methanol
and 1,3-dioxan-5-ol, as well as methyl hydroxy acetate could also be
detected (Table 2).

Based on the observed products and known reaction pathways from
other studies [4,50,53-61], the following reaction pathway for the aging
of solketal is postulated (Fig. 3):

During thermo-oxidative aging, hydrolysis of the ketalization of

solketal occurs from an aging time of 24 h, resulting in the two products
glycerol and acetone. Alternatively, solketal can be oxidized directly via
autoxidation [50,53,54] to form aldehyde 2,2-dimethyl-1,3-dioxolane-
4-carboxaldehyde, which can then be further oxidized to 2,2-
dimethyl-1,3-dioxolane-4-carboxylic acid (solketalic acid) by autoxida-
tion [50,54,55]. Although the acid could not be detected, its formation is
inferred by the observation of 2,2-dimethyl-1,3-dioxolane, which results
from its decarboxylation. The glycerol resulting from hydrolysis of sol-
ketal can similarly be oxidized to glyceraldehyde by autoxidation
[50,53,54]. Furthermore, glycerol can also form 1-hydroxypropan-2-
one via oxidative C-C bond cleavage, which itself can react further to
produce formaldehyde and acetaldehyde [56-58].

Both of these aldehydes subsequently oxidized to their correspond-
ing acids, formic acid and acetic acid [50,54,55], which are inferred
because of the detection of hydroxy acetic acid and methyl hydroxy
acetate. Their formation can be explained by a reaction of the afore-
mentioned acids with formaldehyde [59,60]. Similarly, a reaction of
formaldehyde with glycerol explains the observation of (1,3-dioxolane-
4-yl)methanol [61]. Analogous to the synthesis of solketal (Fig. 1), both
the five-membered ring (1,3-dioxolane-4-yl)methanol and the six-
membered ring 1,3-dioxan-5-ol can be formed [61].

Moreover, glycerol can be esterified with acetic acid to form acetine
(2,3-dihydroxypropyl acetate). Furthermore, a reaction of formic acid
with solketal yields 2,2-dimethyl-1,3-dioxolane-4-carboxylate, and
similarly the esterification of solketal with acetic acid produces 2,2-
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as a function of the aging time of various products of the thermo-oxidative aging of OME.

dimethyl-1,3-dioxolane-4-methanol-acetate.

To evaluate the time dependency of the solketal aging process, the
concentration or the normalized peak areas of selected decomposition
products were plotted over time (Fig. 4). The concentration of solketal
and its isomer, hereinafter referred to as solketal, decreased exponen-
tially from initially ¢ = 10.26 mg/ml to a value of ¢ = 5.23 mg/ml after
144 hi.e., ~ 49 % of the original concentration. The hydrolysis products
glycerol and acetone were first detected after 24 h (first sample) with
concentrations of ¢ = 0.36 mg/ml and ¢ = 0.32 mg/ml, respectively. The

concentration of glycerol increased steadily from 24 h to 144 h up to a
value of ¢ = 3.41 mg/ml. In contrast, the concentration of acetone
reached a plateau at 0.96 mg/ml after 96 h. The reason for the lower
amount of acetone detected is suspected due to its high vapor pressure
(P, acetone (110 °C) = 4.78 bar) [62] leading to loss of acetone during
sampling.

2,2-dimethyl-1,3-dioxolane-carboxaldehyde was also detected after
24 h aging with a concentration of ¢ = 0.084 mg/ml. Interestingly, its
concentration decreased steadily until it reached ¢ = 0.0107 mg/ml after
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144 h. The most likely reason for this behavior are subsequent reactions,
such as the oxidation to solketalic acid, proceeding at a faster rate than
the formation of the aldehyde. Solketalic acid in turn forms 2,2-
dimethyl-1,3-dioxolane via decarboxylation, which was detected with
a concentration of ¢ = 0.0032 mg/ml after 24 h of aging. The concen-
tration of this product increased steadily and reached a plateau of ~ c =
0.0092 mg/ml after ~ 120 h of aging time. Furthermore, acetic acid and
2,2-dimethyl-1,3-dioxolane-methanol acetate were detected after 24 h.
The concentration of both steadily increased until the end of the
experiment. The presence of these compounds confirms the oxidative
C-C bond cleavage of glycerol resulting in formaldehyde and acetalde-
hyde, with subsequent oxidation to acetic acid followed by esterification
with solketal. The detection of 2-dimethyl-1,3-dioxolane-carboxylate
after 24 h aging time with ¢ = 0.17 mg/ml further confirms this reac-
tion pathway, because it is formed by esterification of solketal and for-
mic acid, which is an oxidation product of formaldehyde. The
concentration of this ester increased steadily and reached a plateau after
~ 120 h with a maximum concentration of ¢ = 1.05 mg/ml. Although
they were not detected in the 24 h sample, it’s reasonable to assume that
formaldehyde and formic acid were already formed after 24 h aging due
to the detection of 2-dimethyl-1,3-dioxolane-carboxylate.

