Open Access Article. Published on 03 ferraghju 2025. Downloaded on 04/12/2025 4:10:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC
Sustainability

W) Check for updates ‘

Cite this: RSC Sustainability, 2025, 3,
1923

Received 12th October 2024
Accepted 27th January 2025

DOI: 10.1039/d4su00642a

rsc.li/rscsus

Sustainability spotlight

I ROYAL SOCIETY
PPN OF CHEMISTRY

Reusability studies with Lewis and Bronsted acid
catalysts for dehydration of the primary alcohol
1-hexanol under energy-saving conditionst

*

Adil Allahverdiyev and Harald Groger

In general, currently there is an urgent need to switch from fossil-based materials to renewable resources
and this is also the case for production of alkenes with a chain length of up to Cg due to their broad
application range as bulk chemicals. For instance, such Cg alkenes (hexenes) are accessible from 1-
hexanol, for which recently a sustainable technical approach based on CO, and water as renewable raw
materials was reported by Siemens and Evonik Industries, making use of artificial photosynthesis in
combination with microbial syngas fermentation. In continuation of our very recent comprehensive
study on dehydration of 1-hexanol and other alcohols with a focus on Lewis acids and initial reusability
studies over a few reaction cycles, the current study presents a simplified strategy for the reuse of the
Lewis acid catalysts Cu(OTf), and Hf(OTf), and the Brgnsted acid TfOH as well as a proof-of-concept for
efficient recycling over 20 cycles. Over the course of the study, the catalysts demonstrated an average
alkene yield of 71-77%, with no loss of activity. The production costs were calculated on the basis of
industry-appropriate prices, with the lowest being 0.34 $ per kg. A successful initial lab scale-up with
a 100-fold increase in reaction volume indicates a TRL4 for the developed process and enabled
a product formation of 1.3 kg. Thus, these studies underline the technical feasibility of the developed
dehydration process using 1-hexanol, for which catalyst recycling represents a key criterion.

Addressing the urgent need for alternative processes for bulk chemicals such as Ce-alkenes (hexenes), dehydration of 1-hexanol, which is available from the
renewable resources CO, and water as reported by Siemens and Evonik Industries, represents such an approach. Our study demonstrates an improved process
from 1-hexanol to hexenes under energy-saving conditions comprising the reuse of the catalysts Cu(OTf),, Hf(OTf), and TfOH, enabling an efficient recycling

over 20 cycles and an average alkene yield of 71-77%. Calculated variable production costs turned out to be low at 0.34 $ per kg. A successful initial lab scale-up

gave 1.3 kg product and indicates TRL4. Thus, our studies underline the technical feasibility of the developed dehydration process using 1-hexanol with efficient

catalyst recycling.

1. Introduction

industry, in particular with application in the high-volume
segments such as fuels and plastics.*

Despite the implementation of sustainable measures and
technological advances, the chemical industry continues to face
challenges in transitioning from fossil to renewable raw mate-
rials. It is noteworthy that non-renewable resources® still
account for almost 80% of energy consumption, which is
a cause for concern taking into account the release of CO, from
combustion of fossil raw feedstocks into the environment.?
Renewable resources based on biomass or CO, therefore
represent attractive raw materials for the future when it comes
to the production of fuels and products for the chemical
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In today's chemical industry, in terms of volume, alkenes
represent the most widely used class of industrial compounds,
with ethylene and propylene being the compounds with the
largest production volumes and numerous applications in the
field of plastics.® Higher homologues of ethylene and propylene
such as hexenes are also of utmost importance, serving as
crucial intermediates for the production of a vast variety of
chemicals. Hexenes are usually produced by crude oil refining
or alternatively by Fischer-Tropsch synthesis,® which, however,
is associated with depletion® or, in the case of Fischer-Tropsch
synthesis, with disadvantages such as the necessity of high
temperatures,” low catalyst stability® and low catalyst activity.”®

