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Abstract: Improved yields of, and selectivities to, value-added products synthesised from glycerol
are shown to be achieved through the judicious selection of dehydrating agents and through the
development of improved catalysts. The direct carboxylation of glycerol with CO, over lanthanum-
based catalysts can yield glycerol carbonate in the presence of basic species, or acetins in the presence
of acidic molecules. The formation of glycerol carbonate is thermodynamically limited; removal
of produced water shifts the chemical equilibrium to the product side. Acetonitrile, benzonitrile
and adiponitrile have been investigated as basic dehydrating agents to promote glycerol carbonate
synthesis. In parallel, acetic anhydride has been studied as an acidic dehydrating agent to promote
acetin formation. Alongside this, the influence of the catalyst synthesis method has been investigated
allowing links between the physicochemical properties of the catalyst and catalytic performance to
be determined. The use of acetonitrile and La catalysts allows the results for the novel dehydrat-
ing agents to be benchmarked against literature data. Notably, adiponitrile exhibits significantly
enhanced performance over other dehydrating agents, e.g., achieving a 5-fold increase in glycerol
carbonate yield with respect to acetonitrile. This is in part ascribed to the fact that each molecule
of adiponitrile has two nitrile functionalities to promote the reactive removal of water. In addition,
mechanistic insights show that adiponitrile results in reduced by-product formation. Considering
by-product formation, 4-hydroxymethyl(oxazolidin)-2-one (4-HMO) has, for the first time, been
observed in all reaction systems using cyanated species. Studies investigating the influence of the
catalyst synthesis route show a complex relationship between surface basicity, surface area, crystallite
phase and reactivity. These results suggest alternative strategies to maximise the yield of desirable
products from glycerol through tailoring the reaction chemistry and by-product formation via an
appropriate choice of dehydrating agents and co-reagents.

Keywords: glycerin; carbon dioxide; La,O3; glycerol; carbonates; acetins

1. Introduction

Glycerol is a by-product of biodiesel synthesis, 10 wt.% of glycerol is produced for
every kilogram of biodiesel, and glycerol produced in this way contributes to ~67% of
glycerol manufactured globally [1]. The increasing commercialisation of biodiesel is fore-
cast to generate surplus glycerol, depressing its market value [2]. Greater utilisation of
glycerol as a chemical feedstock therefore represents a key opportunity in the chemicals
sector. Potential products which can be synthesised include glycerol carbonate and acetins.
Glycerol carbonate has desirable properties such as low flammability, biodegradability, is
non-toxic and has a high boiling point. These make it suitable for a wide range of applica-
tions including as an electrolyte in lithium-ion batteries, as a solvent and in surfactants [3].
Acetins are commercially valuable fuel additives, in particular for biodiesel (and hence their
synthesis from a by-product of biodiesel production is particularly attractive). Triacetin
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also has additional applications in cosmetics, pharmaceuticals and food industries [4-6]; it
has also been suggested as a source of food energy on space missions [7].

Approximately 20 Mt of linear and cyclic carbonates are produced from the cycload-
dition of CO; and epoxides annually [8]. Glycerol carbonate can be manufactured from
the reaction of glycerol with phosgene or via a transesterification reaction of acyclic or-
ganic carbonates (e.g., dimethyl or diethyl carbonate) [9]. These carbonates are commonly
produced from phosgene. Phosgene is considered as toxic, environmental unfriendly
and highly corrosive. The use of phosgene is therefore being eliminated and is banned
in several countries [10]. Alternatively, glycerol carbonate can be synthesised from car-
bonylation of glycerol with urea [11-13]. This reaction has gained much interest among
researchers because urea is available at a low-cost and this reaction can be carried out in
the absence of a solvent; nevertheless, environmentally unfriendly by-products including
isocyanic acid and biuret are produced and the elimination of ammonia during reaction is
required [14-16].

The reaction of glycerol with COj, is a promising alternative route to synthesise glycerol
carbonate [17,18]. CO, concentration in the atmosphere is significantly increasing and
reached 416 ppm in June 2020 [19]; therefore, it is important to utilise the highly available
and low-cost CO;, which contributes directly to climate change. The reaction of glycerol
and CO, can therefore be considered as a ‘green’ process; however it is thermodynamically
limited [20], exhibiting a relatively low chemical equilibrium constant: 1.3 x 102 at
160 °C and 50 bar [21]. Elevated temperatures and high pressures (>50 bar) are therefore
typically employed.

In order to overcome thermodynamic limitations, basic dehydrating agents can be
used to remove water and shift the equilibrium to the product side. In the absence of
dehydrating agents, the reaction achieves only low yields, e.g., over metal impregnated
zeolites, at 100 bar, a 6% yield of glycerol carbonate was achieved [22]; while an 8% yield
of glycerol carbonate was observed upon the introduction of ZnO at 150 bar [23]. Higher
yields have been achieved when conducting the reaction in methanol as a solvent, with
George and co-workers observing a 35% yield at 138 bar [24]. The dehydrating agent most
commonly applied in glycerol carbonate synthesis is acetonitrile [25-29].