The oxidation product of glycerol, glyceraldehyde, was first detected
after 24 h. Its concentration increased steadily until the end of the

experiment, indicating that it is not rapidly consumed by subsequent
reactions. In addition to the previously detected molecules, acetine, the
esterification product of glycerol and acetic acid, was first detected in
the sample after 48 h, after which its concentration increased continu-
ously. Hydroxy acetic acid and methyl hydroxy acetate, were both first
detected after 96 h aging time, afterwards their concentration also
increased until the end of the experiment. (1,3-dioxolane-4-yl)methanol
and its isomer were also detected from 96 h onwards and showed an
increasing concentration from initially ¢ = 0.00645 mg/ml up to ¢ =
0.0380 mg/ml at the end of the experiment. The reason for the late
detection of hydroxy acetic acid, methyl hydroxy acetate, and (1,3-
dioxolane-4-yl)methanol is suspected to be that the esterification to 2-
dimethyl-1,3-dioxolane-carboxylate is highly favored in comparison to
the reaction of glycerol or acetic acid with formaldehyde (Figs. 3 and 4
a-d). Overall, the detected products and the curve of their concentrations
confirm the proposed reaction pathway.

In summary, the results of this experiment show that solketal is not
stable against thermo-oxidative aging. After an aging time of 144 h, the
initial concentration of solketal decreased by ~ 50 % and several
products were formed mainly through hydrolysis, but also via oxidation,
including oxidative C-C bond cleavage, followed by esterification. The
main products formed during aging are glycerol, acetone, and 2-
dimethyl-1,3-dioxolane-carboxylate.
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Fig. 8. a) Concentration of various products of the thermo-oxidative aging of mixtures of solketal and oxymethylene ether (OME) as a function of the aging time. b-e)
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pure OME, ¢, mixtures of 3:1 (75-S-25-0), 1:1 (50-S-50-0) and 1:3 (25-S-75-0) solketal:OME (vol%).

3.2. Thermo-oxidative aging of OME

After solketal, OME was studied in a similar fashion. The specific
sample of OME used in our study, contained a mixture of OME;.¢4: 0.05
wt% OME;, 0.06 wt% OMEy, 45.39 wt% OMEg3, 5.11 wt% OMEs-de-
rivative 25.39 wt% OMEy, 2.23 wt% OME,-derivative (Fig. S1), 11.22
wt% OME; and 4.57 wt% OMEg[49]. In this study, this mixture is
referred to as OME. During the aging process of OME, formic acid,
methyl formate, hydroxy acetic acid, methyl hydroxy acetate, and
paraformaldehyde were identified as aging products after different
aging times (Table 3, Figure S3).

Based on these aging products and known reaction pathways from
literature [17,20,45,55,60,63], the following reaction pathway for the
thermo-oxidative aging of OME is postulated:

Formic acid and methyl formate (formed by esterification of formic
acid and methanol), indicate degradation of OME, to OME,, ;, releasing
one equivalent of formaldehyde each step, until OME; decomposes to
formaldehyde and methanol. This occurs either acid-catalyzed, resulting
in a reduction of the chain-length of OME, and the formation of form-
aldehyde [45] or through autoxidation resulting in the formation of
formaldehyde and hemiformals [20,45]. Formic acid is then formed via
oxidation of formaldehyde [54,55], and subsequently esterified with
methanol to methyl formate. Formic acid can also react with

formaldehyde, forming hydroxy acetic acid via C-C bond formation
[60], which in turn can be esterified with methanol to form methyl
hydroxy acetate. Formaldehyde can polymerize to paraformaldehyde at
normal pressure and temperatures below 150 °C without the need of a
catalyst usually reaching chain lengths m of m = 8-100 monomers. The
presence of water results in shorter chains, due to hydrolysis [17,63].
Similarly, paraformaldehyde can react with methanol to form short-
chain paraformaldehyde molecules and hemiformals [17]. The decom-
position of paraformaldehyde to formaldehyde only takes place at
temperatures above T = 150 °C [17]. An overview of this reaction
network is shown in Fig. 5, whereby the compounds detected by GC-MS
and FT-IR (in case of paraformaldehyde) are highlighted.

