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Abstract

Methyl-terminated polyoxymethylene ethers (MM-POMES), having the formula CH30-(CH20)n-
CHs (n = 3-5), are a high-cetane, low-sooting group of oxygenates that have recently attracted
attention as potential diesel blendstocks. Despite these attractive fuel properties, MM-POMEs have
shortcomings due to their low energy density and high water solubility. Guided by a computational
fuel property assessment for POMEs with longer end-groups, the most promising improvements
in the desired compression ignition fuel properties were observed for butyl-terminated POMEs.
Here, an acid-catalyzed trans-acetalization reaction was developed to exchange the methyl end-
groups of MM-POMEs (n = 3-6) with butyl end-groups. The reaction utilizes an ion-exchange
resin as the acid catalyst at mild reaction conditions of 60 °C and atmospheric pressure.
Approximately 100 mL of butyl-exchanged POMEs in the diesel boiling range were produced,
enabling laboratory-scale fuel property testing. The butyl-terminated POME mixture possesses the
advantaged fuel properties of the parent MM-POMESs (low-soot, high-cetane) while exhibiting
improved energy density (Lower Heating Value (LHV) of 30 MJ/kg) and substantially reduced
water solubility (7.3 g/L) compared to the parent MM-POME mixture (LHV of 19 MJ/kg , water

solubility of 258 g/L).

KEYWORDS. Bio-derived blendstocks, polyoxymethylene ethers, trans-acetalization, water

solubility, lower heating value
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Introduction

Heavy-duty truck vehicle miles traveled in the U.S., which rely on diesel-fueled compression
ignition (CI) engines, are expected to increase 38% by 2050.! Despite the projected increase in
miles traveled, it is also expected that the energy intensity (i.e., energy per ton-mile traveled) will
decrease, attributed to vehicle efficiency standards taking full effect.%? Enhanced fuel properties
play a major role in the improvement of fuel economy and engine efficiency. Simultaneously, low-
net-carbon and low-emission (e.g., soot, NOx) fuels are required to meet the fuel demand in an
environmentally conscious and sustainable way. Methyl-terminated polyoxymethylene ethers
(MM-POMEsS) having the chemical formula, CH30-(CH20-)»-CHs (n = 3-5) are a class of low-
soot, high-cetane oxygenates that have recently received attention as Cl or diesel fuel
blendstocks.®>” Methanol (MeOH) and its derivative, formaldehyde, are the primary chemicals
utilized for MM-POME synthesis,? and therefore, a low carbon-intensity POME-based fuel can be

derived from ligno-cellulosic biomass via biomass gasification and methanol synthesis.®*°

As a proof of concept, our research group recently reported a one-step synthesis of
dimethoxymethane (DMM), the simplest POME, from MeOH.1® Despite the advantage of a low
Yield Sooting Index (YSI), DMM by itself would not be an acceptable CI fuel, having
unacceptably low values for cetane number (CN), lower heating value (LHV), flash point (Ttiash),
boiling point (Tb), and a high water solubility.!” Rather, a mixture of MM-POMEs with medium
chain lengths of 3-5 (termed here MM-POMEs3-s), possesses more suitable CI fuel properties.’ 18-
22 However, there is a significant concern about the limited fuel efficiency due to their low energy
density (LHV). In addition, the high water solubility of MM-POMEs hinders their large-scale
deployment on different fronts, such as difficulty in keeping the blendstock dry during distribution

