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Abstract

The first application of WS,, a well-known graphene analogue, as a solid acid catalyst for
carboxylic acid esterification is reported. WS, exhibits excellent specific activities and high
conversion to methyl esters of (65-90 %) for C2-C16 carboxylic acid esterification with
methanol under mild conditions, with Turnover Frequencies between 80-180 h™, and
outstanding water tolerance even under equimolar water spiking. WS, also exhibits good
stability towards methyl propanoate in the continuous esterification of propanoic acid, and is a
promising candidate for biofuels production.
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Introduction

Transition-metal chalcogenides (TMCs), particularly the group VI transition metal sulfides
of W and Mo, have experienced a recent resurgence of academic interest because of their two-
dimensional, ordered layered structures, and associated advantageous functional properties [1-
3]. Akin to graphene, TMC sulphides are held together by strong intralayer covalent M-S bonds,
with weaker Van der Waals interlayer interactions [4]. The resulting anisotropic layered
structures offer excellent optical, electronic and mechanical properties, and hence a broad of
applications as catalysts, lubricants, photoconductors, sensors, energy storage and medical
devices (including drug delivery agents) [2, 4-6]. TMCs have been synthesised in a plethora of
tunable morphologies, including nanotubes, nanoplates, nanorods, nanoflowers, nanowires and
nanospheres, accompanied by diverse surface physicochemical properties [4, 7-9]. Although
TMCs exhibit remarkable thermal and chemical stabilities due to their strong M-S bonding [10],
the weak Van der Waals interlayer forces provide opportunities to prepare single and few layer
nanosheets. Nanoparticulate and ultrathin TMC materials display unusual physical, chemical
and electronic properties, particularly at their edges, compared to bulk analogues due to

guantum confinement effects [3].



Band gap engineering offers a route to tune the electronic properties of graphene; TMCs
such as WS, and MoS, are narrow band gap semiconductors whose electronic properties, such
as charge transport, ion/small molecule intercalation, catalytic and optical properties, can
likewise be tailored [1, 2]. Atomic defects in TMCs can also significantly affect their physical
and chemical properties [11], and hence potentially their catalytic performance. Recent time-
resolved annular dark-field imaging and spatially resolved electron energy-loss spectroscopy
has visualised the formation of single atom S and W defects, including vacancies and edge
atoms, in WS, nanoribbons [11]. Anion defects will result in under-coordinated W atoms which
are expected to behave as classic Lewis acid centres [8]. Vacancy formation could also result in
electron delocalisation over W-S-W neighbours, requiring charge compensation by surface
protons and hence the generation of Brgnsted acidic character [11, 12].

MoS, and WS, have long been reported as effective hydrotreating catalysts for
hydrocracking and hydrodesulfurization in conventional oil refineries [13, 14] due to their low
cost and toxicity and excellent thermal and chemical stability. However, there are no reports on
their application as solid acid catalysts for sustainable chemical transformations, such as the
upgrading of pyrolysis bio-oils through carboxylic acid neutralisation [15] or biodiesel
production from free fatty acid components of non-edible plant and algal oils [16-19], in both
cases by esterification with short chain alcohols. Here we report the first demonstration of WS,
for the catalytic esterification of carboxylic acids under mild reaction conditions for applications

in the renewable energy sector.

Experimental

N, porosimetry was performed on a Quantachrome Nova 4000 porosimeter, with BET
surface areas calculated over the range P/PO = 0.03—0.19, wherein a linear relationship was
maintained. X-ray powder diffraction (XRD) on a Bruker D8 Advance diffractometer using the
Cu K, line in the range 20 = 10-80° with a step size of 0.04°. Acid site loadings were
determined by thermogravimetric analysis coupled with mass spectrometry (TGA-MS).
Samples were wet-impregnated with propylamine, and then dried in vacuo at 40 °C
overnight. TGA was performed on a Mettler Toledo TGA/DSC2 Star system with a
heating rate of 10 °C.min"* from 40-800 °C under N, flow (30 mL.min"%). Evolved gas
analysis was performed with a ThermoStar mass spectrometer connected to the TGA
outlet by capillary heated to 180 °C. lon currents were recorded for the strongest mass
fragments of NH3; (m/z 17), unreacted propylamine (m/z 30 and 59), and reactively-
formed propene (m/z 41) and SO, (m/z 64) formed over acid sites. Ex situ pyridine