An alternative approach towards hexenes offering advan-
tages also from the perspective of sustainability has recently
been reported by us. Our concept is based on combining an
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Scheme 1 Overall process concept for producing hexenes from CO,,
water and renewable energy such as sunlight and wind in a chemo-
enzymatic cascade with metal triflate dehydration as a key step.

initial Siemens-Evonik process'® (in which carbon dioxide is
converted to syngas by artificial photosynthesis using sunlight
for water splitting, followed by microbial conversion to 1-hex-
anol) with a subsequent dehydration of 1-hexanol at low reac-
tion temperature (and, thus, minimised energy demand) to
enable the sustainable production of hexenes (Scheme 1). In the
future such resulting hexenes might serve as components for
aviation fuels originating from renewable resources as by 2040
at least 30% of all fuels used in transportation are to be replaced
by renewable energy sources.™

To date, dehydration of 1-alkanols is far from being well
established, although it looks like “standard” textbook chemistry.
Typically, reaction conditions are very harsh and involve exposure
to very high temperatures. Most examples run at temperatures
above 300 °C.” Only a few examples are known for the dehy-
dration of primary alcohols at relatively mild temperatures. Such
examples include the work by Vorholt et al.*®* and Repo et al**
Vorholt et al performed the dehydration at 190 °C using
Bronsted acids, resulting in the formation of ethers and small
quantities of alkenes.* In addition, Repo et al. comprehensively
investigated the dehydration of secondary alcohols with Lewis
acids.™ They also reported two experiments of dehydration of 1-
octanol at 180 °C, achieving yields of 2% and 65% when using
Fe(OTf); and Hf(OTY),, respectively.’ In our recent study,'® the
initial attempts and proof-of-concepts of Repo et al.** and Dom-
broski et al.,** who studied the dehydration of 1-hexanol using
Cu(OTf),, served as valuable starting points for an in-depth
investigation of the dehydration of primary alcohols. The use of
Lewis acid-based salts is advantageous as they demonstrate the
capacity to exhibit both acidic and basic sites. While (according
to our proposed mechanism)" in the hexene forming step the
oxygen is coordinated by the metal ion (thus, facilitating C-O
cleavage), the B-proton abstraction is accelerated by coordination
to the anion.

However, the single use of catalysts in only one batch reac-
tion, even at a low weight percentage (wt%), may impede
industrial utilization, given that the transition metals in ques-
tion are frequently expensive.” In addition to economic
considerations, there are also regulatory reasons that restrict
the use of such catalysts, as regulations stipulate that the
residual metal concentration must be below a certain ppm
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range." Hence, it is of vital importance that catalysts are sepa-
rated from products and reused in order to ensure environ-
mentally friendly” and economically feasible*® reactions.
Additional criteria include high activity, selectivity and stability
when utilizing the catalysts in the corresponding process
windows.”* To achieve such an objective, catalyst recycling can
be facilitated by e.g., heterogenization. While the development
of heterogeneous catalysts may be tedious and resource-
consuming, numerous researchers have focused on this
approach to reduce waste and avoid the use of hazardous
reagents." However, heterogenization of homogeneous cata-
lysts is typically accompanied by loss of activity and raises
leaching concerns.'”*® Furthermore, the formation of soft coke
during dehydration and oligomerization represents a signifi-
cant impediment, as it occupies active sites and thus inhibits
reactions. The removal of this undesired material has to be
conducted by combustion.*

As an alternative, reusability of catalysts can also be achieved
by customizing chemical reactors for synthetic processes. The in
situ-removal of products by distillation procedures* not only
shifts the equilibrium to the product side and reduces required
energy, but also allows for obtaining full conversion in case of
reversible reactions.*” Industrial examples** of products
synthesized by the process of reactive distillation*® include
methyl tert-butyl ether (MTBE) which is commonly used as an
anti-knock agent® and as a solvent for chemical synthesis. The
estimated annual worldwide production of MTBE is 38 million
metric tons.>

