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Effect of Alcohol Structure on the Kinetics of Etherification
and Dehydration over Tungstated Zirconia

Julie Rorrer,™ ™ Suresh Pindi,” ¢ F. Dean Toste, < and Alexis T. Bell*® "]

Linear and branched ether molecules have attracted recent in-
terest as diesel additives and lubricants that can be produced
from biomass-derived alcohols. In this study, tungstated zirco-
nia was identified as a selective and green solid acid catalyst
for the direct etherification of primary alcohols in the liquid
phase, achieving ether selectivities of >94% for C,-C,, linear
alcohol coupling at 393 K. The length of linear primary alcohols
(Cs—C;,) was shown to have a negligible effect on apparent ac-
tivation energies for etherification and dehydration, demon-
strating the possibility to produce both symmetrical and asym-
metrical linear ethers. Reactions over a series of C4 alcohols

Introduction

As the adverse effects of anthropogenic climate change con-
tinue to increase, the global need for clean and renewable
energy is now larger than ever before. One method of lower-
ing net atmospheric CO, emissions is to replace conventional
fossil fuels and petroleum-derived specialty chemicals with re-
newable alternatives." Ethers have attracted recent interest as
renewable fuels and lubricants. Symmetric and asymmetric
linear ethers in the Cg-C;, range are suitable diesel additives
owing to their high cetane numbers.”® Branched ethers such
as methyl tert-butyl ether can also be added to gasoline be-
cause of their high octane numbers.” Longer chain branched
ethers in the C,3—C;, range have low pour points and excellent
lubricant properties,”™ and could replace poly-alpha-olefin lu-
bricants, which are produced from fossil reserves.'%™
Biomass-derived alcohols are promising candidates for pro-
ducing renewable ethers. Ethanol and butanol can be obtained
in high yields through fermentation processes such as ABE
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with varying methyl branch positions indicated that substitut-
ed alcohols (2°, 3°) and alcohols with branches on the [3-
carbon readily undergo dehydration, but alcohols with branch-
es at least three carbons away from the -OH group are highly
selective to ether. A novel model compound, 4-hexyl-1-
dodecanol, was synthesized and tested to further demonstrate
this structure-activity relationship. Trends in the effects of alco-
hol structure on selectivity were consistent with previously
proposed mechanisms for etherification and dehydration, and
help to define possible pathways to selectively form ethers
from biomass-derived alcohols.

(acetone-butanol-ethanol) fermentation."™ Longer chain

linear alcohols such as 1-octanol and 1-dodecanol can be pro-
duced from the condensation of biomass-derived furan plat-
form molecules, and the hydrolysis of triglycerides and fatty
acids, respectively,"™ and then built up into branched alcohols
with higher carbon numbers through the Guerbet reaction.!®
Some general approaches to producing linear and branched al-
cohols from biomass-derived platform molecules are summar-
ized in Scheme 1.

Direct etherification of biomass-derived alcohols over an
acid catalyst is an attractive method of producing ethers be-
cause it does not require hydrogen gas and precious metal
catalysts like reductive etherification."”” The competing reac-
tion for alcohol dehydration over an acid catalyst is unimolecu-
lar dehydration to form alkenes, which is thermodynamically
favored at temperatures above approximately 350 K. Owing to
their high volatility, and the propensity to form gums, alkenes
are not desired in fuel and lubricant blends."®

In a previous study, tungstated zirconia was identified as a
selective catalyst for the liquid-phase etherification of
1-dodecanol, with ether selectivities above 94% at moderate
temperatures (393 K)."” This study suggested that the high se-
lectivity to ether is due to a cooperative effect between
Bronsted- and Lewis-acid sites on the surface of the catalyst,
which promotes the bi-molecular etherification reaction. This
research motivates the current study, which aims to evaluate
the extent to which tungstated zirconia can be used to pro-
duce a variety of symmetrical and asymmetrical ethers, and
mixtures of ethers, for fuel and lubricant applications.