and risks of water source contamination upon leakage from any part of the fueling infrastructure.
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A set of blendstock screening criteria, termed Tier 1, has been defined based on previously reported
fuel characteristics for CI fuels (Table 1). The ASTM specification for diesel fuel (ASTM D975-
20a)?%24 stipulates a diesel boiling range between 180 — 338 °C; however, Tier 1 extends the
boiling range to 160 — 338 °C where the floor value is dictated by the upper limit requirements of
the fuel blendstocks for advanced spark-ignition (gasoline) engines? and the ceiling represents the
diesel T90 upper limit dictated by the ASTM specification. The limit for cloud point (Tcioud) is less
than 0 °C, to ensure operability at low temperatures in engines and along the fueling
infrastructure.?* The Tier 1 criteria specify that the essential safety property of flash point is greater
than 52 °C to ensure safe handling at normal atmospheric conditions as stipulated by ASTM D975-
20a.23%4 CN values of at least 40 are required to ensure ignition quality and meet the ASTM D975-
20a specification.??* YSI values, a measure of the tendency of a fuel to form soot when
combusted,?® are targeted to be below the value for a certification diesel fuel of 246.2” A greater
LHYV results in improved fuel economy, and the Tier 1 criterion stipulates at least 25 MJ/kg, which
is comparable to the LHV reported for ethanol (26.8 MJ/kg). This criterion ensures that the LHV
penalty of a new diesel blendstock will be comparable to that of E10 gasoline.?® Finally, the water
solubility criterion is less than 20 g/L to prevent phase separation in the distribution system and

minimize potential groundwater contamination.?*
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Table 1. Tier 1 criteria for compression ignition (Cl) fuel properties.?3-2% 27,28

Fuel Criteria
Property Limit
Boiling point
o 160 — 338
°O)
Cloud Point
° <0
°O)
Flash point
o > 52
°0O)
Cetane > 40
number
YSI <246
LHV
(MJ/kg) > 25
Water solub.
<20
(g/L)

The development of bio-derived CI fuels can benefit from a fuel-property-first approach, a method
that has been successfully implemented to identify and produce diesel blendstocks from bio-
derived carboxylic acids.?*-3! In addition to chain length noted above, the alkyl-terminating group
also affects the fuel properties of POMEs. A recent report prepared ethyl-terminated POMEs,
which exhibited greater heating values and lower autoignition points compared to their methyl-
terminated counterparts.'® These results informed our hypothesis that end-group exchange with
larger alcohols, such as 1-propanol and 1-butanol (BuOH), could further benefit the fuel properties,
especially decreasing the water solubility due to the incorporation of larger hydrophobic moieties.
Importantly, these alcohols have the potential to be renewably sourced, especially ethanol and
BuOH.3233 In arelated report, computational tools were utilized to predict the Tier 1 fuel properties

of the newly targeted propyl- and butyl-terminated POME structures.?” The structures are termed
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MM-, EE-, PP-, and BB-POME»where MM, EE, PP and BB denote the two methyl, ethyl, propyl
and butyl end-groups, respectively, and n is the chain length. The results were compared to the
Tier 1 criteria and previously reported values of MM- and EE-POMEs, enabling trends to be
identified across chain length (n = 1-4) and end-group. The properties of LHV and water solubility
were problematic for the parent MM-POMEn structures, and a clearly visible advantage can be
observed in the calculated improvements when incorporating longer alkyl end-groups (Figure 1).
Specifically, BB-POME:1.4 possess the most desirable properties, especially considering the critical
water solubility metric, motivating the development of chemistry to upgrade a MM-POMEn

mixture into a product having enhanced fuel properties.

MM-POME, ‘ PP-POME,

/O\Q/O)n\ /\/°~(\/°>"\/\
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Figure 1. Predicted and measured water solubility (g/L) and LHV (MJ/kg) of ethyl (EE), propyl
(PP) and butyl (BB) exchanged MM-POME-n (n = 1- 4). Diesel blendstock fuel property criteria

limits are represented by dotted lines and target area is highlighted in light green. Chain lengths (n

6

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



= 1-4) within the same end-group are represented by the increased numeration within the same

marker type. Values are tabulated in Table S1 including predicted values from Bartholet, et al.?’