In contrast, in the presence of an acid, such as acetic acid, glycerol can be transformed
into acetins. Monoacetin (2,3-dihydroxypropyl acetate) can be produced in the absence of a
catalyst. Diacetin (1,2,3-propanetriol, 1,2-diacetate) and triacetin (1,2,3-triacetoxypropane)
are however the more desirable products as fuel additives: they enhance the octane rat-
ing; improve the cold flow and viscosity properties; and reduce the fuel cloud point of
biodiesel [6]. Most production of di- and triacetin involves a two-step process whereby
glycerol reacts with acetic acid to form predominately monoacetin, followed by catalytic
esterification of monoacetin with acetic anhydride to form the desired products. Sandesh
and co-workers have investigated a one-step process using acetic anhydride and employ-
ing a caesium phosphotungstate catalyst at 30 °C, achieving a yield of ~99% to di- and
triacetins [5]. Konwar et al. achieved similar yields over zeolite catalysts at 100 °C [4].

When glycerol carbonate synthesis is conducted in the presence of acetonitrile, the
dehydrating agent may be hydrolysed into acetic acid. Similar to the intentional production
of acetins, vide supra, esterification of glycerol and acetic acid may then occur. Hydrolysis
of acetonitrile in situ produces mono-, di- and triacetin as by-products. This has the effect
to reduce the overall selectivity to glycerol carbonate. Alternative dehydrating agents
have therefore been the subject of investigation. For instance, Liu et al. employed 2-
cyanopyridine at 40 bar and 150 °C, resulting in a 20% yield of glycerol carbonate with
2-picolinamide as the by-product [30]. The application of adiponitrile as an alternative
dehydrating agent has recently been reported for the first time, using crude glycerol as the
feedstock [1]. In that work however, no attempt was made to experimentally compare the
reactivity in the presence of adiponitrile with that in the presence of other dehydrating
agents. Adiponitrile is expected to present advantages over acetonitrile in that it is a
dicyanated molecule and hence is likely to be a more effective chemical water trap.
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The present work aims at developing a more complete understanding of the role
of different types of dehydrating agent/co-reactant on the conversion of glycerol in the
presence of carbon dioxide and a catalyst. A key focus is on developing a process which
can operate at mild conditions of moderate temperature and pressure and at low catalyst
concentrations. Experimental investigations using a range of dehydrating agents are
benchmarked against results obtained using acetonitrile, in order to facilitate comparisons
with the existing literature. This would otherwise be challenging, as there is wide variation
in the reaction conditions employed in previous research. The focus is therefore not
on developing an optimised catalytic system but on providing novel insights into the
behaviour of dehydrating agents. These can then be accounted for when developing
advanced and innovative catalysts and catalytic processes. In addition to acetonitrile,
exemplar dehydrating agents representing acidic and mono- and dicyanated species are
employed in order to relate their chemical properties to their influence on the reaction.
These are acetic anhydride, adiponitrile and benzonitrile. All reactions are conducted in
the absence of solvent. Additionally, the impact of the physicochemical characteristics
of the catalyst on the catalytic performance were investigated. In this case, the impact
of commercial La,O3 (C-LayO3) was also analysed along with the catalysts prepared in-
house. La;O,COs-based catalysts were prepared via co-precipitation (CP-La,O,CO3),
hydrothermal (HT-La;O,CO3) and sol-gel (SG-La;O,CO3) methods, yielding materials
with differing properties. LayO,COj3 catalysts have been previously investigated and
hence provide a baseline with which to compare the results generated herein with prior
studies [1,26].

2. Results and Discussion
2.1. Catalyst Characterisation

C-LapO3, CP-Lay0,CO3, SG-LapO,CO3 and HT-LayO,CO5 were characterised using
scanning electron microscopy (SEM) and analysed using Image] software in order to deter-
mine their morphology at the macro-scale (Figure 1). Each catalyst shows an irregular shape
and particle size. CP-LayO,CO3 and HT-Lay,O,COj3 have larger particle sizes (typically
3-10 pm, Figure S1) when compared with C-La;O3 (~1 pm) and SG-La,O,CO3 (~3 um).
Additional analysis techniques are conducted to provide quantitative information to facili-
tate the establishment of structure-performance relationships. Brunauer-Emmett-Teller
(BET) measurements of C-LayO3 determined a surface area of 13.6 m?/g, considerably
lower than for CP-Lay0,CO;3 (60.7 m?/g), SG-LayO,CO;3 (194.0 m? /g) and HT-Lay0,CO;3
(27.9 m?/g) (Table 1). The pore volume and the average pore diameter were determined
from the desorption branch of the isotherm via the Barrett-Joyner-Halenda (BJH) method.
CP-Lay0,CO3 showed a larger pore volume (0.3 cm3-g~!) and average pore diameter
(13.8 nm) in comparison to SG-LayO,CO3 and HT-La;O,CO; (Table 1). This is likely to
favour the diffusion of the reactants and products to and from the catalyst.