To evaluate the time dependency of the OME aging process, the
concentration (or the normalized peak areas, respectively) of selected
decomposition products were plotted over time (Fig. 6). After 24 h a
substantial decrease of the concentration of OMEj3_¢ was observed. OME3
and OME4 decreased by ~ 8 %, OME; by ~ 9 %, and OMEg by ~ 10 %.
This decrease continued until the end of the experiment after 144 h. In
the final sample, the concentration of OME3 decreased by ~ 56 %, of
OME, by ~ 47 %, of OMEs by ~ 57 %, and of OMEg by ~ 64 %,
compared to the initial value. In contrast, the concentration of OME;_,
was found to have increased after 24 h, for OME; by ~ 2 %, and for
OME; by ~ 51 %. After 144 h of aging time the concentration of OME,
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Fig. 9. a-f) Concentration of various products of the thermo-oxidative aging of mixtures of solketal and oxymethylene ether (OME) as a function of the aging time.
100-S: pure solketal, 100-O: pure OME, ¢, mixtures of 3:1 (75-S-25-0), 1:1 (50-S-50-0) and 1:3 (25-S-75-0) solketal: OME (vol%).

had increased to ~ 88 %, and to ~ 75 % for OME;, respectively. The
obvious explanation for this is the aforementioned degradation of OME
chains, producing formaldehyde and shorter chain OME. Formaldehyde
was not directly observed, but its oxidation product, formic acid, was
first found after 24 h after which its concentration increased steadily
until 72 h of aging time. From the 72-hour sample until the final sample
at 144 h a decrease of formic acid concentration was detected. The
reason for this behavior is probably the increased rate of subsequent
reactions with other decomposition products after longer aging times.
This can also be seen in the increasing concentrations of hydroxy acetic
acid (first observed after 48 h aging), as well as the esters methyl
formate and methyl hydroxy acetate, which both steadily increased from
24 h to 144 h aging.

From 72 h aging onwards, the formation of paraformaldehyde as a
precipitate (colorless powder) in the three-neck flask and in the reflux
condenser of the aging setup was observed. The amount of precipitate
visually increased until the end of the experiment. However, since it was
not possible to recover the precipitate quantitatively from the aging
setup, exact numbers are not available. In summary, the investigation
shows that OME, is also not stable against thermo-oxidative aging. After
an aging time of 144 h, the concentration of OME3 4 decreased by ~ 47 —
57 % of the initial value, while the concentration of the short-chain
OME;.; increased by about 2-51 % Additionally, paraformaldehyde

precipitated as a colorless solid, which is a significant problem for
application.

3.3. Thermo-oxidative aging of mixtures of solketal and OME

After investigating solketal and OME separately, the aging of
solketal-OME-mixtures with solketal: OME ratios of: 3:1 (vol%) (75-S-25-
0), 1:1 (vol%) (50-S-50-0) and 1:3 (vol%) (25-S-75-0) was also inves-
tigated. The initial samples of all mixtures contained solketal and its
isomer, as well as OME3 ¢ and presumably OME;. » in concentrations
corresponding to the dilution with solketal. However, OME;_, could not
be detected in the 75-S-25-O and the 50-S-50-O sample, because their
concentration was below the detection limit. During the aging process of
all mixtures, a combination of the same aging products as for the indi-
vidual components was observed. Therefore, it is concluded that the
postulated reaction pathways for the aging of solketal and OME (Figs. 3
and 5) are also valid for the aging process of their mixtures. Neverthe-
less, the formation of the aging products over time differs significantly
from the pure components (Figs. 7-10, Table S1).

The initial concentration of solketal and its isomer decreased from 24
h - 144 h for all mixtures, by ~ 64 % for 75-S-25-0O, by ~ 95 % and by ~
99 % for 25-S-75-O, respectively. The concentration of glycerol
increased from 24 h - 144 h for 75-S-25-O and 50-S-50-0, but for 25-S-
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Fig. 10. a-d) Normalized peak area of various products of the thermo-oxidative aging of mixtures of solketal and OME as a function of the aging time. 100-S: pure
solketal, 100-O: pure OME, ¢, mixtures of 3:1 (75-S-25-0), 1:1 (50-S-50-O) and 1:3 (25-S-75-0) solketal: OME (vol%).