The growing interest in dehydration is also reflected in the
increasing number of patents in the field of dehydration, with
a particular focus on heterogeneous catalysts. For instance,
alumina-based catalysts are employed in dehydration processes
at temperatures ranging from 250 to 500 °C, as reported by Ziehe
et al**® and Koo et al.*® Accordingly, the dehydration or ether-
ification of C,-C,, alcohols®* or fatty alcohols* proceeds with
high conversions and selectivities. As an example, Koo et al. re-
ported the dehydration of 1-octanol at 250-500 °C, leading to
>60% yield, >50% selectivities and an LHSV of 7 to 56 h™*.%°

In this contribution, we report our study on the catalytic
potential and recyclability of acid-based catalysts for energy-
saving dehydration of primary alcohols at moderate tempera-
tures using 1-hexanol as a substrate. Based on our recent
successful process for performing dehydration of primary
alcohols at relatively low temperatures with reasonable reaction
rates™ and, thus, minimizing the energy requirements associ-
ated with this endothermic reaction, we also intensively focused
on the reusability of the catalysts in order to make the reaction
economically attractive from an industrial perspective. We have
also set ourselves the goal of implementing a process fulfilling
pilot production scale standards and, thus, technical feasibility.

2. General process concept and set
up

In general, very harsh conditions are associated with dehydra-
tion of a primary alcohol as the reaction itself is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thermodynamically unfavoured. Thus, in order to reduce the
needed energy, the equilibrium is shifted towards the desired
alkene products by distillative in situ-removal of such products
being more volatile than their alcohol substrates. The dehy-
dration can proceed through either ether-formation, which is
slightly exothermic,* and subsequent C-O cleavage or direct
alkene formation which is slightly endothermic.?* The two-step
route via the ether intermediate is often favoured to form the
alkene as the activation energy for the C-O cleavage of the ether
is lower compared to that of direct dehydration of the alcohol.**
Thus, in accordance with the literature® we previously proposed
that under mild conditions first the ether is formed, which is
subsequently dehydrated.*

As the boiling point of the model substrate 1-hexanol is at
157 °C, reactions were first performed at 150 °C for 1.5 hours
and then further heated to 180 °C. As we previously reported,*
in situ-measurements have demonstrated that the reaction
occurs at 150 °C, representing, to the best of our knowledge, the
lowest reported reaction temperature for the dehydration of
a primary aliphatic alcohol. However, reactions on an elevated
500 mL scale have shown that the reaction proceeds at even
lower temperatures (140 °C). The reaction set-up is described in
detail in our previous study.*

3. Dehydration using Brensted acids

We recently reported the dehydration of primary alcohols using
Bronsted and Lewis acids, and in this study alkene formation
was only observed in the case of Lewis acids.” Among the 15
different Lewis acids, Hf(OTf),, Ti(OTf), and Cu(OTf), turned

"

PNEN TFOH (10 mol%)
-
3 OH reactive major product
40 mmol distillation o~
140 —» 160 °C
6h, 1atm

73 % alkene yield

Scheme 2 Dehydration of 1-hexanol using Lewis acids at 140-160 °C.
The alkenes were formed whereas 2-hexene was the major product. In
traces the ether was detected.