Table 1. BET surface area, pore volume, average pore diameter and total number of basic sites of the catalysts.

Catalyst 3 BET Surface b Pore Volume b Average Pore ¢ Crystallite Size 9 Total Basic Site
Area (m?.g~1) (cm3.g~1) Diameter (nm) (nm) (mmolcoy-g—1)
C-La,O3 13.6 0.1 31 37 0.8
CP-La,0,CO;3 60.7 0.3 13.8 31 15
SG-La;0,CO3 194.0 0.2 2.2 N/A 1.6
HT-La,0,CO;5 279 0.1 8.8 27 14

 BET surface area, ® Measured from the desorption branch according to the BJH method, ¢ Determined by X-ray diffraction (XRD) using
the Scherrer equation, ¢ Measured using CO,-temperature programmed desorption (TPD).
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Figure 1. SEM micrographs of (a) C-La;O3, (b) CP-La,O,COj3 (¢) SG-LapO,CO;3 and (d) HT-
LapyO0,CO;3. Magnification is 250 x collected with an acceleration voltage of 20 kV.

The basicity of the catalyst was analysed using TPD-CO; from 30 to 900 °C. The data
are summarised in Table 1. It is notable that the number of basic sites and the total amount
of desorbed CO; is not strongly influenced by the method of catalyst preparation, with all
Lay;0,CO3 prepared in-house exhibiting > 1.4 mmol of CO, per gram of catalyst. C-LayO3
in contrast, presents a value of 0.8 mmolco, g7 '

X-ray diffraction (XRD) has been employed in order to investigate the crystalline
phases of C-La;O3 and the LayO,CO3-based catalysts (Figure 2). Crystallite sizes were
calculated using the Scherrer equation. The largest crystallite size, 37 nm (30.2°, hexagonal
Lay03), was calculated for C-LayO3. CP-La;O,CO3 and HT-Lap;O,CO3 were calculated to
possess crystallite sizes of 31 nm (30.3°, hexagonal La;O,CO3) and 27 nm (30.4°, monoclinic
La;O,CO3) respectively. Crystalline structures of LayO,COj3 can be categorised into three
different types (types I, Ia, and II), which are formed depending on the location of LayO,%*
and CO32" ions [31]. Type I consists square layers of LayO,2* ions in a tetragonal crystalline
form separated by CO32~ ions. Type Ia is the monoclinic distortion of type I, and type II is
a hexagonal crystalline structure of La oxycarbonate [31].

(d) A i
R SR TS
© 1w ]

Intensity (a.u)

28 (%)

—Commercial —Co-precipitation Hydrothermal —Solgel

Figure 2. XRD patterns of (a) C-Lay O3, (b) CP-LayO,CO3, (¢) HT-Lay;O,CO3 and (d) SG-LayO,CO;3.
(O) La(OH)3, () hexagonal LayO3, (A) hexagonal La,O,CO3 and (M) monoclinic La;O,CO3.
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Peaks at 22.5,25.4, 27.0 and 30.4° are characteristic of monoclinic La,O,CO3 (JCPDS 48-
1113), while peaks at 15.7, 21.4, 25.8 and 29.4° are ascribed to hexagonal La;O,CO5 (JCPDS
37-0804). From the XRD data, the major crystalline fraction of CP-LayO,COs exists in the
hexagonal crystal phase, while the major component of HT-La,O,COj is the monoclinic
crystal phase. C-La;Oj3 exists in a hexagonal crystal phase (JCPDS 73-2141) [32,33]. The
peak at 15.9° is ascribed to La(OH)3; [29,34]. C-LayO3 is highly sensitive to atmospheric
water [35,36], thus the interaction of LayO3-C with moisture in atmosphere promotes the
formation of La(OH)3 [37]. No strong diffraction peaks are observed for SG-La,0,CO;3,
indicating that it exists in an amorphous state. La,O,CO3-based catalysts were calcined
at 400 °C and no peak was detected at 15.9°. The structural properties of the catalyst are
therefore highly dependent on the catalyst preparation method.

The solid catalysts were also characterised by using Fourier transform infrared (FTIR)
spectroscopy as shown in Figure 3. The peak at 3607 cm ™! in the spectrum of C-LayO;3
is indicative of the presence of bulk -OH functional groups, supporting the conclusion
from XRD that La(OH)3 forms in the presence of atmospheric moisture. The peaks at 1508
and 1460 cm~! show that the catalyst surface has reacted with CO, and water to form
chemisorbed carbonate and bicarbonates [38]. C-LayOj is sensitive to atmospheric CO,.
The peak at 844 cm ™! is ascribed to carbonate groups [36].