There are several synthetic strategies for the production of POMEs reported in the literature, and
most of them incorporate formaldehyde as a reactant.®"1%34 Here we report a conversion pathway
to generate the computationally-identified BB-POMEn species through the reaction of a parent
MM-POMEs-s mixture with BuOH. This choice of reactants has the advantage of avoiding the use
of formaldehyde in the transacetalization chemistry and the associated carbon loss and drying cost
for anhydrous formaldehyde production, which is critical for sustainable and economical
production of POMEs.'6 The targeted product was synthesized under relatively mild conditions in
a scalable reactor and separated in the desired boiling range by spinning band distillation. The fuel
properties of the butyl-terminated product were measured experimentally following ASTM
standards and compared against their predicted values, the measured values of the parent MM-

POME:, mixture, and the CI Tier 1 criteria in Table 1.

Results and Discussion

Catalytic end-group exchange. For the end-group exchange chemistry, a trans-acetalization
reaction was investigated at 60 °C using an acidic Amberlyst-46 catalyst (4.6 wt% with respect to
the total mass of reactants), which is from the same family of sulfonic acid resins that perform
similar transformations of alcohols with cyclic ethers at similar temperatures (Scheme 1).6.7:20.35-
% Crude products were analyzed using gas chromatography (Figure S1) and '3C NMR
spectroscopy. The thermodynamic limit for the trans-acetalization reaction was calculated

assuming system ideality to enable a comparison of experimentally observed product selectivity
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for both end-group exchange and chain length. Detailed Aspen Plus calculation results are
presented in Figure S2 and Table S2. Control experiments of the parent MM-POME3s-s mixture
and BuOH without the acid catalyst, or in the presence of catalyst but without BuOH, exhibited

no exchange of the methyl end-groups of the parent MM-POMEs (Figure S3 and Table S3).

Scheme 1. The acid-catalyzed trans-acetalization reaction of BUOH with MM-POMEs3.s. B and

M represent butyl and methyl groups, respectively.

0O} &1 B/O\g/o};m 50Ok,
M hy ——
n=23-6 o B/o\é/ojn\B M/th/ojn\H

The product distribution of the trans-acetalization reaction with 2:1 BUOH:MM-POMEs3s.s was
followed over 24 h. This initial assessment of the chemistry focused on quantification of the acetal
products, and hemiacetal products were not explicitly quantified (vide infra). Figure 2 presents the
relative product distribution of the 7 most abundant components observed at 1, 2, 4, 6 and 24 h.
Under these conditions, the reaction proceeded rapidly, indicated by the fast BUOH consumption
and formation of MB-POMEh (i.e., single exchange giving methyl-butyl end-groups) and BB-
POMEn- after 1 h. The relative product distribution exhibited only minor changes from 4 h to 24 h,
indicative of reaching equilibrium. Therefore, 4 h was chosen as a suitable reaction time for

comparison in subsequent reactions.
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Figure 2. Relative product distribution of the 7 most abundant compounds during catalytic end-
group exchange with 2:1 BuOH:MM-POME3s-s molar ratio over 24 h of reaction at 60 °C and
atmospheric pressure using 4.6 wt% of Amberlyst-46 catalyst. Relative distribution of GC-

observed species is presented in Table S4.

Figure 3A presents the relative acetal product distribution from the trans-acetalization reaction
with varying molar ratios of BUOH:MM-POMEs3s-sat 60 °C and atmospheric pressure over 4.6 wt%
of Amberlyst-46 for 4 h. With a stoichiometric molar ratio of 2:1, substantial butyl exchange was
observed, yielding 47 wt% of the single-exchanged and 41 wt% double-exchanged products. These
results demonstrated a simple route to incorporate higher alcohols into the POME structures under
mild reaction conditions. It is also important to note that the acidic ion-exchange resin Amberlyst-
46 catalyst is required for the end-group exchange reaction, and the reaction did not occur at the
studied conditions without catalyst (Figure S3, Table S3). Reactions with excess BuOH were
investigated with two additional molar ratios of 4:1 and 10:1 for BuOH:MM-POME3s.s. With
excess BUOH, dibutyl-exchange to yield BB-POME: increased with a concomitant decrease in
single-exchanged MB products, with the 4:1 ratio yielding 58 wt% BB products and the 10:1 ratio

yielding 73 wt% BB products. These results are in agreement with the predicted thermodynamic