Kinetic studies of alcohol dehydration reactions have tradi-
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Scheme 1. General approach to producing linear and branched alcohols from biomass-derived platform molecules.

phase unimolecular dehydration of alcohols over y-Al,O; have
supported the theory that increasing the substitution of the al-
cohol increases the stability of the intermediate in the rate-
limiting step for dehydration, resulting in a decrease in activa-
tion barrier for dehydration with increasing substitution,*%!

Although studying the effect of alcohol structure in the gas
phase where unimolecular dehydration dominates has provid-
ed some insight into the relationship between unimolecular
dehydration rates and substitution, the kinetics of etherifica-
tion must also be explored to understand the relationship be-
tween alcohol structure and selectivity to ether. Some efforts
have been made to investigate the catalytic conversion of al-
cohols to both symmetrical and asymmetrical ethers at moder-
ate temperatures where etherification dominates. Various
acidic resins and zeolites have been shown to be effective in
the liquid-phase etherification of 1-pentanol, 1-hexanol, and 1-
octanol to produce symmetrical ethers.**?” Tejero et al. have
demonstrated that it is also possible to produce asymmetrical
ethers like ethyl-hexyl ether and ethyl-octyl ether through
cross-coupling of 1-hexanol or 1-octanol with ethanol or dieth-
ylcarbonate.>?¥

But, to our knowledge, the literature is lacking a comprehen-
sive study of the kinetics of liquid-phase etherification reac-
tions over a large range of long-chain 1-alcohols (C¢-C,,), and
a more thorough investigation into the effect of branched al-
cohols on the formation of symmetrical and asymmetrical
ethers in the lubricant range (C;,-Cs). Although acidic resins
such as Amberlyst 70 and Nafion NR-50 have been shown to
be effective for etherification of linear alcohols in the liquid
phase, measuring accurate rate data is difficult owing to the
swelling of these resins in the solvent, which causes changes
in the number of accessible active sites over time.”” Tungstat-
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ed zirconia is thermally stable, does not deactivate or swell in
the reactant media, and has been shown to be an effective
catalyst for etherification of alcohols. Thus, this paper will com-
prehensively study the effects of linear alcohol length, carbon
chain branches, and positions of carbon chain branches on the
kinetics of etherification and dehydration reactions over tung-
stated zirconia in the liquid phase, with the aim of understand-
ing the relationship between ether selectivity and alcohol
structure.

Results and Discussion
Catalyst characterization

Tungstated zirconia (WO,/ZrO,, 12.6 wt% W) was characterized
with X-ray diffraction, Raman spectroscopy, and diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) FTIR
with adsorbed pyridine to determine the structure and confirm
the presence of Brgnsted- and Lewis-acid sites. From the XRD
pattern in Figure 1a, the peaks at 26 angles of 30, 35, 50, and
59° (yellow) indicate the presence of tetragonal zirconia,?*>?
and the peaks between 23-25° (pink) represent the presence
of bulk tungsten oxide.’® From the Raman spectra in Fig-
ure 1b, the bands at 274, 715, and 807 cm ™' (pink) indicate the
W-0 stretching of bulk tungsten oxide,*¥ and the band at
1020 cm™' (yellow) is indicative of polymeric tungsten oxide
terminated by a tungsten oxygen double bond.®” The DRIFTS
FTIR spectra of adsorbed pyridine shown in Figure 1c demon-
strates that both Brgnsted- and Lewis-acid sites are present on
the surface of the catalyst, as evident from bands of adsorbed
pyridine at 1540 cm™~' (blue) and 1444 cm™' (green), respective-
ly. Additional catalyst characterization is summarized in Table 1.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Characterization of 12.6 wt% W (WO,/ZrO,): a) X-ray diffraction pat-
tern, b) Raman spectrum, c) DRIFTS FTIR spectrum of adsorbed pyridine at
393 K.

Table 1. Characterization of 12.6 wt% WO,/ZrO..