3607 cm™®

SG-La,0,C0,

HT-La,0,C0,

C-La,0;, (recalcined)

Transmittance (a.u.)

CP-La,0,C0, 5

-L
¢ 020;3 1460 cmt—p!

4000 3400 2800 2200 1600 1000 400
Wavenumber (cm1)

Figure 3. FTIR spectra of C-La;O3 and calcined C-La;O3 and LayO,COj catalysts prepared via
co-precipitation (CP), sol-gel (SG) and hydrothermal (HT) methods.

2.2. Impact of Dehydrating Agents

The influence of the four dehydrating agents—acetic anhydride, acetonitrile, ben-
zonitrile and adiponitrile—on the conversion of glycerol in the presence of CO, was
investigated over C-La;O3. A “blank” run was also conducted in the absence of both
a dehydrating agent and a catalyst, in which a conversion of only 1.4% was observed,
with no glycerol carbonate or acetin production (Table 2). The impact of the dehydrating
agents on glycerol conversion decreased in the order: acetic anhydride (97%) > benzoni-
trile (71%) > adiponitrile (58%) > acetonitrile (48%). Considering the basic dehydrating
agents, adiponitrile provides the highest selectivity to glycerol carbonate (17%), followed
by benzonitrile (5%) and acetonitrile (4%). The enhanced selectivity for adiponitrile is
in part ascribed to the fact that each molecule of the dehydrating agent has two nitrile
functionalities, rendering it more effective as a chemical water trap when compared to
monocyanated species such as acetonitrile and benzonitrile.
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Table 2. The influence of dehydrating agents on glycerol conversion and selectivity to desired products. Reaction conditions:

p =45 bar, 6 wt.% C-LayO3, 22.5 mmol glycerol, 45 mmol dehydrating agent, 18 h and reaction temperature = 160 °C.

Conversion of

Dehydrating Agent Properties Glycerol (%) Products Selectivity (%)
Glycerol carbonate Monoacetin Diacetin Triacetin
@ Blank - 1 0 0 0 0
Acetic anhydride Acidic 97 0 17 60 24
Acetonitrile Base (Monocyanated) 48 4 12 3 0
Benzonitrile Base (Monocyanated) 71 5 0 0 0
Adiponitrile Base (Dicyanated) 58 17 0 0 0

2 absence of catalyst and dehydrating agent.

While both monocyanated agents (acetonitrile and benzonitrile) present similar glyc-
erol carbonate selectivities, they result in very different conversions of glycerol. The
conversion achieved in the presence of benzonitrile is 71%, as compared to only 48% with
acetonitrile; this is despite the higher basicity of acetonitrile. The high conversion achieved
with benzonitrile is in agreement with previous studies on a closely related reaction where
benzonitrile was employed as a dehydrating agent in the production of propylene carbon-
ate from propylene glycol and carbon dioxide [39]. The origins of this effect are ascribed
to the greater solubility of CO, in benzonitrile cf. acetonitrile, thereby facilitating transfer
of CO, to the catalyst surface and subsequent activation and reaction. The molecular
diameters of carbon dioxide, glycerol and glycerol carbonate are 0.33, 0.52 and 0.65 nm
respectively [40,41]. Therefore, based on the data shown in Table 1, mass transfer of the
reactant within the catalyst pores is expected to be relatively facile; it is therefore more
likely that mass transfer between the gas-phase (CO,) and the catalyst surface in the liquid
(glycerol) phase is the dominant transport effect. The carboxylation of glycerol in the
presence of benzonitrile produces glycerol carbonate, with water as the by-product. If
subsequent hydrolysis of benzonitrile occurred, then this would produce benzamide and
benzoic acid as secondary products. However, neither benzamide nor benzoic acid were
detected by gas chromatography-mass spectrometry (GC-MS) after 18 h of reaction. It
is hence concluded that no esterified products were formed from this reaction. Despite
this, and the lack of formation of acetins as by-products, selectivity to glycerol carbonate is
only 5%. The largest peak, by area, in the GC-MS chromatogram is unidentified (reference
to the NIST spectral library does not identify a suitable match). However characteristic
fragments associated with a phenyl group (m/z = 77) and glycerol derivatives (m/z = 45)
are identified. This species can therefore be assigned to the product of a reaction between
benzonitrile and either glycerol or a glycerol derived species such as glycerol carbonate.
The fragmentation pattern of this species is shown in Table S1.