9
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



limitations of the exchange chemistry that indicate increased exchange of MM-POME-\ end-groups
with increasing initial ratios of BUOH:MM-POMEs.s (Figure S2, Table S2). A portion of the MM-
POMEs.s starting material remained even when excess alcohol was used (12 wt%, 6 wt% and 5
wt% for the 2:1, 4:1 and 10:1 ratio respectively, Figure 3A), in line with the thermodynamic

limitations (Figure S2).

During the end-group exchange reaction, the chain lengths redistributed to a range of n = 1-6, with
n=1 being most abundant at 60 wt% for the 2:1 ratio (Figure 3B), 86 wt% for the 4:1 ratio and up
to 97 wt% for the 10:1 ratio. As a reference, the composition of the parent MM-POMEs-s is 45.6
wt% MM-POMEs, 30.4 wt% MM-POME4, 17.8 wt% MM-POMEs, and 6.1 wt% MM-POMEs.
Thermodynamic calculations for the trans-acetalization reaction indicate that the breakdown of
longer MM-POMEs with n = 3-6 into shorter chains with n = 1-2 is energetically favored (Keq=
102, Rxn# 15-18, 20-24 in Table S5). As outlined by the computational analysis, the BB end-
groups offset the detrimental effect of chain shortening by shifting the fuel properties of n = 1-2
POMEs into the desired, advantageous range. The control experiment without BuOH demonstrated
that the parent POMEs undergo a redistribution of chain lengths with Amberlyst-46, giving a
distribution in the range of n = 1-8 with n = 3 being most abundant at 33 wt% (Figure S3). The
control experiment without catalyst confirmed that no end-group exchange chemistry occurred in

the absence of catalyst, and further, the chain lengths were not redistributed.

Our analysis of the products from varying molar ratios of BUOH:MM-POMEs3s-s focused on the
acetal products, however, hemiacetal (HA) products also form in this reaction, as noted in Scheme

1 and the thermodynamic calculations (Table S5). HA products have been reported to decompose
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during the GC analysis to formaldehyde, methanol and/or butanol,?®4° all of which can be
quantified using GC analysis. However, formaldehyde is notoriously difficult to quantify using
GC and could lead to error in the analysis. For the reaction with a 2:1 molar ratio of BUOH:MM-
POMEs-s, the carbon balance for products observed using the GC method was determined to be
91%. For reactions with molar ratios of 4:1 and 10:1, the carbon balances were >98%. This
comparatively low carbon balance from the reaction with a 2:1 molar ratio, where one would
expect a greater HA concentration due to the lower butanol concentration, highlights the difficulty
in quantifying hemiacetals and formaldehyde by GC. Even with a high carbon balance, as observed
for the products from 4:1 and 10:1 molar ratios, the method remains blind to HA species. As an
alternative analysis method, 3C NMR spectroscopy allows for direct observation of HAs.*® The
13C NMR spectra exhibited a complex peak pattern due to the mixture of species having methyl
and butyl termination, but three unique resonances could be assigned to the presence of three
expected hemiacetals based on previous reports of similar species:*¢414 B-POME:-HA (BuO-
CH2-OH) at & 89.9 for the bolded C, M-POME1-HA (MeO-CH2-OH) at 6 91.0, and B-POME--
HA (BuO-CH20-CH2-OH) at 6 91.8 (Figure S4). Integration of these peaks relative to the
concentration of BB-POME: (5 95.8) determined from GC analysis enabled an estimation of the
HA content in the crude products from each reaction. The crude products from the reactions with
2:1 and 4:1 molar ratios had 17.5 mol% HA, and the crude product from the reaction with a 10:1
molar ratio had 4.2 mol% HA. This lower HA concentration from the reaction with a high
BuOH:MM-POMEs.¢ ratio of 10:1 is in agreement with the thermodynamic calculations.
Similarly, although the same total HA content of 17.5 mol% was found for the products from the
2:1 and 4:1 reactions, the ratio of B-POME:i-HA to M-POME:1-HA increased from 0.90 to 2.1

mol/mol when the BUOH:MM-POMEs3.s ratio increased. HA products were indirectly quantified
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in the GC analysis as methanol, butanol, and formaldehyde, but this 3C NMR spectroscopic

analysis provided a direct assessment of their structure and content in the crude products.

