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Abstract

The gas phase conversion of glycerol to methanol is a complex reaction with numerous side reactions. Herein,
a series of MgO materials have been prepared and calcined at a range of temperatures to investigate the
influence of calcination temperature on the physicochemical properties of MgO and the subsequent effect on
catalytic performance. XRD, N;-physisorption and TEM were used to explore the properties of the materials,
with CO, adsorption techniques utilised to investigate the basic properties of the catalysts. Catalyst testing
showed that observed carbon balance increased with decreasing basicity, with the “missing” carbon attributed
to the formation of high molecular weight products that are not routinely quantified. The formation of high
molecular weight products was favoured by hydroxylated MgO surfaces, with the extent of surface
hydroxylation relating to the nature of the basic sites. MgO calcined at a temperature of 650 °C exhibited a full
carbon balance which was attributed to the low relative proportion of low-coordinate O? sites, and the
associated low degree of surface hydroxylation.
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Introduction

In recent decades, there has been an increasing drive for the sustainable production of liquid fuels and chemical
products.2 The use of renewable or carbon neutral feedstocks has therefore become an attractive prospect for
researchers and as a consequence, much emphasis has been placed on reducing dependency on chemistry with
coal, oil or gas as a starting point. As a result, the biodiesel industry has seen growth in recent years, which is
projected to continue. The global biodiesel market was valued at $32.1 billion in 2021 and is projected to be
worth $73.05 billion by 2030.2 The majority of biodiesel produced commercially comprises of fatty acid methyl
esters (FAMEs), generated through the transesterification of triglycerides. For this process, methanol and a base
are commonly employed as a reagent and catalyst, respectively.*> Hydrolysis of the triglycerides results in the
formation of glycerol with approximately one ton of glycerol produced for every ten tons of biodiesel,® which
has ultimately resulted in an oversupply of crude glycerol. As a consequence, glycerol upgrading has become a
common goal.” While there are many commercial applications for the use of pure glycerol, the purification
process is costly, and glycerol produced as a byproduct of biodiesel production typically contains numerous
impurities. Hence, there is a collective drive to develop processes and infrastructure that can utilise crude
glycerol directly as a feedstock.

In 2015, we initially reported that glycerol could be efficiently transformed into methanol, when vaporized
aqueous glycerol solutions are reacted over metal oxide catalysts, such as MgO or Ce0,.8 This process provides
a route for the conversion of glycerol to methanol at atmospheric pressure and without the need for an external
reductant. Additionally, the process was also demonstrated with crude glycerol (purity ca. 85%), removing the
need for extensive purification. Methanol derived from glycerol could provide a number of benefits, not only
reducing the oversupply of crude glycerol, but also providing a sustainable route to methanol production. Given
that methanol is a reagent in the FAME process, the ability to recycle the glycerol by-product to methanol could
provide both environmental and economic advantages to biodiesel producers.

Following the initial report on the process, the valorisation of glycerol to methanol in the vapour phase was
the subject of several additional studies.®? One of the primary limitations of the initial work was that the
majority of the reactions were conducted with low glycerol concentrations. Upon increasing the concentration
of glycerol in the feedstock, reduced methanol space time yields (STYs) were observed, along with a significantly
more diverse product distribution. Further investigations with a more concentrated feedstock (50 wt.% aqueous
solution) led to a better understanding of the reaction mechanism and dominant reaction pathways which
occur, allowing for a more complete reaction scheme to be devised.'® Despite improvements to the analytical
methodology, large quantities of carbon were still unaccounted for in the reaction (25-40% of carbon was
missing when a 50 wt.% glycerol feedstock was utilized). This was attributed to the formation of high molecular
weight products (HMWPs) via bimolecular condensation reactions, which are not quantifiable through our usual
analytical techniques. Through identification of the catalytic properties which promote these undesirable
reactions, it was hoped that we could design materials to suppress them, which should also lead to increased
methanol STY.

Bimolecular condensations are commonly observed in reactions between unsaturated compounds over
Mg0.141° MgO has been specifically investigated as a catalyst for vapour phase aldol condensation of acetone
to form a,B-unsaturated ketones and was found to be an efficient catalyst for the reaction, with activity
attributed to the basic properties of the material.'? Interestingly, these reactions were carried out under similar
conditions to those used for the transformation of glycerol to methanol, suggesting that similar reactions may
occur in the process.
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With this in mind, the goal of this work was to further understand how HMWPs are formed in our glycerol
reactions. Specifically, we aim to understand the catalytic properties that promote the formation of HMWPs, so
that the space-time-yields of high value target products can be enhanced. Herein, a series of MgO catalysts were
prepared under different calcination conditions to study the influence of physicochemical properties in this
reaction.