The low selectivity to glycerol carbonate when acetonitrile is employed as the de-
hydrating agent (4%) correlates with the formation of acetins. Selectivities of 12 and 3%
to mono- and diacetin were obtained, although no triacetin was observed. Hydrolysis
of acetonitrile in the reaction of CO; and glycerol has been described in several reports
in which the hydrolysis of acetonitrile produces acetamide that is then transformed into
acetic acid [26]. Acetic acid can subsequently react with glycerol, forming mono- and
diacetin as described in Section 1. Acetylation of glycerol and acetic acid to mono- and
diacetin is thermodynamically favourable, but triacetin production is unfavourable due
to the endothermic nature of this process (Figure 4) [42,43]. In the present work, pre-
viously unreported products including 4-hydroxymethyl(oxazolidin)-2-one (C4H7NO3,
4-HMO) have been identified in all reactions employing cyanated dehydrating agents. The
carboxylation reaction in the presence of benzonitrile and acetonitrile produces 1.5- and
3-fold of the quantity of 4-HMO as compared with adiponitrile (Table S2). This reinforces
the exceptional selectivity to glycerol carbonate obtained in the presence of adiponitrile.
Further investigation is crucial to confirm the influence of the nitrile-based dehydrating
agents on this reaction pathway.
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Figure 4. Reactions of glycerol and acetonitrile for the formation of mono-, di- and triacetin.

Figure 5 shows attenuated total reflection (ATR) FTIR spectra for liquid samples
arising from the reaction of glycerol and CO; in the presence of acetonitrile, benzonitrile
and adiponitrile. All spectra show a strong band at 1662 cm~! ascribed to C=0 in an amide
linkage, indicative of the presence of a product of a secondary reaction between glycerol
carbonate and the nitrile (Figure 5) [11]. This supports and adds to the conclusions from the
interrogation of the mass spectra of unidentified peaks in the GC-MS chromatogram, vide
supra. The spectrum deriving from the reaction with acetonitrile has the strongest intensity
in this region. This therefore suggests that while low selectivity to glycerol carbonate is
observed for this system, glycerol carbonate is produced but then rapidly converts to an
amide product. Peaks at 1730 and 1790 cm !, identified in all spectra, are suggestive of
the presence of C=0 in a five membered cyclic ring. The peak at 1790 cm ™! is associated
with glycerol carbonate, and that at 1730 cm ! indicates the presence of 4-HMO [11], again
in agreement with GC-MS results. The high intensity of the peak detected at 1730 cm ™!
when using acetonitrile as the dehydrating agent indicates that this reaction favours the
formation of 4-HMO (Figure 6). This is in line with GC-MS data which showed that in the
presence of acetonitrile 4-HMO was produced in quantities two- and three-times greater
than with benzonitrile and adiponitrile respectively (Table S2).
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Figure 5. ATR-FTIR spectra from 4000-400 cm ! of the liquid-phase resulting from the carboxylation
of glycerol in the presence of different dehydrating agents: adiponitrile; benzonitrile; and acetonitrile.
Reaction conditions: Reaction pressure = 45 bar, 6 wt.% C-LayOj3 to glycerol ratio, 22.5 mmol glycerol,
45 mmol dehydrating agent, 18 h and reaction temperature = 160 °C.

11730 cmt 11662 cm?

Reaction sample
El | |
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S |carbonate i i
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= adiponitrile i !
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Figure 6. ATR-FTIR spectra from 1900-1500 cm ! of the liquid-phase resulting from: the reaction of
glycerol, CO, and adiponitrile; and the reaction of glycerol carbonate, CO, and adiponitrile. Reaction
conditions: Reaction pressure = 45 bar, 6 wt.% C-LayO3 to glycerol ratio, 22.5 mmol glycerol, 45 mmol
adiponitrile, 18 h and reaction temperature = 160 °C.

The formation of 4-HMO can proceed via different mechanistic routes, Figure 7. It
is proposed that hydrolysis of adiponitrile produces adipamide and adipic acid where
NHjs is eliminated [26]; 2,3-dihydroxypropyl hydrogen carbonate (C1) and [2-hydroxy1-
(hydroxymethyl)ethyl] hydrogen carbonate (C2) are produced when CO, attacks the carbon
on the primary and secondary alcohol groups of glycerol. Then, reaction of NHz and C1 and
C2 results in the formation of (2-amino-3-hydroxy-propyl) hydrogen carbonate (D1) and
[1-(aminomethyl)-2-hydroxy-ethyl] hydrogen carbonate (D2) respectively. The formation
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of both 4-HMO isomers (Figure 7(B1,B2)) are formed via cyclisation of D1 and D2 species.;
4-HMO is thereby produced from the reaction of glycerol, CO; and NH3.