Table 4

Fuel specific parameters (maximum values) of the thermo-oxidative aging of
mixtures of solketal and oxymethylene ether (OME). 100-S: pure solketal, 100-
O: pure OME, ¢, mixtures of 3:1 (75-S-25-0), 1:1 (50-S-50-0) and 1:3 (25-S-75-
0) solketal:OME (vol%).

blend total acid number kin. viscosity [T = density [T =
(max. value) [mg 40 °C] 15 °C]
KOH/g] (max. value) [mm?/s]  (max. value) [kg/
m3]
100-S 17.5 25.6 1.17
75-S-25- 28.4 23.7 1.20
(0]
50-S-50- 42.2 16.1 1.26
)
25-S-75- 68.4 8.16 1.18
o
100-0 98.5 2.99 1.11

75-0 the curve shows a maximum at 72 h (Fig. 7 b). Possibly, this is due
to the formation of (1,3-dioxolane-4-yl)methanol, which was formed
significantly more in mixtures with more OME (Fig. 8 a). This required
glycerol and formaldehyde. For 25-S-75-0, the concentration of (1,3-
dioxolane-4-yl)methanol increased from 24 h — 144 h, but at some point,
not enough remaining solketal was available to reproduce glycerol.
Therefore, the concentration of glycerol decreased again after 72 h of
aging. The acetone concentration increased during aging and the curve
shows a maximum at 96 h for 75-S-25-0, at 72 h for 50-S-50-O and a
maximum at 48 h for 25-S-75-O (Fig. 7 c). The decrease at later aging
times is possibly caused by increased evaporation of acetone in the open
aging setup. The concentration of 2,2-dimethyl-1,3-dioxolane-4-carbox-
aldehyde (Fig. 7 d) as well as the concentration of 2,2-dimethyl-1,3-
dioxolane (Fig. 7 f) show a similar progression for all mixtures with a
maximum at 24 h. The concentration of 2,2-dimethyl-1,3-dioxolane-4-
carboxylate (Fig. 7 e) increased steadily over the aging time of all
mixtures and had the highest value for 75-S-25-0, followed by 50-S-50-
O. The more solketal was present in the mixture, the more esterification
to 2,2-dimethyl-1,3-dioxolane-4-carboxylate appeared.

10

The results also show that during aging of the OME-rich mixtures,
more formic acid (Fig. 10 a) was produced and therefore more esterifi-
cation to methyl formate (Fig. 10 b) occurred. Also, more hydroxy acetic
acid and methyl hydroxy acetate were formed (Fig. 10 c, d). In contrast,
the solketal-rich blends produced more glyceraldehyde, acetic acid, 2,2-
dimethyl-1,3-dioxolane-4-methanol acetate and acetine (Fig. 8 b-e). The
initial concentration of OMEg (Fig. 9 c) decreased for all mixtures, while
OME,.¢ (Fig. 9 d-f) decreased for 25-S-75-0O but showed a higher stability
towards aging in 75-S-25-O and 50-S-50-O. The OMEs and OMEg
increased slightly for 75-S-25-0O. The acid catalyzed degradation reac-
tion of OME, to OME,; (Fig. 5) can take place in both directions.
Therefore, possibly OME,,; and formaldehyde could form OME,. The
OME;, (Fig. 9 b) increased stronger for 25-S-75-0, only slightly for 50-S-
50-0 and almost not at all for 75-S-25-O. The OME; (Fig. 9 a) increased
for all mixtures, except for 75-S-25-0. After 120 h paraformaldehyde has
formed in 25-S-75-O and 50-S-50-O, but no precipitate formation was
observed in the case of 75-S-25-0O. The formation of paraformaldehyde
depends on the methanol/formaldehyde ratio. If the methanol/formal-
dehyde ratio is > 0.5, no paraformaldehyde is formed [17]. This suggests
that more formaldehyde compared to methanol formed during aging for
50-S-50-0 and 25-S-75-0, but not for 75-S-25-0. The reason for this is
possibly that there was a subsequent reaction of formaldehyde with
solketal or its degradation products, e.g., the reaction of OME,.; and
formaldehyde to OME,,. The formation of paraformaldehyde was sup-
pressed by a higher concentration of solketal.

This study shows that the mixtures of solketal and OME are more
stable against thermo-oxidative aging than the pure fuel components.
This shows the potential strategy to increase stability through blending.
The initial concentration of solketal decreased ~ by 64 % for 75-S-25-0,
by ~ 95 % for 50-S-50-O and by ~ 99 % for 25-S-75-0O. All products
observed in the aging of the mixtures were also observed in the aging of
the respective pure components. However, the concentration and aging
time at which the products were formed varied depending on the
composition of the mixture. The initial concentration of OME, with n
>= 3 decreased, while the concentration of OME; increased for all
mixtures, indicating chain degradation. However, a higher stability of
OME,, n > 3 was observed in 75-S-50-O and 50-S-50-O. Additionally, the
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Fig. 11. a) Total acid number as a function of the aging time of solketal, oxymethylene ether (OME) and mixtures of solketal and OME. b) Kinematic viscosity as a
function of the aging time of solketal, OME and mixtures of solketal and OME. c) Density as a function of the aging time of solketal, OME and mixtures of solketal and
OME. 100-S: pure solketal, 100-O: pure OME, 4, mixtures of 3:1 (75-S-25-0), 1:1 (50-S-50-0) and 1:3 (25-S-75-0) solketal:OME (vol%).