adsorption was performed by exposure of diluted samples (10 wt % in KBr) to pyridine vapor



overnight. Excess physisorbed pyridine was removed in vacuo at 30 °C prior to recording in
vacuo diffuse reflectance infrared Fourier transform (DRIFT) spectra at 50 °C in an
environmental cell. Spectra were obtained using a Nicolet Avatar 370 MCT with Smart
Collector accessory. Scanning transmission electron microscopy (STEM) was conducted on an
aberration corrected JEOL 2100-F electronic microscope operating at 200 kV with samples
dispersed on holey carbon grids.

Carboxylic acid esterification with methanol was undertaken using a Radleys Carousel
reaction station employing 50 ml glass round-bottomed flasks and magnetic agitation. In a
typical experiment, 100 mg of WS, nanosheets (Sigma-Aldrich, 99%) was added to a reaction
solution of 10 mmol acid and 12.1 ml methanol (alcohol:acid molar ratio = 30:1) pre-heated to
60 °C, from which aliquots were periodically withdrawn for off-line GC analysis on a Shimadzu
GC-2010 Plus system with an FID and BP50 30 m x 0.32 mm x 0.25 pum capillary column.
Reactions were performed in triplicate, with average values reported. Errors in acid conversion
were £2 %. Re-use experiments were performed for propanoic acid esterification by the addition

of an 10 mmol acid

Results and discussion

WS, nanosheets (10 m”.g™) were investigated as a solid acid catalyst for the esterification of
methanol and carboxylic acids without pre-activation. The expected layered, two-dimensional
structure of WS, was confirmed by powder X-ray diffraction (XRD) and high resolution
transmission electron microscopy (HRTEM) (Figure 1). XRD patterns of WS, were indexed to
the 2H (hexagonal stacking arrangement) polymorph of WS2 (JCPDS No. 84-1398). The (002)
reflection at 14.3° is characteristic of WS, layers stacked along the c axis, with a corresponding
interlayer spacing of 0.61 nm, while atomic-resolution images of the (100) surface in Figure 1
reveal a 0.25 nm periodicity consistent with the WS, lattice. The N, isotherms display reversible
type Il isotherms, indicative of nonporous materials (Figure S1), with a surprisingly low surface
for a microporous material, but which nevertheless consistent with literature values for bulk
WS, and WS, nanotubes of 3-6 m?.g™ [14, 20]. The solid acidity of WS, was probed through
NH; and propylamine chemisorption and temperature-programmed desorption, in order to
quantify their acid loadings and relative strengths. The total acid site density of WS, derived by
propylamine was 0.21 mmol.g™, comparable to that obtained for sulphated [21] and tungstated
[22] zirconias. Reactively-formed propene from propylamine decomposition desorbed between
300-500 °C, and adsorbed ammonia between 200-600 °C, indicative of a mix of medium and
strong acid sites (Figure S2). DRIFT spectra of WS, following titration with chemisorbed
pyridine revealed a 1:1.2 Brgnsted:Lewis intensity ratio of the respective bands at 1556 cm™

and 1611 cm™, indicating mixed acid character (Figure S3). Carboxylic acid esterification is



generally accepted to follow a Brgnsted acid catalyzed mechanism involving the formation of a
carbenium ion intermediate [23]. As our DRIFT spectra of pyridine titrated WS, show, the
parent chalcogenide possesses both Brgnsted and Lewis acid sites in an approximately
equimolar ratio. The latter likely arise from single atom S anion vacancies resulting in under-
coordinated W atoms, which are expected to behave as classic Lewis acid centres, however the
reaction of such Lewis centres with water and protic reagents [24] can produce Brgnsted acid
centres during esterification, and the latter are likely the active catalytic sites in this work.
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Figure 1. (left) Powder XRD and (right) HRTEM of WS, nanosheets highlighting the two-

dimensional layers.