0

o)Lo A
\_LOH
% H,0
OH OH NH,
HO OH "L H
\K H,0 D1 \E
C1
+\- HQO

o]
@ A ;
OH )k
HO\/}\/OH o NH B1
A e
o]

D2 OJ\
OH O NH B2
HO\)VNHz ; J—/
HO

Figure 7. The proposed reaction pathway for carboxylation of glycerol to glycerol carbonate and
by-products [1].

As anticipated, no glycerol carbonate was observed in the presence of the acidic
dehydrating agent, acetic anhydride. This is because the acetylation of glycerol and acetic
anhydride is exothermic, and favours the formation of acetins [42]. A glycerol conversion
of 97% was obtained with selectivities of 17%, 60% and 23% to mono-, di- and tricaetin
respectively. The combined selectivity of 84% to the more valuable di- and triacetin
compares favourably with the literature, considering that no attempt was made to optimise
the catalyst or reaction conditions for this process. Kong et al. have reviewed the catalytic
acylation of glycerol identifying that triacetin formation is strongly affected by the acidity of
the catalyst [6]. Over acidic zeolite H-beta Konwar and co-workers achieved selectivities of
38.5%, 33.2% and 28.3% to mono-, di- and triacetin respectively at 90% glycerol conversion;
changing to 0%, 34.3% and 65.7% at 100% conversion [4]. Elsewhere, a cesium exchanged
heteropolyacid has yielded selectivities of 13.3%, 41.2% and 45.5% to the three acetins at
98% conversion; however the use of a less acidic catalyst — sulphated zirconia — yields only
25% conversion after 120 min on stream [5].

The choice of dehydrating agent clearly exerts a significant impact on glycerol con-
version and product distribution. As anticipated, acidic species favour acetin production,
while basic species facilitate the formation of glycerol carbonate, in some cases alongside
acetins. In the presence of adiponitrile, however, the reaction shows no activity towards
acetin synthesis. This is in contrast to well-established production of these by-products
in the presence of acetonitrile, corroborated by the present work. Other alternative de-
hydrating agents previously investigated include 2-cyanopyridine employing CeO, as a
catalyst and dimethylformamide (DMF) as a solvent [30]. In that work, the yield of glyc-
erol carbonate was seen to be highly dependent on the quantity of catalyst. At a catalyst
loading of 18 wt.% a glycerol carbonate yield of ~10% was obtained. Herein, a yield of 17%
was obtained at a much lower catalyst loading of 6 wt.% and in solvent-free conditions.
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Adiponitrile therefore shows significant promise for application in the synthesis of glycerol
carbonate with high selectivity and yield.

2.3. Impact of Catalyst Preparation Method

Catalytic performance in the carboxylation of glycerol to glycerol carbonate has pre-
viously been correlated with catalyst basicity [26,29,30]. CO, can adsorb and dissociate
at basic sites, thereby facilitating reaction. In order to investigate this performance, three
Lap;O,CO3 catalysts were synthesised via co-precipitation, sol-gel and hydrothermal syn-
thesis methods. As shown in Table 1, these have a higher density of basic sites on a per mass
basis than the LayO3 catalyst employed for the reaction studies presented in Section 3.2.
The basic site density of the La;O,COj5 catalysts range from 1.4-1.6 mmolcop g’l, while
C-LayOs3 has a basic site density of 0.8 mmolcoy gfl. The LayO,COj catalysts also present
a variety of different physicochemical properties (Table 1); notably there is a wide range
of BET surface areas, ranging from 28 m? g~! for HT-La,0,CO3 to 194 m?g~! for SG-
LayO,CO;3. Based on the results of the studies in Section 2.2, adiponitrile was selected
as the dehydrating agent for this investigation into the impact of catalyst properties on
catalytic performance.

Table 3 shows the glycerol conversion and selectivity to glycerol carbonate over the
four different catalysts investigated. No clear correlation with surface area was observed.
Among the La,O,COj catalysts, CP-La, O,CO3 shows the highest conversion and greatest
selectivity, but this has the intermediate surface area of the three materials (61 m?. g’l ). That
catalytic performance does not correlate with surface area has previously been observed
over CeO; catalysts [29,30]. However, in the present work there is a relationship between
the density of basic sites on a per area basis with catalytic performance. SG-LayO,CO3 has
a similar density of basic sites on a per mass level to the other LayO,COj5 catalysts but has a
much higher surface area. It therefore has fewer basic sites per unit surface area, and hence
a larger number of alternative, non-basic, surface sites available. SG-La,O,COj also has
the lowest selectivity to glycerol carbonate (3%) of all of the catalysts studied. In contrast,
HT-Lap;O,CO3 has the greatest density of basic sites per unit surface area. This catalyst,
while showing improved glycerol carbonate selectivity when compared to SG-La,O,COs,
notably shows much greater production of 4-HMO than any of the other catalysts, and
specifically ~7-fold more than SG-La;O,COj3, Table S3. In Section 2.2 it was proposed that
4-HMO is formed from a secondary reaction of glycerol carbonate.