Property Value
weight loading of W [%] 12,6
zirconia crystal structure (XRD) tetragonal

BET surface area [m?g~"] 51
Brgnsted acid sites [mol eq. H" m™?] 1.78x10°°+£1.4x1077
ratio of Brgnsted/Lewis acid sites 0.9040.02 (393 K)

Effect of alcohol structure on kinetics: linear primary alco-
hols (C¢-C;5)

To build symmetrical and asymmetrical linear ethers in the
diesel range, it is necessary to investigate the effect of alcohol
chain length on the apparent kinetics of etherification and de-
hydration over tungstated zirconia. The selectivity to ether for
C,-C,, alcohols (1-hexanol, 1-heptanol, 1-octanol, 1-nonanol, 1-
decanol, 1-undecanol, and 1-dodecanol) was measured for
temperatures between 393-418 K. The results are summarized
in Table 2.

Full PapefS

For all of the linear alcohols studied, the selectivity to ether
decreases with increasing temperature. However, the carbon
chain length does not appear to have any significant effect on
the selectivity. Nel and De Klerk observed that ether selectivity
of C¢-C,, linear alcohols decreased with increasing carbon
chain length for gas-phase reactions over n-alumina at 523 K.”
The authors claimed that their system was limited by external
mass transfer, which could explain why they observed a de-
crease in selectivity for longer chain alcohols.

The apparent activation energies for etherification and dehy-
dration of linear alcohols in the liquid phase were obtained by
measuring the initial rates of ether and alkene formation over
a range of temperatures. A sample time-course study of
1-dodecanol etherification over WO,/ZrO, (12.6 wt% W) at
393 K is shown in Figure ST in the Supporting Information,
which demonstrates that at conversions below approximately
25%, the kinetics are pseudo-zeroth order. The rates, selectivi-
ties, Arrhenius plots, and temperature ranges for which the ini-
tial rates were obtained are provided in Figure S2 and Ta-
bles S1-52 in the Supporting Information.

Figure 2 shows the apparent activation energies for etherifi-
cation and dehydration of primary linear alcohols 1-hexanol, 1-
heptanol, 1-octanol, 1-nonanol, 1-decanol, 1-undecanol, and 1-
dodecanol. Overall, the activation barriers for unimolecular de-
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Figure 2. a) Apparent activation energies for etherification, b) apparent acti-
vation energies for dehydration of C¢—C,, primary alcohols over WO,/ZrO,
(12.6 wt% W).

hydration in Figure 2b (154-157 kJmol™") are greater

over tungstated zirconia with varying temperature.”

Table 2. Selectivity of primary linear alcohols (C4-C;,) to symmetrical ethers (C,,—C,,)

than the activation barriers for etherification in Fig-
ure2a (126-127 kimol™"), which explains the de-
crease in selectivity to ether with increasing temper-

Reactant Selectivity to symmetrical ether [%]/(Conversion of alcohol [%]) ature observed in Table 2. The activation energies for
393K 398K 403K 408 K 413K 418K linear alcohol etherification do not change signifi-
1-hexanol >99/(4) 94/(6) 88/(11) 88/(22) 89/(27) 7/(39) cantly with increasing carbon chain length, implying
l-heptanol  >99/(5)  80/(7)  80/(11)  82/26)  80/(25) 0/(38) that the length of linear alcohols has little effect on
1-octanol >99/(4) 92/(6) 92/(12) 83/(20) 85/(28) 0/(33) — e .
1-nonanol 2 90/(4) 89/(7) 85/(12) 86/(20) 81/(28) 7137) the klnet|c§ of.ethe'rlflc'atlon and d(?hydratlon..
1-decanol > 99/(4) 95/(8) 94/(11) 90/(18) 88/(25) 5/(38) For applications in diesel fuel, mixtures of linear al-
1-undecanol > 99/(5) 92/(6) 89/(9) 88/(17) 82/(25) 8/(42) cohols could be tuned in the reactant feed to create
1-dodecanol  94/(6) 94/(7)  86/(11)  83/(26)  80/(30) 4/(38) a distribution of ethers that contains a desired mo-

+4% for 418 K.