Table 1 Dehydration of 1-hexanol (40 mmol) using Brensted acids
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out to be very suitable at catalyst loadings of 2 and 10 mol%,
respectively, with alkene yields exceeding 70%. In contrast, the
use of Brensted acids resulted in the formation of ether, at best.
Nevertheless, our findings revealed a correlation between the
pK, value and ether formation. In particular, only acids with
a pK, value below 2.8 resulted in the formation of the ether.
Given that alkene formation had been undetected, we now
extended the Brgnsted acid scope with strong acids that are
commercially attractive and readily accessible (Table 1). We
were pleased to find that when reactions were carried out with
TfOH, for the first time when using a Brgnsted acid in this
modest temperature range of 140-160 °C alkene formation was
observed. In the presence of 10 mol% of TfOH, 73% yield for the
alkenes was obtained (Scheme 2 and Table 1), thus being
comparable to the reactions with metal triflates. However, when
the loading was reduced to 2 mol%, yield for the alkenes
dropped to 8%. In this case, mainly ether formation was found.
When investigating the TfOH derivatives TfOMe and Aqui-
vion®, lower alkene yields of 55-62% were obtained. It is
noteworthy that, while the di-n-hexyl ether was observed as the
predominant by-product when TfOH was used, hexyl methyl
ether was also obtained when TfOMe was employed. This result
was anticipated due to the fact that TfOMe is primarily utilized
as a methylation reagent.** The reaction pathway for TfOMe can
thus be described as follows: 1-hexanol is first methylated and
subsequently dehydrated to hexene and methanol (Scheme 3).
In the case of Aquivion®, a commercial TfOH-polymer, as ex-
pected, comparable results were obtained. A potential drawback
of this heterogeneous catalyst Aquivion®, however, might be
that both 1-hexanol and 1-hexene as well as their oligomers can
become trapped in the pores, which might promote formation
of soft coke and, thus, block free acid sites. As bistriflimidic acid
(HNTTf,) is a comparably strong Brensted acid, it was anticipated
that it would lead to comparable alkene yields. However, less
alkene formation with a low yield of 12% was observed. Thus,
pK, of the Bronsted acid is not the only criterion for efficient
alkene formation.

4. Reusability studies of catalysts

Aiming to develop a technically feasible process for production
of fuels or commodity chemicals with economically attractive

Entry Catalyst pKa Catalyst loading (%) Reaction time (h) Alkene yield (%) Ether yield (%)
14 AcOH 4.8 10 22 0 0
24 H,PO, 2.1 10 22 0 0
3¢ TFA 0.23 10 22 0 0
4 TsOH —2.8 10 22 0 96
54 H,S0, -3 10 22 0 87
6 TfOH —-14 10 6 73 5
7 TfOH —14 2 6 8 80
8 Aquivion® NA? 10 6 55 3
9 TfOMe NA? 10 6 62 10
10 HNTY, —-14 10 6 12 81

“ Previously reported.' ? Not available.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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N~
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Scheme 3 Reaction pathway for the dehydration of 1-hexanol using TfOMe.

catalysts costs also requires considering catalyst recycling.
Furthermore, catalyst recycling strategies should also include
simple catalyst separation, thus also contributing to reducing
waste formation.

Recently, we reported preliminary studies on the reuse of
Hf(OTf), for 5 cycles and obtained yields of 75% on average,
without any decrease in activity.”® Thus, we included this cata-
lyst in the present study for comparison. However, in terms of
an economically attractive catalyst, the Lewis acid Cu(OTf), and
the Bronsted acid TfOH appeared to be far more suitable.
Accordingly, the main focus in our extensive recycling study was
on exploring these two catalysts, which also give high alkene
yields (Fig. 1 and 2). In all of these recycling studies with
Hf(OTf),, Cu(OTf), and TfOH, 20 reaction cycles were conducted
using these catalysts (Fig. 1 and 2, Scheme 4). In each cycle the
reactions were carried out with 40 mmol (5 mL) of 1-hexanol
resulting in the dehydration of in total 0.8 mol (100 mL) 1-
hexanol, respectively. First 1-hexanol was combined with the
catalyst, and then, identical to single cycle reactions, the reac-
tion flask was connected to a distillation bridge. After the end of
each reaction cycle, without adding further catalyst, additional
1-hexanol was added to the reaction flask, and then the new
reaction cycle was started.

Note that each catalyst remained active for over 20 cycles,
resulting in the formation of 568-616 mmol (48-52 g) of alkenes
(Scheme 4). Thus, it can be expected that the activity of the
catalysts will remain high also for many more cycles. Taking

100
90
°
801 o ) 4 e * e 9 . © o o & =
A ¢ . L] L] n
704
° o . = ® u
E 60 An g
Q0
> 50+
[0]
& 404
2
< 30
204[ = Cu(OTH,
wll e HfOTH),
A  TfOH
0 T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
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Fig. 1 Alkene yields of the dehydration of 1-hexanol using Cu(OTf),,
Hf(OTf)4 and TfOH over 20 cycles.
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into account some deviation of these lab scale recycling studies,
which we attribute to preparative reasons, in general the alkene
yields for the reactions turned out to be in a similar range over
20 cycles in the presence of the three catalysts, namely Hf(OTf),,
Cu(OTf), and TfOH (Fig. 1).