Table 3. Reaction of glycerol and CO; over lanthanum-based catalysts. Reaction condition: P = 45 bar,
6 wt.% of catalyst, 22.5 mmol glycerol, 45 mmol adiponitrile, 18 h and reaction temperature = 160 °C.

Catalysts Conversion of Glycerol Selectivity to Glycerol Carbonate
C-LayO3 58.0 17.2

CP-Lay0O,CO3 57.1 18.2

SG-L3202CO3 45.8 3.2

HT-LayO,CO;3 51.2 10.9

Amphoteric catalysts have previously been investigated for the synthesis of amines
from alcohols and ammonia. Shimizu et al. showed that basic sites promoted an initial
dehydrogenation step and then acidic sites catalysed a subsequent hydrogen transfer
step [44]. In the context of the present work, this suggests a reaction mechanism whereby
C1 and C2 in Figure 7 are converted to D1 and D2 on basic sites, followed by the conversion
of D1 and D2 to 4-HMO on non-basic (acidic) sites. The increased yield of 4-HMO over
HT-La;O,CO3 may then be a consequence of it having both a high number of basic sites
per g, but also a high number of alternative, non-basic, reaction sites. In contrast, the ratio
of non-basic to basic sites on SG-LayO,COj3 is much lower and hence a much lower yield of
4-HMO is obtained. It should however also be noted that SG-LayO,COj3 exhibits differing
morphological properties, having a significantly less crystalline character than the other
catalysts investigated (Figure 2).
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While there is no unambiguous correlation between the physical properties of the
catalyst and catalyst performance it is clear that the interplay of a number of factors
influences this. Most notably, the density of basic sites and the ratio of these to acidic and
other adsorption sites plays a direct role in controlling reaction selectivity. Careful control
of the nature and strength of adsorption sites can therefore play an important role in future
catalyst design.

3. Materials and Methods
3.1. General

LayO,COs.based catalysts were prepared via several techniques; specifically, by co-
precipitation, sol-gel and hydrothermal methods. Sodium hydroxide (97%), glycerol
(99%), adiponitrile (99%), (S)-4-(hydroxymethyl)oxazolidin-2-one and mono-, di- and
triacetin (technical grade, 50%) were purchased from Sigma Aldrich (Gillingham, Dorset,
UK), while lanthanum nitrate hexahydrate (99%), acetonitrile (99.5%), benzonitrile (99%),
acetic anhydride (99%) and glycerol carbonate (90%) were purchased from Acros Organics
(Loughborough, UK). Citric acid (99%) was purchased from Alfa Aesar (Heysam, UK). The
chemicals were used without any further purification and modification unless stated.

3.2. Catalyst Preparation

Commercial LayOs3: Prior to use in the reaction, commercial La,O3 was calcined at
400 °C at a rate of 40 °C min ! in static air. This catalyst is denoted as C-La,O,CO3

Co-precipitation: LayO,CO3 was prepared from La(NO3)3.6H,O following a similar
method to that employed by Li et al. [26]. La(NO3)3.6H,0 and 50 mL deionised water were
mixed and stirred. Precipitation of La(NO3)3.6H,O was carried out by dropwise addition
of 2 M NaOH at a constant pH of 11. The catalyst was aged at 60 °C for 4 h. The wet
catalyst was centrifuged and washed with deionised water until a pH of 7 was achieved.
The catalyst was then dried for 13 h at 110 °C and calcined for 5 h at 400 °C, with the
synthesised catalyst denoted as CP-La;O,CO3.

Hydrothermal: 30 mL of 6 M NaOH and 15 mL of 0.5 M Lay(NO3),.6H,O were
dissolved in deionised water. The mixture of both salts was then stirred vigorously for
30 min and placed in a 45 mL autoclave (Parr Instruments Model 4714; Parr Instruments,
Moline, IL, USA) equipped with a magnetic stirrer. Hydrothermal treatment then took
place for 22 h under constant stirring. The resultant wet catalyst was centrifuged and
washed with deionised water. Finally, the catalyst was dried at 110 °C and calcined at
400 °C for 5 h, with the synthesised catalyst denoted as HIT-La,O,COj5,

Citrate sol-gel: 50 mL of both 0.5 M Lay(NO3),-6H,0 and 0.5 M citric acid were
dissolved in ethanol (25 mL) and deionised water (25 mL). The mixture was stirred at 90 °C
in a 500 mL round bottom flask placed in a silicon oil bath. The salt mixture was stirred
vigorously and evaporation resulted in the formation of a transparent sol. This was dried
at 60 °C for 12 h and calcined at 400 °C for 5 h. The catalyst synthesised was denoted as
SG-La202C03.