[a] Reaction Conditions: 1 h, 100 mg WO,/ZrO, (12.6 wt% W), 600 RPM, 564 umol reac-
tant, 125 pmol n-tetradecane. Remaining selectivity is attributed to alkenes and trace
amounts of branched ether. Error within +=2% for data at 393-413 K, and within

lecular weight distribution. A similar tuning of molec-
ular weights has been demonstrated previously for
the trimerization of ketones for diesel fuel mix-
tures.®® Because the etherification activation ener-

ChemSusChem 2018, 11, 3104-3111 www.chemsuschem.org
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gies and reaction rates do not vary significantly between linear
alcohols in the C,—C,, range, a mixture of alcohols will couple
in a nearly random statistical distribution. An example distribu-
tion study is shown in Figure 3. Seven linear alcohols (1-hexa-

16% - mActual Distribution

14% | | Stastical Distribution
12% A
10% A
8% A
6% A
4% -
2%
0% A

Overall Carbon Selectivity [%]

1213141516 17 18 1920 212223 24
Number of Carbons in Ether

Figure 3. Ether distribution for C¢-C,, alcohols. Reaction conditions: 393 K,
48 h, 100 mg WO,/Zr0, (12.6 wt% W), 600 RPM. Equimolar ratio of 1-hexa-
nol, 1-heptanol, 1-octanol, 1-nonanol, 1-decanol, 1-undecanol, and 1-dodec-
anol, with n-tetradecane as an internal standard. Conversion > 90 %.

nol, 1-heptanol, 1-octanol, 1-nonanol, 1-decanol, 1-undecanol,
and 1-dodecanol) in equimolar ratios were reacted together
over tungstated zirconia at 393 K. The theoretical selectivity
distribution for random cross-coupling of alcohols is shown in
black, and the experimental distribution of ether products is
shown in green. Figure 3 shows that there is a slight prefer-
ence for coupling of the shorter chain alcohols, which could
be explained by the fact that the experiment was run at high
conversion (>90%), where the inhibiting effects of water and
ether are no longer negligible. Under these conditions, it is
possible that the bulkier ethers such as di-dodecyl ether intro-
duce steric effects and thus have a greater inhibiting effect on
the rate of consumption of the longer chain alcohols. The ob-
servation that cross-coupling of linear alcohols is nearly statisti-
cal suggests that the distribution of linear alcohols in the feed
could be tuned to produce a variety of desired ether blends.

Effect of alcohol structure on kinetics: position of carbon
chain branches

To systematically study the effect of the position of carbon
chain branches on etherification kinetics, a series of C4 alcohols
with varying degrees of substitution and positions of methyl
groups were reacted over tungstated zirconia. Table 3 shows
the selectivity to ether for the C4 alcohols at 393 K. Primary Cq
alcohols with a methyl group at least three carbons away from
the -OH group (1-hexanol, 4-methyl-1-pentanol, and 3-methyl-
1-pentanol) exhibit a very high selectivity to ether. As the
methyl group approaches the f-carbon (2-methyl-1-pentanol),
the ether selectivity rapidly decreases. Secondary and tertiary
C, alcohols (2-hexanol and 2-methyl-2-pentanol) rapidly dehy-
drated under these conditions, forming no ether.

To further study the relationship between branching posi-
tion and kinetics, the apparent activation energies of etherifica-

ChemSusChem 2018, 11, 3104-3111 www.chemsuschem.org

Table 3. Selectivity of reactions over Cy alcohols.”’

Reactant Conv. Sel. [%]

[%] ether alkenes/other
1-hexanol 1 >99 <1
4-methyl-1-pentanol 10 >99 <1
3-methyl-1-pentanol 10 87 13
2-methyl-1-pentanol 14 <1 >99
2-hexanol >99 <1 >99
2-methyl-2-pentanol >99 <1 >99

[a] Reaction conditions: 393K, 4h, 100 mg WO,/ZrO, (126 wt% W),

3107

600 RPM, 168 ulL reactant, 100 pL n-tetradecane as internal standard.

tion and dehydration of the C; alcohols were measured, and
are shown in Figure 4. Temperature ranges were selected such
that initial rates of both ether and alkene could be measured,
with the exception of 2-methyl-2-pentanol, for which ether
could not be detected at any of the temperatures in the range
of 333-418 K. The initial rates, Arrhenius plots, and tempera-
ture ranges are provided in Figure S3 and Tables S3-54 in the
Supporting Information.