In the next step, the total TON of each catalyst was calculated
(Fig. 2). As the alkene yields remained constant in a similar
range for each cycle, the total TON consequently increased with
each subsequent cycle.

The highest total TON of 772.5 was achieved when Hf(OTf),
was used at 1/5 of the catalyst loading (2 mol%) compared to the
one for Cu(OTf), and TfOH (both 10 mol%) (Fig. 2). However,
taking into account the low catalyst costs for both Cu(OTf), and
TfOH in comparison to Hf(OTf),, the resulting total TONs of
143.2 for Cu(OTf), and 148.7 for TfOH are very attractive.
Furthermore, it should be taken into account that for the
preparation of 1 mol of Hf(OTf),;, 4 mol of TfOH would be

800 ®  Cu(OTf),
e Hf(OTH,

7004 A TfOH
600

Z 5004

Z 500

'_

T 400

le]

[

Cycles

Fig. 2 Total TON of the dehydration of 1-hexanol using Cu(OTf),,
Hf(OTf)4 and TfOH over 20 cycles.

3 OH reactive major product
40 mmol distillation /
140— 160 °C
on tam 71-77 % Ik Id
- o average alkene yie
20 cycles 568-616 mmol isolated alkenes

Scheme 4 Reusability studies for the dehydration of 1-hexanol using
Cu(OTf), (10 mol%), Hf(OTf)4 (2 mol%) and TfOH (10 mol%).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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needed. Thus, considering only catalyst loading (in mol%)
alone would not necessarily give a full picture in the evaluation
of the attractiveness of a catalyst.

It should be added that a different recycling method of the
metal triflate was previously reported by Cullen et al.,* exem-
plified for the recycling of Al(OTf);, allowing for the completion
of three reaction cycles. Catalyst recycling was performed by
extraction with aqueous media, followed by removal of water
under reduced pressure and at elevated temperature. However,
in our recycling process such an extraction step is not applied.
As mentioned above, the product is continuously removed, and
reuse of the catalyst is ensured by simply adding a fresh
substrate to the reactor after each cycle. Thus, a catalyst
extraction step can be completely avoided.

In addition, we also studied the mass balance of our overall
recycling process. As we obtain roughly 85% crude yield, con-
sisting of 71-77% of alkenes and 8-14% ether or remaining
alcohol, still 15% of the starting material is missing, which
remains in original or derivatised form in the reaction flask as
a crude mixture together with the catalyst. Therefore, the crude
mixture was analysed by "H-NMR, GC/FID and GC/MS. Inter-
estingly, besides Cs-compounds, also their di- and oligomers
were found therein. The presence of C;, dimers and oligomers
in the crude mixture can be attributed to their higher boiling
point, thus making their removal via in situ-distillation difficult.
Note that these C;, compounds are also of interest as fuels and
might be isolated as well.

5. Calculation of costs and
sustainability indices

Having demonstrated the recyclability of the catalysts over 20
cycles as a prerequisite for later utilization in a technical
process, we became interested in conducting an initial calcu-
lation of the associated process expenses being related in
particular to the catalyst costs. Thus, prices obtained from
various available internet sources were used to calculate the
production prices of 1 kg of alkene by first calculating the mmol
price and then extrapolating to the amount of one kg of product.
In detail, the costs were calculated according to formula (1)
given in the ESL¥