3.3. Catalyst Characterisation

Scanning electron microscopy (SEM) (JEOL JSM-6010LA; JEOL, Tokyo, Japan) was
employed to study the morphology of the catalyst. The total surface area of catalysts
was evaluated using Brunauer Emmett Teller (BET) measurements (Micromeritics 3-Flex;
Micromeritics, Lincoln UK): 0.5 g catalyst was loaded into the sample tube and degassed
250 °C for 3 h prior to analysis using Vac Prep 061 (Micromeritics, Norcross, GA, USA).
Surface functionalities have been analysed using a Fourier transform infrared spectrometer
(FTIR) (Shimadzu IRAffinity-IS; Shimadzu, Kyoto, Japan) measuring over the range 400 to
4000 cm 1. The oxide phase was characterised via X-ray diffraction (D2 Phaser Bruker Ltd.;
Coventry, UK) employing CuK«1 radiation (A = 1.5406 A). A graphite monochromator was
maintained at a tube voltage and current of 30 kV and 10 mA respectively. QuantaChrome
ChemBet Pulsar/TPR (Boynton Beach, FL, USA) equipped with a thermal conductivity
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detector was employed to perform TPD-CO, analysis. 0.1 g of catalyst was placed in a U
shaped quartz reactor. The catalyst was then pre-treated using He at 300 °C for 1 h and
before being cooled to 30 °C. The sample was then treated with flowing pure CO; for 1h
before purging with He to remove physisorbed CO,. The temperature was increased from
30 to 900 °C with a heating ramp of 10 °C min~!.

3.4. Catalytic Testing

The direct carboxylation of glycerol with CO, was carried out in a 45 mL stainless steel
autoclave (Parr Instruments, Model 4714; Parr Instruments, Moline, IL, USA). 22.5 mmol
of glycerol, 45 mmol dehydrating agent and 6 wt.% catalyst to glycerol ratio were loaded
into the reactor and stirred using a magnetic stirrer. The reactor was purged and cycled
with 20 bar CO;. Then, 34 bar CO, was introduced to the reactor at room temperature. The
reaction temperature was set at 160 °C and the reaction was carried out for 18 h.

3.5. Liquid-Phase Products Analysis

ATR-FTIR analysis was conducted employing a Shimadzu IRAfinity-1S (Kyoto, Japan).
The spectra were collected from 400 to 4000 cm ™! with a resolution of 4 cm~!. The liquid-
phase resulting from reaction was placed directly onto the ATR plate. Gas chromatography-
mass spectrometry (Shimadzu GCMSQP2012SE; Shimadzu, Kyoto, Japan) equipped with
a 30 m HP-Innowax capillary column was also employed to analyse the composition of
the liquid products. Ethanol was used as the solvent. Stock solutions of glycerol, glycerol
carbonate, mono-, di- and triacetin were prepared for calibration in order to allow for
quantitative analysis. Glycerol conversion and the selectivity to glycerol carbonate and
by-products including mono-, di- and triacetin were calculated as follows:

% conversion — 100 x moles of glycerol Fonsumed 1)
moles of glycerol introduced

% selectivity — 100 x moles of products formed o)
moles of glycerol consumed

4. Conclusions

In this work, the catalytic upgrading of glycerol in the presence of lanthanum-based
catalysts and dehydrating agents has been investigated. In general, acidic dehydrating
agents promote acetin formation, whereas basic dehydrating agents promote glycerol
carbonate formation. Acetins can however also be formed in the presence of basic species
through secondary reactions. Notably, conducting the reaction in the presence of adiponi-
trile results in a 5-fold increase in glycerol carbonate yield when compared to acetonitrile,
which is currently the most commonly applied dehydrating agent. This effect is in part
ascribed to the dicyanated structure of adiponitrile. However, other factors such as limiting
alternative reaction pathways leading to the production of undesired by-products and
mass transfer effects through changes in CO; solubility also play key roles. It is therefore
anticipated that the application of adiponitrile in the presence of optimized catalysts would
lead to improvements in this field. The use of a lanthanum-based catalyst in this work
allows for correlation to be drawn with previous studies. In addition, the influence of
catalyst preparation method has been investigated. Catalyst synthesis has a profound effect
on the crystalline phase formed and therefore on catalyst performance. Together, these
novel insights provide a clear route for the optimisation of glycerol carboxylation reactions
to produce value-added products.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-434
4/11/1/138/s1, Figure S1: Particle size distributions for (a) CP-La;O,COs3 and (b) HT-La,O,CO3
determined from analysis of multiple SEM micrographs, Table S1: Mass spectrometry fragmentation
pattern of unidentified product (chromatogram retention time = 35.5 min) identified from the car-
boxylation of glycerol in the presence of benzonitrile as a dehydrating agent, Table S2: Influence of
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the dehydrating agents on by-product formation, Table S3: Influence of catalyst synthesis method on
by-product formation.
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