The catalytic activity of WS, nanosheets was first investigated for carboxylic acid
esterification with methanol as a function of acid carbon chain length (Figure 2) in the absence
of external mass-transport limitations (Figure S4). A high methanol:acid ratio was deliberately
selected to drive the equilibrium esterification to the ester product, and also permits quantitative
comparison with other solid acid catalysts employed for carboxylic acid esterification in the literature
under the same reaction conditions [15, 22, 25]. High conversions were obtained for a range of C2-
C16 carboxylic acids, with even palmitic acid attaining 70 % conversion after 6 h. Resulting
activities for C2~C3 and C6~C16 for WS,, indicating that esterification is particularly sensitive
to an increase in alkyl chain length between C3 to C6 acids. A similar sharp decrease in the rate
of esterification from propanoic to hexanoic acids was previously observed over mesoporous
propylsulfonic acid functionalised SBA-15 and KIT-6 [25], and for H,SO, and SAC-13 a
silica/Nafion composite [26]. Such decreases are attributed to a combination of polar and steric
influences of the alpha substituent on the carboxylic group, with steric and bulk mixing effects
dominating for longer chain acids. The interlayer spacing of WS, is approximately 0.6 nm
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(Figure 1), and hence acid sites within the interlayers will likely be accessible only to acetic and
propanoic acids, with hexanoic and palmitic acids only undergoing reaction over the external
surface. However, to avoid confusion in the comparison of Turnover Frequencies (TOFs) for
short and long chain carboxylic acids, a common approach was adopted in which these were
calculated by normalising the initial rate of esterification to the acid site density titrated by
propylamine, independent of chain length. This approach will be accurate for the C2 and C3
acids, but underestimate TOFs for C6 and C16 acids. However, this is preferable to the use of a
larger basic molecular probe (e.g. t-butylamine) which would only titrate acid sites on the WS,
external surface, and thereby overestimate TOFs for shorter acids.
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Figure 2. Impact of acid carbon length on carboxylic acid esterification with methanol over
WS, nanosheets. Reaction conditions: 60 °C, 100 mg catalyst, 10 mmol acid and 12.1 ml

methanol (alcohol:acid molar ratio = 30:1).

As noted above, esterification of carboxylic acids is generally accepted to follow a Brgnsted
acid catalyzed mechanism, and hence it is likely that the active sites in WS, are the Brgnsted
sites observed in Figure S3 by DRIFTS. Mechanistic aspects of acetic acid esterification over
heterogeneous Brgnsted acid catalysts indicate that the formation of a strongly adsorbed,
protonated acid intermediate is followed by rate-limiting step nucleophilic attack by the alcohol
to yield a protonated carbonyl through either a single- (Eley-Rideal) [27] or double-site
(Langmuir—Hinshelwood) [28, 29] surface reaction. Although initial esterification rates and
associated Turnover Frequencies (TOFs) decreased significantly for chain length >C6, TOFs for
hexanoic and palmitic acids are almost an order of magnitude higher than those reported for
WO/ZrO, [22] WOx/ZrPO, [30], and mesoporous SO4/ZrO, [31], twice those of either sulfonic
acid functionalised SBA-15 and KIT-6 mesoporous silicas [23, 25] or heteropolyacids [32], and

only surpassed by homogeneous p-sulfonic acid calix[6]arene and p-hydroxybenzenesulfonic



acid organocatalysts [33], all under comparable reaction conditions (Table 1). WS is hence an
exceptional solid acid catalyst for palmitic acid esterification, an important step in the
commercial production of biodiesel production from plant oils.

Table 1. Comparative performance of solid acid catalysts for carboxylic acid esterification with
methanol.

Catalyst Carboxylic acid Temperature TOF® Ref.
/°C

WS, Acetic 60 181 -
Propane sulfonic acid” Acetic 50 150 [23]
SO;3;H-SBA-15 Acetic 50 120 [23]

WS, Hexanoic 60 101 -
SAC-13 Hexanoic 60 130 [26]
PrSO;H-KIT-6-120 Hexanoic 60 72 [25]

WS, Palmitic 60 98 -
SO./ZrO, Palmitic 60 7 [31]
WO«/ZrO, Palmitic 60 9.5 [22]
WO/ZrPOy Palmitic 60 22 [30]
PrSO;H-KIT-6-120 Palmitic 60 51 [30]
IFMC-200 Palmitic 65 13.9 [32]
p-Sulfonic acid calix[6]arene® Palmitic 60 313 [33]
p-Hydroxybenzenesulfonic acid” Palmitic 60 288 [33]

*Initial rate normalised per acid site. "Homogeneous acid.