Although the costs decline with each successive cycle as
illustrated in Fig. 6, in general and independent of the type of
catalyst, the strongest impact on cost reduction came from the
first five to ten cycles. Yet, only up to cycle 10 a substantial shift
in costs can be observed, as the course of the costs related to
subsequent cycles exhibit asymptotic behavior. The alkene
yields are similar for all applied catalysts, indicating that the
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primary factor influencing the differences in terms of costs
among the different catalysts comes from the price of the
catalyst itself. The lowest cost was identified with TfOH, being
available at a very low price of only 1.21 $ per kg, while the cost
for Hf(OTf), is very high with 604.84 $ per kg. In contrast, the
hexene production using Cu(OTf), is only slightly more expen-
sive than the one with TfOH, which can be attributed to the low
cost of also Cu(OTf), with a price of 3.42 $ per kg (Table 2).

This impact of the type of catalyst on the cost contribution of
the catalyst costs to the total costs is also visible from Fig. 3
when comparing the graphs of the costs calculated without
considering the substrate costs (blue coloured graph) with those
when 1-hexanol was taken into consideration (grey coloured
graph).

While for Hf(OTf), nearly the same graphs are obtained
(indicating that catalyst costs contribute most to the total costs),
in case of TfOH there is a strong difference showing that the
catalyst costs here only represent a minor cost factor while the
main costs are related to the substrate costs. In general, catalyst
costs per kg of product are very attractive in the case of Cu(OTf),
and TfOH, reaching 0.084 $ per kg for Cu(OTf), and 0.032 $ per
kg for TfOH after 20 cycles. Thus, from an economic perspec-
tive, TfOH is most attractive among the studied catalysts,
although 10 mol% is needed compared to 2 mol% of Hf(OTf),.
However, in the latter case, hafnium represents an expensive
metal component and it also has to be considered that for one
equivalent of Hf(OTf), four equivalents of TfOH are needed,
which would then correspond to 8 mol% of TfOH as the original
raw material. However, it is important to note that this initial
and very preliminary cost calculation only takes into account
variable costs. Accordingly, no operation costs were implied in
this calculation. The operational costs can be calculated using
the ESIT (3)-(6) formulae, which results in 0.27 $ per cycle.
However, it should be noted that the operational costs were
calculated based on a lab scale process with a magnetic stirrer,
and therefore the costs on an industrial scale are likely to be
significantly lower.

Subsequently, we also determined sustainability indices to
evaluate not only process costs but also sustainability metrics.
Thus, the E-factors were calculated showing the lowest E-factor
of 0.58 for Hf(OTf),, followed by 0.65 for TfOH and 0.73 for
Cu(OTf), respectively (Table 2 and Fig. 4). It is noteworthy that
all of these E-factors are below 1 and, thus, in an excellent range.
The implementation of the process under neat conditions, with
the complete avoidance of any solvent utilization, both at the
stage of the reaction and at the stage of the work-up, is a key
feature leading to such highly attractive E-factors (Fig. 4).

Table 2 Costs and sustainability metrics for the dehydration of 1-hexanol using Cu(OTf),, Hf(OTf), and TfOH over 20 cycles

Costs per kg Catalyst loading @ alkene

Costs of alkene per

Costs of alkene

Entry Catalysts ($) per cycle yield (%) kg considering substrate ($) per kg without substrate ($) E-Factor PMI-value
1 Cu(OTf), 3.42 10 mol% 71 2.820 0.084 0.73 1.73
2 Hf(OTf), 604.84 2 mol% 77 8.269 5.735 0.58 1.58
3 TfOH 1.21 10 mol% 74 2.665 0.032 0.65 1.64

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Costs per cycle including the price of the substrate (grey) and
without it (blue). As catalyst systems, the Lewis acids Cu(OTf), and
Hf(OTf)4 and the Brgnsted acid TfOH were used. The data points for
the alkene yields are shown in red colour. Costs were calculated
per mmol (and then extrapolated for 1 kg of hexene, see Table 2).

6. Evaluation of a fed-batch strategy

All previous reactions were carried out under batch conditions.
However, continuous substrate feeding (fed-batch) can also be
performed as an alternative, and our studies with this process
set-up will be discussed in this chapter.