The crude product mixture of butyl-terminated POMESs contains undesirable light components,
such as water, HAs, MeOH and unreacted BuOH, that lie outside of the desired boiling point range
(160 — 338 °C). The relative portion of the crude product that lies within the desired boiling point
range is presented in Figure 3C in two groups: all combinations of end-groups in the target To
range (i.e., MM + MB + BB), and only the butyl-terminated (MB + BB) species. The reaction with
a 2:1 BUOH:MM-POMEs-sratio yielded 50 wt% of the products in the desired boiling point range
with 49 wt% corresponding to butyl-terminated POMEs. With an initial BUOH:MM-POME3-6
ratio of 4:1, a comparable portion of the product distribution was in the desired boiling point range
(54 wt%), with 52 wt% corresponding to butyl-terminated POMEs. Increasing the initial
BuOH:MM-POMEs3.6 ratio to 10:1 promoted the double end-group exchange reaction; however,
the excess BUOH diluted the composition, resulting in a lower fraction of the crude product mixture
in the desired boiling point range (41 wt%). Finally, it is worth noting that for the 2:1 and 4:1
molar ratios, 97-98 wt% of the products in the desired boiling point range corresponded to butyl-
terminated POMEs, which are the target products with enhanced fuel properties identified from
the computational analysis. The 2:1 molar ratio was chosen to prepare a large batch of butyl-
exchanged product, due to the combination of an adequate end-group exchange yield in the desired
distillate boiling range (49 wt%) and the minimum volume of BuOH to be separated from the

product.
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Figure 3. Relative product distribution of A) exchanged end-groups, B) POME chain length and

C) fraction of product in the desired boiling point range after catalytic end-group exchange

reactions with 2:1, 4:1, and 10:1 BuOH:MM-POME3-¢ molar ratios. Chain length distribution for

the parent MM-POMEs.s is included in B) for reference. Detailed relative product distributions

reported in Table S6. Standard error bars included for the 2:1 BUOH:MM-POME3-6 molar ratio

condition based on results from triplicate experiments (Table S7).
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Separation of desired products. Distillation of the butyl-terminated POME product mixture was
performed, targeting a product in the boiling point range of 160 — 338 °C. To reduce the presence
of reactive light species in the product (e.g., residual formaldehyde, HAs, water, MeOH, DMM,
BuOH) during distillation, the crude product was washed with a carbonate-buffered aqueous
solution (pH = 9.2) followed by a vacuum treatment at 50 °C and 50 mbar. This treatment of the
butyl-terminated POME product resulted in a decrease of light species from 21 wt% to 5 wt% of
total mass (Table S8). The washed product was readily separated in a spinning band distillation
column to yield approximately 100 mL of the targeted MB- and BB-terminated POME product in
the 160 — 338 °C boiling point range. This distilled product is referred to as B*POMEz1-6. As
presented in Table 2, 46 wt% of B*POME.:-s corresponded to the major product from the reaction,
BB-POME: (i.e., butylal). This individual compound has already been investigated as a promising
diesel blendstock, and has passed Tier 1 criteria.?* Notably, the HA content in this distilled product
was negligible, evidenced by the butylal analysis of B*POME.-s fitting the GC calibration curve
(Figure S1) and the absence of resonances corresponding to HA species in the 1*C NMR spectrum

(Figure S4).
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Table 2. Water-free product composition of B*POME:1-6. Water content was 0.42 wt% as

measured by Karl-Fischer titration.