Figure 4a shows that the apparent activation barrier for
etherification is fairly independent of the reactant. But from
Figure 4b, it is clear that as the substitution of the alcohol in-
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Figure 4. a) Apparent activation energies for etherification, b) apparent acti-
vation energies for dehydration of Cg alcohols (1-hexanol, 4-methyl-1-penta-
nol, 3-methyl-1-pentanol, 2-methyl-1-pentanol, 2-hexanol, and 2-methyl-2-
pentanol) over WO,/ZrO, (12.6 wt% W).

creases, the barrier for unimolecular dehydration decreases.
The dehydration activation barriers for 1-hexanol, 4-methyl-1-
pentanol, and 3-methyl-1-pentanol are 157+13, 158+ 10, and
15541 kJmol™', respectively, indicating that the barriers are
within error for alcohols with branching at least three carbons
away from the -OH group. But for 2-methyl-1-pentanol,
2-hexanol, and 2-methyl-2-pentanol, the barriers are 124+2,
11445, and 100+ 12 kimol ™, respectively, indicating that the
dehydration barrier decreases with increasing substitution of
the alcohol. In our previous study, measurements of kinetic iso-
tope effects for 1-hexanol dehydration over tungstated zirconia
suggested that the rate-limiting step for unimolecular dehydra-
tion is the cleavage of a B-carbon hydrogen bond."? This is
consistent with the findings in Figure 4, as the increased sub-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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stitution of the a- and B-carbons would increase the stability
of the carbocation intermediate formed during unimolecular
dehydration, making dehydration more favorable. Also found
in our previous study, the dehydration of 1-hexanol produced
both 1-hexene and 2-hexene, as verified by NMR spectroscopy;
however, no methyl shift was observed, as might be expected
for the dehydration of a substrate such as 3,3-di-methyl-2-bu-
tanol.[19,37]

In addition, steric effects that limit a-carbon oxygen bond
formation between two alcohols could explain the preference
towards unimolecular dehydration for 2° and 3° alcohols.”
Similar relationships between alcohol structure and dehydra-
tion activation barriers have been observed in the literature for
other solid acid catalysts. Activation energies of 145, 141, 121,
and 110 kJmol~" have been reported for gas-phase unimolecu-
lar dehydration of ethanol, 1-propanol, 2-propanol, and 2-
methyl-2-propanol, respectively, over y-Al,O;, indicating that
increasing substitution decreases the activation barrier for un-
imolecular dehydration.?>*! Mpourmpakis et al. observed that
dehydration activation barriers of ethanol, 1-propanol, 2-propa-
nol, and 2-methyl-2-propanol also decreased with increasing
substitution for dehydration reactions over y-Al,O;, ZrO,, and
TiO,.”"! The relationship between alcohol substitution and reac-
tivity for unimolecular dehydration is in agreement with the re-
sults presented here for C4 alcohols in the liquid phase, and
the relative activation energies for etherification provide an ex-
planation for the selectivity trends observed in Table 3.

Effect of alcohol structure: length of carbon chain branches

Although the kinetics of linear alcohols do not vary significant-
ly from C¢-C,,, the addition of branches changes the selectivity
to ether. To further investigate the effects of branch size on
ether selectivity, a series of Guerbet alcohols with increasing
carbon chain backbone length and branch length were reacted
with 1-dodecanol in 1:1 molar ratios at low conversions to
form symmetrical and asymmetrical ethers in the lubricant

 CHEM:USCHEM
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range (C,,—Cs6). The pathways for these reactions are shown in
Scheme 2, and the results are summarized in Table 4. Symmet-
rical branched ethers (1E) are only formed in small amounts
from the coupling of small Guerbet alcohols (2-ethyl-1-hexanol
and 2-butyl-1-octanol), and are not formed from the coupling
of bulkier alcohols (> C¢). In addition, the reactivity of Guerbet
alcohols decreases with increasing bulkiness.

The relatively low selectivity towards branched ethers from
the etherification of Guerbet alcohols is likely due to the rela-
tively low activation barrier for unimolecular dehydration of al-
cohols with substitution on the 3-carbon. From Table 3, the ad-
dition of methyl branches affected the selectivity to ether to a
lesser extent when the branch was three carbons away from
the -OH group. Thus, it was hypothesized that etherification of
a longer chain branched alcohol with the branch further down
the carbon chain would result in higher selectivity to ether
than a Guerbet alcohol of the same chain length. To test this,
the model compound 4-hexyl-1-dodecanol was synthesized
and reacted over tungstated zirconia at 393 K, as shown in
Scheme 3. The synthesis and characterization of 4-hexyl-1-do-
decanol is detailed in the Supporting Information.