Obviously, both process options have advantages and
disadvantages, which will be briefly discussed first. With fed-
batch, for example, the ratio of catalyst to substrate amounts
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Fig. 4 E-Factors for the dehydration of 1-hexanol over 20 cycles for
Cu(OTf),, Hf(OTf)4 and TFOH. The impact of each substance on the E-
factor is shown as a percentage of the E-factor.

can be kept high. However, the flow rate needs to be adjusted, as
too low flow rates might lead to a higher degree of catalyst
deactivation by, e.g., oxidation. Hence, initial experiments with
several flow rates were conducted in order to explore the impact
of this reaction parameter. In contrast, from a practical
perspective batch reactions often represent the simplest way to
perform an experiment. Nevertheless, standard batch reactions
are not always the best choice, as the catalyst to substrate ratio
during a reaction is not as easily adjustable as in fed-batch and
space-time yields can be less. Consequently, the reactions were
conducted at varying flow rates under fed-batch conditions and
compared with batch conditions over five cycles. The Lewis and
Bronsted acids Hf(OTf), and TfOH were selected as catalysts for
this study. Batch conditions were identical to those in previous
reactions. For fed-batch conditions, 40 mmol of 1-hexanol was
initially placed with the catalyst in the reaction vessel and
heated to 150 °C for 1.5 hours and then to 180 °C while addi-
tional substrate was simultaneously added (Scheme 5 and
Fig. 5).

It is noteworthy that while the yield of alkene decreased
considerably in the fed-batch process involving Hf(OTf),, it
remained relatively stable in the TfOH system. In contrast, an
increase in the flow rate resulted in elevated alkene yields when
Hf(OTf), was employed. This phenomenon might be attributed
to degradation of the catalyst in the absence of a liquid phase.
When using TfOH as a catalyst, elevated flow rates did not affect
the alkene yield significantly (Fig. 6). The total TON behaved in
a similar manner for both Hf(OTf), and TfOH, where it
increased with higher flow rates for Hf(OTf), while it decreased
slightly for TfOH (Fig. 7).

Batch
—
/\/\/ * +
HA/LA

major product

> oH

200 mmol

—_—
Fed-Batch

Scheme 5 Reusability studies for the dehydration of 1-hexanol using
Cu(OTf), (10 mol%), Hf(OTf)4 (2 mol%) and TfOH (10 mol%).
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Fig. 5 lllustration of conducted reactions under batch (left) and fed-
batch (right) conditions.

When calculating the productivity, for Hf(OTf), and TfOH an
increase can be observed with higher flow rates, as the reaction
times reduce with higher flow rates. It is noteworthy that the
productivity of TfOH exhibits an increase up to 8.11 mmol h™*
when the highest flow rate is employed (Table 3). A comparison
of the highest productivity of Hf(OTf), with the one of TfOH
reveals a reduction from 8.11 mmol h™" in case of TfOH to 6.44
mmol h™" when using Hf(OTf),, which can be attributed to the
lower conversion of Hf(OTf),.

7. Catalyst re-use at an elevated lab
scale & preparation of alkenes on a kg
scale

Given that high alkene yields were achieved with TfOH as the
most economical catalyst leading to the lowest calculated

production costs, we selected TfOH for a scale-up to an elevated
lab scale. In detail, the process was carried out at a 4 mol scale,

100-| HF(OTH), ! TfOH
| I
|
80 I
1
B 1 |
- I
g 60 - |
s I
E |
e |
o 404 I
o I
1 1
20 H :
| |
|

o-nps wyb Sey EED b | SEE BEb SeE BN Seb
< 6‘\) \yo & X
A R B;e‘o & ,\rv

red: crude yield, green: alkene yield, blue: H,O yield

Fig. 6 Yields of the dehydration of 1-hexanol using Hf(OTf), and TfOH
at different flow rates and under batch conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

200

Hf(OTF),

180

160

140

120

100

Total TON

80

60

40

20

0-
Qe
™ A 2

o\ \N \N \N \\S
@ 1 M g
18 ]

Fig. 7 Total TON of the dehydration of 1-hexanol using Hf(OTf), and
TfOH at different flow rates and under batch conditions.