formation of paraformaldehyde as a precipitate was observed in 25-S-
75-0 and 50-S-50-O, but not in 75-S-25-O. The formation of pre-
cipitates during aging is particularly problematic in the use of fuels
because they can cause severe damage to combustion engines. In sum-
mary, 75-S-25-0 is the most promising mixture in terms of stability to
thermo-oxidative aging. Due to its higher stability, it could be a good
candidate for further optimization in a ternary fuel blend.

3.4. Determination of fuel specific parameters

The viscosity and density of a fuel are two parameters that can in-
fluence engine performance and emissions. Moreover, the total acid
number is an important parameter for the degree of aging, especially for
e-fuels. TAN increased during aging of pure solketal, pure OME and all
mixtures. In case of 100-O, the TAN showed the highest values of all
aged fuels with a maximum value at 96 h (TAN;¢g . o = 98.5 mg KOH/g).
The obvious reason for this is the formation of formic acid. The forma-
tion of methyl formate could explain the decrease of the TAN, which is a
measure of the content of free carboxylic acids that are not bound as
esters, after 96 h aging. The TAN of pure solketal (100-S) and of all
mixtures increased during aging and reached a plateau at ~ 96 h. The
maximum values of the TAN of all blends are shown in Table 4.

The results show, that the TAN increased during aging for the pure
fuels and all mixtures, the more OME was present in the mixture, the
higher the TAN values due to formation of acids (Fig. 11, Table 4 and
Table S2). This is problematic because acidic compounds in the fuel can
lead to corrosion and engine wear. The kinematic viscosity increased
during aging of pure solketal, pure OME, and all mixtures. The
maximum values are shown in Table 4. Higher solketal content in the
mixture, resulted in higher kinematic viscosity values after aging
(Fig. 11 b and Table S2). It is speculated that the increase in viscosity
during aging is a result of the formation of highly viscos glycerol from
solketal during aging. However, the viscosity values of 75-S-25-O and
50-S-50-0O were still in the range of the fuel standard DIN EN590 up to ~
72 h aging.

The density of 100-S, 100-O and all mixtures also increased during
aging (Fig. 11 c, Table 4, Table S2). This is due to the formation of
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several aging products in varying concentration. The density of the aged
50-S-50-O showed the highest values of all mixtures. This indicates a
good intramolecular interaction and miscibility of the molecules.

In total, the fuel specific parameters indicate that the mixtures,
especially 75-S-25-0O could be used for a ternary blend, for example, with
a fraction of 33 % like in the fuel Diesel R33 [31]: 25 vol% solketal and 8
vol% OME could be mixed with 67 vol% conventional diesel fuel.
Alternatively, the 75-S-25-O could also be mixed with FAME or HVO to
produce a completely regenerative fuel. However, further investigations
of the combustion properties and miscibility is required before these
fuels can be used.

4. Conclusions

The thermo-oxidative aging of the two promising e-fuels solketal and
oxymethylene ether (OME; — OMEy) in pure form as well as in mixtures
with different ratios (3:1, 1:1, and 1:3) (vol%) was investigated. Both
reaction pathways of the thermo-oxidative aging process as well as the
concentrations of the formed aging products as a function of the aging
time were elucidated in detail. Furthermore, fuel-specific parameters
such as the total acid number, the kinematic viscosity and the density of
the aged and unaged fuels have been analyzed.

By mixing solketal and OME in a 3:1 ratio (vol%), the formation of
solid paraformaldehyde, which is a major problem, could be successfully
suppressed. Nevertheless, significant degradation of the initial fuels
during the accelerated thermo-oxidative aging was found, with signifi-
cant formation of problematic aging products. To overcome these
problems, the use of solketal and OME as components in ternary blends
is suggested, similar to the fuel Diesel R33 [31] consisting of conven-
tional diesel fuel, FAME or HVO. Alternatively, ternary mixtures of OME
and solketal with FAME or other renewable fuels could produce a viable
option for a purely sustainable fuel blend. Future studies should focus on
these blends, i.e., further investigations should be carried out regarding
combustion properties and the influence of additives such as antioxi-
dants and stabilizers to pave the way for future e-fuels that can be used
on the market.
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