From Table 5, it can be observed that there is significant im-
provement in selectivity to ether for the C, alcohol when the
branching position is further away from the -OH group, reach-
ing 40% selectivity to ether (2B) at a conversion of 23% at
393 K. Upon lowering the temperature to 383 K, the selectivity
was further increased to 49 %, which is expected as etherifica-
tion was shown to be more favorable at lower temperatures.
The results given in Table 4 indicate that 2-hexyl-1-decanol
(Cy6) and 2-octyl-1-dodecanol (C,,) do not produce symmetrical
ethers in reactions with 1-dodecanol over tungstated zirconia.
For additional comparison, Guerbet alcohols 2-hexyl-1-decanol
and 2-octyl-1-dodecanol were also reacted over tungstated zir-
conia under the same conditions as those used for the reaction
of 4-hexyl-1-dodecanol in the absence of 1-dodecanol. No
ether was detected for either of these reactions (Table S6 in
the Supporting Information).

1A 1B 1C 1D 1E 1F 1G
R, WO,/ZrO, o R T R, Ry R1
SO s BNoH s SO Y L Y o L SN N e
11 R, ?;59036 I'; :'c[r R, R, Ry + isomers Ra
1-Dodecanol Guerbet Alcohol ' . Di-N-Dodecyl Asymmetric Ether Di-Guerbet Ether
(Cra ©CoCo  TMIOATE)  Teer c) (@ Cia) (el et

Scheme 2. Pathways for 1-dodecanol etherification and dehydration with varying Guerbet alcohols (Cg-C,,) over tungstated zirconia.

Table 4. Effect of branch length of Guerbet alcohols on the selectivity of ethers and alkenes in reaction with 1-dodecanol.”’

Guerbet alcohol R, R, Conv. 1A Dodecanol sel. [%] Conv. 1B Guerbet alcohol sel. [%]

[%] 1C 1D 1F [9%] 1D 1E 1G
2-ethyl-1-hexanol 4 2 14 63 20 16 33 1 3 86
2-butyl-1-octanol 6 4 18 69 16 15 26 1 1 89
2-hexyl-1-decanol 8 6 21 71 10 20 13 18 0 82
2-octyl-1-dodecanol 10 8 23 72 7 21 9 20 0 80
2-decyl-1-tetradecanol 12 10 23 72 6 22 3 17 0 83

tetradecane as internal standard.

[a] Reaction conditions: 393 K, 4 h, 100 mg WO,/ZrO, (12.6 wt% W), 600 RPM, 5.6x 10~* mol 1-dodecanol, 5.6 x 10~* mol Guerbet alcohol, 3.9x 10~* mol n-
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R4 150 pL 2A R4 R, R, + isomers
4-Hexyl-1-Dodecanol 600 RPM Symmetrical Ether Alkenes (C1s)
(Cie) (Cse) &
Scheme 3. Reaction of 4-hexyl-1-dodecanol over tungstated zirconia.
I . Conclusions
Table 5. Etherification and dehydration of 4-hexyl-1-dodecanol.”’
. Tungstated zirconia was identified as an effective
Alcohol R, R, TI[KI Reaction Conw. Sel. [%] lid acid | f he di herificati f ori
time [h] alcohol [%] ether alkenes solid acid cata yst or the direct etherification of pri-
mary linear alcohols in the liquid phase. The effect of
4-hexyl-1-dodecanol 6 8 393 4 23 40 60 lcohol herificati d dehvdrati
4-hexyl-1-dodecanol 6 8 383 4 1 49 51 alco 'O structure 9n et ?rl |cat!on .an eny ration
4-hexyl-1-dodecanol 6 8 383 16 22 52 48 reactions was studied by investigating the effects of

missing for 16 h reaction.