Water is an inevitable by-product of esterification, but a common problem for many solid
acid catalysts [15, 27, 34], as observed for e.g. acrylic acid esterification with butanol over
Cs,.5H0.sPW12040, SO,*1Zr0O,, Amberlyst-15, Nafion-H and HsPW,,04, whether through
leaching of the active phase, strong adsorption over hydrophilic catalysts, and/or promotion of
the reverse ester hydrolysis reaction and displacement of the reaction equilibrium towards the
acid. The water tolerance of WS, was therefore explored for propionic acid esterification with
methanol (Figure 3). Addition of 1 mmol of water (10 mol% equivalent to the acid) had little
effect on the initial rate, which fell by around 25 %, whereas high water concentrations (100
mol%) resulted in a 50 % activity loss. While obviously undesirable, this water tolerance
remains superior to that observed for acid esterification catalysed by H3PW;,04, functionalised
magnetic nanoparticles (for which only 1 wt% water induced 90 % deactivation) [35], SO./ZrO,
[34], Amberlyst-15 [36], and SAC-13 [27] as shown in Table 2. For hydrophilic solid acid
catalysts it is strongly believed that deactivation occurs due to irreversible water adsorption over
the active sites coupled with a shift in equilibrium position to favour ester hydrolysis. Hence

some WS, acid sites retain activity even in the presence of extremely high water concentrations.



100 60

° 010 mmol
i <5 mmol [ 50 -
c 807 A1mmol O ©
o o
D 00 mmol -
o A o0 401
g 60 A [:] o)
(O] 30 -
(&) —
©
S 40 | 8 =
© A S 20 A
2 E]A £
o ]
2 20 O 8 S 0.
o
g @
0 Lr T T T T T O =
0 1 2 3 4 5 6 1 5 10
Reaction time / h Added water / mmol

Figure 3. Impact of water on propionic acid esterification with methanol over WS, nanosheets.
Reaction conditions: 60 °C, 100 mg catalyst, 10 mmol acid and 12.1 ml methanol (alcohol:acid
molar ratio = 30:1).

Table 2. Comparative water tolerance of solid acid catalysts for carboxylic acid esterification
with methanol.

Catalyst Carboxylic Water content relative to Deactivation® Ref.
acid carboxylic acid ! %
/ mol%
WS, Propionic 100 53 -
SAC-13 Acetic 95 60 [27]
Amberlyst-15 Acrylic 100 70 [34]
Nafion-H Acrylic 100 49 [34]
SO,/ZrO, Acrylic 100 100 [34]
Amberlyst-15 Oleic 20 21 [36]
SiO,-MNP-1-HPA Palmitic 28 90 [35]

*Relative loss of conversion or initial rate following water addition.

WS, also demonstrated excellent re-usability, delivering >90 % propanoic acid
esterification over three consecutive reactions (Figure 4), and proved amenable to continuous
esterification in a plug-flow reactor wherein constant methyl propanoate ester productivity was
observed over 6 h (Figure S5). While conversion was obviously lower in the latter case due to
the shorter contact time with the catalyst, plug-flow operation permits continuous ester
production with integrated product separation.
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Figure 4. Recyclability of WS, nanosheets for propanoic acid esterification with methanol.

Reaction conditions: 60 °C, 100 mg catalyst, 10 mmol acid and 12.1 ml methanol; an additional

10 mmol acid was added after each 6 h reaction.

Conclusions

A new application for WS, is demonstrated, as a solid acid catalyst demonstrating excellent
catalytic activity for esterification reactions under relatively mild conditions. We believe this to
be the first example of WS, investigated for use in this particular application. Activity was
maintained in C6 and C16 acid esterification, suggesting WS, analogues could find potential use
in bio-oil upgrading and biodiesel production from free fatty acids. We believe that tuneable
morphologies (nanostructures) or the preparation of a stable, single layer structure could further
improve catalytic activity, with respect to the current WS, nanosheets, for any reaction that
follows an acid site mechanism. WS, appears as an excellent, low cost and robust material

demonstrating highly active acidic species for acid esterification.
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Highlights

WS, is a promising active solid acid catalyst for carboxylic acid esterification
Highest reported TOFs for C2-C16 free fatty acids by a heterogeneous catalyst
Excellent water tolerance and stability

Continuous production of methyl propanoate ester demonstrated in plug-flow
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