Desired product

. T, 160 — 338 °C

(B*POME_1.6)
mol% wt%
BuOH 0.1 <0.1
BB-POME: | 48 | 46
MM-POME2| 01 | 01
MB-POME; | 17 | 14
BB-POME: | 14 | 16
MM-POMEs| 01 | 01
MB-POMEs | 86 | 86
BB-POMEs | 42 | 54
MM-POME:| 12 | 08
MB-POMEs | 33 | 39
BB-POMEs | 12 | 17
MM-POMEs| 08 | 0.9
MB-POMEs | 07 | 10
BB-POMEs | 05 | 08
MM-POMEs| 02 | 03
MB-POMEs | 02 | 03

Measured fuel properties. The fuel properties of B*POME:1.6 were measured experimentally and
compared to their predicted fuel properties (Figure 4). The predicted values were calculated
assuming a linear blending of its individual components using the appropriate units for each
property (i.e., mol% for CN and YSI; wt% for LHV and water solubility; and vol% for Tb, Tcloud,
and Triash). The measured properties of B*POME:-s were compared to the Tier 1 criteria and the
measured fuel properties of MM-POMEs.s, BB-POME:, and EE-POMEs3. All of these POMEs are
good reference points to the B*POME1-6 product since they encompass a variety of end-groups

and chain lengths for comparison of fuel property values.
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The B*POME.1-6 product lies in the target boiling range with a measured T10 and final boiling
point of 169 — 287 °C (Table S9). The parent POMEs have a measured boiling range of 156 — 259
°C,?! where the lower limit is slightly out of the target (160 — 338 °C). Both BB-POME: and EE-
POME: are pure components with boiling points of 179 °C and 185 °C, respectively. All compared
POMEs exceeded the Tm (for pure components) or Tcioud (for mixtures) value requirement of < 0
°C. The cloud point of the B*POMEi.s was calculated by assuming a linear blending of the
predicted melting points (Tm) of the pure components in the product. The measured cloud point
was -27 °C, overpredicted by 4 °C. This error is common for melting point calculations; with
publications reporting root-mean-square errors up to 52 °C.** The Triash values were comparable
among MM-POMEs3s-6 (63 °C), BB-POME: (62 °C), and B*POME:1-6 (62 °C, overpredicted by 7
°C), with a slightly higher value for EE-POMEs3 (68 °C), all meeting the required criterion of >52

°C.

The measured cetane number of the B*POME:1-6 was 75, almost double the minimum requirement
(> 40). This high cetane value is in a similar range to the comparative POMEs, being slightly
greater than the MM-POMEs.s (CN=73) and BB-POME: (70), but slightly lower than EE-POME3
(CN=80). The measured YSI of 37 for B*POME:-s was accurately predicted and is greater than
the extremely low value of the MM-POMEs-s (YSI=2.1), which is attributed to the absence of C-
C bonds in their molecular structure. Considering the mix of methyl and butyl moieties in
B*POMEuz-6, the YSI value of 37 between EE-POMEs3s (predicted YSI=26) and BB-POME1
(YSI1=48) follows the same C-C bond reasoning. Despite the increase in YSI for B*POME1-6

compared to the starting MM-POMEs.s, the value lies well below that of a representative
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certification diesel fuel (< 246)%’, retaining the advantaged low-sooting properties of POMEs. CN
was overpredicted by 17.3%. Computational models for predicting cetane number have been
reported with typical errors of +/- 10 CNs, and we associate the high relative error observed for
the butyl-terminated product to the unique molecular structure of these POMEs not being
adequately represented in the training data set used to develop the prediction models.*4¢ The
measured LHV of 30 MJ/kg for B*POME:1-6 was in accordance with the predicted linear blending
estimate (3.3% error) and exceeded the minimum requirement for this criterion (>25 MJ/kg). This
value represents an important improvement to this critical fuel property over the low LHV values
of the parent MM-POME3s-6 (19 MJ/kg) and EE-POMEs3 (24 MJ/kg), which lie below the Tier 1

target value.