[a] Reaction conditions: 100 mg WO,/ZrO, (12.6 wt% W), 600 RPM, 150 uL 4-hexyl-1-
dodecanol, 3.9x 10~ mol n-tetradecane as internal standard. Note: 10% mass balance

alcohol length, positions of carbon chain branches,
and size of carbon chain branches. The rate of dehy-
dration relative to etherification was shown to in-

Thus, placing the branch further away from the -OH group
of the alcohol significantly improves the selectivity to ether.
This raises the question of how branched alcohols with
branches further down the carbon chain could be produced
from biomass. One potential route would be to start with the
condensation of biomass-derived furfural and 2-methyl-
furan,®® then selectively hydrogenate to produce 5-pentyl-1-
decanol, which could further be reacted over an acid catalyst
to form ether, as shown in Scheme 4.

Furfural 2-Methylfuran

5-Pentyl-1-Decanol

H+
-H,O

Cjo Ether

Scheme 4. Proposed route to produce branched lubricants from biomass-
derived platform molecules.
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crease with increasing temperature, which is consis-

tent with the thermodynamic preference for dehy-
dration with increasing temperature. The positions of carbon
chain branches were shown to have significant effects on
ether selectivity. Addition of carbon chain branches to the a-
and [-carbons on the alcohol were shown to increase the de-
hydration selectivity, which is consistent with the mechanism
proposed in an earlier work. It was also demonstrated that al-
cohols with carbon chain branching at least three carbons
away from the -OH group exhibit significantly higher ether se-
lectivity than corresponding alcohols with branches on the a-
or f-carbons. Activation energy trends for etherification and
dehydration provided a more complete explanation for the
ether selectivity trends observed over a range of alcohol struc-
tures. Understanding the effects of alcohol structure on direct
etherification reactions is crucial for utilizing biomass-derived
alcohols to make diesel additives, lubricants, and specialty
chemicals.

Experimental Section
Materials

All chemicals obtained commercially were used without further pu-
rification. The following chemicals were obtained from Sigma-Al-
drich: 1-hexanol (>98%), 1-octanol (>99%), 1-decanol (>99%), 1-
dodecanol (>98%), 2-hexanol (>99%), 2-methyl-1-pentanol
(>99%), 3-methyl-1-pentanol (>99%), 4-methyl-1-pentanol (>
97 %), 2-ethyl-1-hexanol (>99%), 2-butyl-1-octanol (>95%), 2-
hexyl-1-decanol (>97%), 2-octyl-1-dodecanol (>97%), 2-decyl-1-
tetradecanol (97 %), dodecane (>99%), hexane (>99%), 1-hexene
(>99%), and pyridine (99.8%). The following chemicals were ob-
tained from Spectrum Chemical: 1-heptanol (>98%), 1-octene (>
99%), and n-tetradecane (>99%), which was used as an internal
standard for analytical purposes. The following chemicals were ob-
tained from TCl: 1-nonanol (>99%), 1-undecanol (>99%), di-n-
octyl ether (>95%), di-n-decyl ether (>95%), di-dodecyl ether (>
95%), 1-decene (>95%), and 1-dodecene (>95%). Di-n-hexyl
ether (>98%) was obtained from Alpha Aesar. Synthesis and char-
acterization of 4-hexyl-1-dodecanol is provided in the Supporting
Information, Scheme S1, Figures S4-57.
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Synthesis and characterization of tungstated zirconia

Tungstated zirconia (WO,/ZrO,, 12.6 wt% W) was synthesized and
characterized by using previously reported methods.!'%303%40
Powder X-ray diffraction (XRD) patterns for WO,/ZrO, were taken
with a Bruker D8 GADDS diffractometer equipped with a CuK,
source (40kV, 40 mA). Raman spectra were obtained with a
LabRAM HR Horiba Scientific Raman spectrometer equipped with a
633 nm ' laser. Brunauer-Emmett-Teller (BET) surface area meas-
urements were performed with a Micrometrics TriStar BET and pre-
treated with a Micrometrics FlowPrep 060. The ratio of Brensted-
to Lewis-acid sites was determined from IR spectra of adsorbed
pyridine, by using a previously reported method."” Spectra were
acquired with a Thermo Scientific Nicolet 6700 Fourier Transform
Infrared Spectrometer (FTIR) equipped with a diffuse reflectance in-
frared Fourier transform spectrometer (DRIFTS) cell. Inductively
coupled plasma (ICP) elemental analysis was performed by Gal-
braith Laboratories, Inc. to determine tungsten weight loadings.