Table 3 Productivity of the dehydration of 1-hexanol using Hf(OTf)4
and TfOH at different flow rates and under batch conditions

Productivity

(mmol h™")
Entry Flow rate (mL h™" Time (h) Hf(OTY), TfOH
1 Batch 30 4.80 5.06
2 0.7 30 3.27 5.20
3 0.85 25 4.24 6.00
4 1 21.5 5.40 6.88
5 1.2 18 6.44 8.11

which corresponds to a 100-fold increase of the reaction setup
(Scheme 6, Fig. 8 and ESIf). The other reaction conditions
remained similar to those of the 5 mL scale experiments, with
only a change in the oil bath temperature as pre-experiments
showed that a 10 °C increase was needed to obtain identical
temperature of the reaction mixtures. As we previously re-
ported,”® the temperature range inside the reaction vessel
ranged from 140-160 °C when the oil bath was heated to 150 °C,
and the dehydration of primary alcohols then already takes
place at 150 °C.

We were pleased to find that this scale-up for five cycles
turned out to proceed very efficiently with alkene yields being in
the same range as the ones in the small scale reactions (40

TIOH (1o mot) |- >SN +

/\(\/);\OH reactive major product
4 mol distillation /\/\/
130 — 160 °C
6 h, 1atm
5 cycles 76 % average alkene yield

1.3 kg alkene produced

Scheme 6 100-fold scale up of the dehydration of 1-hexanol using
TfOH for 5 cycles in batch. Reaction temperatures of the oil bath were
150 — 180 °C while inside temperatures were 130-160 °C.
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Fig.8 Alkene and crude yields of the 100-fold scale up dehydration of
1-hexanol resulting in the production of 1.3 kg alkene.

mmol) (Fig. 8). Furthermore, we observed dehydration at
a temperature of 140 °C, which, to the best of our knowledge, is
the lowest reaction temperature reported so far for chemo-
catalytic dehydration of primary alcohols. In detail, within the 5
cycles of this elevated lab scale process, we performed the
dehydration of in total 2.5 L of 1-hexanol as a primary alcohol
component, which corresponds to an amount of 2 kg, and ob-
tained very high dehydration yields, resulting in an overall
amount of 1.3 kg of hexenes as the desired alkene product
(Fig. 8 and ESIY).

8. Conclusion

In conclusion, a comprehensive feasibility study on the re-use of
Bronsted and Lewis acids in the process of dehydration of
primary alcohols, exemplified for 1-hexanol, has been con-
ducted, which turned out to be an efficient method for the
preparation of the resulting alkene products under mild reac-
tion conditions. As such catalysts, Hf(OTf),, Cu(OTf), and TfOH
were used. A deep recycling study consisting of 20 cycles and
making use of an in situ-product removal through distillation of
the hexene fraction as most volatile components showed no loss
of activity independent of the type of the three studied che-
mocatalysts. Since during both, the process and work-up, no
solvent is needed, highly attractive E-factors as low as 0.58-0.73
were obtained. Also different process strategies such as batch
versus fed-batch for the supply of the 1-hexanol substrate were
compared.

This study further revealed TfOH as the most attractive
catalyst in terms of economy and sustainability. It is also
noteworthy that by means of this type of Bronsted catalyst, with
only 140 °C the lowest reaction temperature ever reported for
such a dehydration of 1-hexanol as a primary alcohol was ach-
ieved. TfOH is also an excellent example of an economically
highly attractive catalyst, leading to calculated catalyst costs of
only 0.032 $ per kg of produced alkenes. In addition, sustain-
ability metrics have been determined. The dehydration process
with recycling of TfOH over 5 cycles has also been demonstrated
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on an elevated lab scale, resulting in the production of an
overall amount of 1.3 kg of alkenes in these experiments.
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