Finally, the B*POME1.s compounds extracted into water were identified and quantified. MM- and
MB-POMEs were preferentially extracted into the aqueous layer with BB-POMES demonstrating
low water solubility, as suggested by the computational analysis. For example, MM-POMEu4-¢
accounted for 3 g/L, MB-POME:2-¢ for 4 g/L, and BB-POME:-s for only 0.3 g/L. The total water
solubility of B*POME:1-6 was determined to be 7.3 g/L (Table S10). The measured water solubility
is a little more than half of the predicted value (14 g/L) and exceeded the target metric (< 20 g/L).
There are still limitations to the modeling methodology to predict fuel properties with new
molecular structures, like these MB and BB-terminated POMEs.*” Water solubility is the metric
where B*POME:-6 exhibited the greatest advantage when compared with the parent MM-POMEs.
6 (258 g/L) and the EE-POMEs3 (predicted solubility of 39 g/L), demonstrating a 35-fold and 5-

fold reduction respectively.
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Figure 4. Plots of measured Tier 1 fuel properties for B*POME1-s compard to predicted fuel
properties assuming linear blending, and measured fuel properties for MM-POMEs3.s, BB-POME;,
and EE-POMEs. Details of linear blending analysis are in Table S11. The targeted region for each
fuel property is indicated by the arrow marked with the specific numerical criterion for diesel
blendstocks. *Measured value from Hartl, et al.?* $Measured value from Fioroni, et al.?* except
for predicted YSI for BB-POME: #*Measured value from Lautenschiitz, et al.'® "Predicted value

from Bartholet, et al.?’

Conclusions

A fuel-property-first approach utilized a computational assessment to identify butyl-terminated
POMEs as promising bio-derived diesel blendstocks, especially considering their greater LHV and
lower water solubility compared to that of more widely-studied and commercially-available
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methyl-terminated POMEs. An acid-catalyzed trans-acetalization reaction was developed to
access these targeted species through exchange of the methyl end-groups of the parent MM-
POMEs-s with butyl end-groups using BUOH. The reaction utilized an Amberlyst-46 acid catalyst
at mild reaction conditions (60 °C and atmospheric pressure) to produce the butyl-exchanged
POMEs (B*POME.-s), enabling scale-up to prepare 100 mL of a product in the desired diesel
boiling range for experimental fuel property measurement. Although the present reaction pathway
produced a portion of light by-products, they were easily separated and could be potentially
recycled. The chemistry reported here represents an alternative to previous reports that utilized
formaldehyde as a reagent, and the relative efficiency, sustainability, and economics of these

pathways will be an interesting topic of continued investigation.

The measured fuel properties compared well against their predicted values, assuming a linear
blending of the individual components, and demonstrated the advantage of the B*POME:1-6 product
over the parent MM-POME3s-s and EE-POMEs, especially in terms of increased LHV and greatly
reduced water solubility. The end-group exchange chemistry is compatible with other potentially
renewably-sourced alcohols and mixtures thereof, enabling further exploration of exchanged-

POME structures to tune fuel properties for diesel blendstocks.

B*POME:-s compared favorably against the initial Tier 1 screening criteria for CI diesel fuels,
specifically where other MM- and EE-terminated POMEs failed. The encouraging results set the
foundation to measure Tier 2 criteria, which assess how well these fuel properties blend with a
conventional diesel fuel. Tier 2 metrics focus on additional properties including blend cetane

number, lubricity, conductivity, oxidation stability, viscosity and compatibility with elastomers
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and plastics in the fuel infrastructure, where MM-terminated POMEs have demonstrated
shortcomings.*® Finally, the results reported here also motivate an investigation into the techno-
economic and life-cyle analysis of the B*POME:-s conversion pathway in order to identify risks,
cost drivers and potential greenhouse gas emissions reductions associated with scale-up and

deployment of this product.
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