Batch reactions

All reactions were carried out in sealed 12 mL Q-Tube batch reac-
tion vessels with magnetic stirring at 600 RPM by using an IKA C-
MAG HS 10 digital hot plate with temperature control accurate to
within £1 K. A separate batch reaction was performed for each
time point for kinetic studies to ensure consistency of volume and
concentration of each sample. All reactions over tungstated zirco-
nia were carried out solvent-free with 100 mg of catalyst, 100 pL of
n-tetradecane as an internal standard, and between 84-205 pL of
reactant depending on the reaction conditions (unless otherwise
noted). Reaction products were dissolved in acetone for analysis
with GC/MS.

Product analysis

The analysis of products was carried out by using a Varian CP-3800
Gas Chromatograph/Mass Spectrometer (GC/MS). The products
were quantified with a flame ionization detector (FID) and were
identified with a Varian 320 triple quadrupole mass spectrometer
(MS). n-Tetradecane was used as an internal standard to ensure ac-
curate product quantification. FID response factors for pure com-
mercial compounds were obtained from linear calibration curves,
and the effective carbon number method was used to predict re-
sponse factors for products that are not available in high purity.
This method predicts the FID response to within +1.7%."" Mass
balances for all reactions were achieved within £5% unless other-
wise noted.

Kinetic analysis

To measure the initial rates of etherification and unimolecular de-
hydration of 1-hexanol, 1-heptanol, 1-octanol, 1-nonanol, 1-dec-
anol, 1-undecanol, 1-dodecanol, 4-methyl-1-pentanol, 3-methyl-1-
pentanol, 2-methyl-1-pentanol, 2-hexanol, and 2-methyl-2-penta-
nol, individual batch reactions for each time point were carried out
at each temperature. Mass transfer limitations were found to be
negligible at stirring speeds of 600 RPM for catalyst particle sizes
less than 250 um in diameter. This conclusion was determined by
measuring the initial catalytic activity as a function of stirring
speed and particle size.

For each experiment, conversion (X,), selectivity to ether (Seer), S€-
lectivity to alkenes (S,yenes) Were defined as follows:
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__moles of a reacted (1)
27 jnitial moles of a

moles of a reacted to form ether
moles of a reacted

Sether =

moles of a reacted to form alkene

S = ’
alkenes moles of a reacted ®

Initial rates of ether and alkene formation (r,) were calculated from
the experimentally measured curve of moles of product formed
per mass of catalyst versus time (t).

Apparent activation energies were calculated from an Arrhenius
plot of the natural log of the initial rates versus the inverse tem-
perature. At low conversions (<25%), the reaction is pseudo-
zeroth order in reactant, indicating that the surface of the catalyst
is saturated with reactant. Under these conditions, the inhibiting
effects of water and ether, and the formation of additional prod-
ucts such as branched ether and oligomerized alkenes are negligi-
ble."?

The Arrhenius relation was given by:

E
Io = Kapp = Aapp€XP (%)

Where r, is the initial rate of ether or alkene formation, k
apparent rate constant for the reaction, A, is the apparent pre-ex-
ponential factor, and E,,,, is the apparent activation energy. For
the Arrhenius fitting, the pre-exponential factor was fixed for both
the etherification and dehydration plots of the C; alcohols and
linear alcohols, based upon the assumptions that the active sites
for each reaction are equivalent, and that the entropy of adsorp-
tion of the most abundant surface intermediates and the change
in entropy of the transition states are both consistent across the
various substrates. The pre-exponential factors were fit to minimize
the standard error on the least squares regression for each group
of substrates. Error bars for activation energies were taken from
the standard error of the least squares regression. Arrhenius plots,
initial rates, pre-exponential factors, activation energies, and the
temperature ranges for each reaction are given in Figures S2-S3
and Tables S1-54 in the Supporting Information.
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