Results and Discussion

It has been reported that thermal treatments used in the preparation of MgO can dramatically influence the
basic properties of the material obtained.’® We aimed to use this approach to produce a set of materials with
systematically varying basic character for investigation in the glycerol to methanol reaction. A series of MgO
catalysts, prepared using different heat treatment conditions, were synthesised using a method established in
our previous work.213 This method involved cycling between hydroxide and oxide phases. Firstly, the starting
material Mg(OH); was calcined, resulting in the formation of MgO. This material was subsequently dispersed in
water, and refluxed for 3 hours at 110 °C, resulting in full rehydration. After drying, the material was exposed to
a final thermal treatment under N; at a range of temperatures (450-750 °C). This final thermal treatment was
included to vary the basicity across the range of samples produced and we will include the temperature of the
final thermal treatment when naming samples. Further details of our material preparation is provided in the
Experimental section.

A range of characterisation techniques were used to establish how the final heat treatment had actually
influenced the physicochemical properties, including the basicity, of each MgO sample.

The BET surface area, total pore volume and average pore diameter for each material are listed in Table 1.
Specific surface areas of 187, 154, 125 and 74 m? g'! were determined for MgO_450, MgO_550, MgO_650 and
MgO_750, respectively, and show that the surface area decreases with increasing temperature in the final step
of synthesis. The pore volume followed a similar trend, decreasing with increasing heat treatment temperature.
Interestingly, the associated pore radii do not change systematically with heat treatment temperature. The pore
radii increased from 18 A (MgO_450), to the maximum observed value of 118 A (MgO_550), before decreasing
again to 45 A (MgO_750). These measurements of structural features show that structural differences are
induced by differences in the final heat treatment, and this must be considered alongside any changes in
basicity.

PXRD patterns of the catalysts were also obtained (Figure 1(a)). Each pattern was indexed to the MgO
periclase structure, with no evidence of any residual crystalline Mg(OH),. There was a notable increase in MgO
crystallinity as the heat treatment temperature increased. The crystallite size of each sample was subsequently
estimated using the Scherrer equation (Figure 1(b), Table 1) and aligned well with the BET surface areas of the
materials (Table 1). The lattice parameter and cell volumes were also determined through further evaluation of
the associated diffraction patterns and showed an inverse relationship to MgO crystallite size.
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Table 1. Textural, structural and basicity data, derived from N> physisorption, XRD and CO,-TPD experiments for

the series of MgO catalysts

Catalyst Heat Surface Pore Pore Crystallite CO, CO,
D Treatment®  AreaP Volume® Radius size desorption  desorption
/°C /m?gt /cm3 gt /A / nm / umol g* / umol m2

MgO_450 450 187 0.95 18 6.2 1410 7.54

MgO_550 550 154 0.89 118 7.5 1290 8.38

MgO_650 650 125 0.83 90 8.4 1020 8.16

MgO_750 750 74 0.31 45 12.7 640 8.65

Notes: 2under flowing N;. Data acquired through analysis of the materials by interpretation of full N, sorption
isotherms using PBET and °BJH methods. Crystallite sizes were estimated using the Scherrer equation,
through comparing the FWHM of the MgO (200) reflection with a crystalline silicon standard.
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Figure 1. (a) Powder XRD patterns for catalysts MgO_450 (black), MgO_550 (red), MgO_650 (blue), MgO_750
(green). (b) based on the (200) reflection: Lattice parameter, cell volume and crystallite size as a function of
treatment temperature.

Examination of the materials by TEM (Figure 2) showed notable differences. After thermal treatment at 450
°C, hexagonal MgO platelets were observed (Figures 2(a) and (b)). Previously, Gregory and co-workers
demonstrated that well-defined hexagonal platelets of Mg(OH), can be synthesised simply through the
hydration of MgO with deionised water and that the morphology could be retained upon subsequent
dehydration of Mg(OH)2 to MgO by thermal treatment in N2.2° Interestingly, increasing the temperature of the
inert thermal treatment to 650 °C, resulted in a significant change in the microstructure of the materials (Figure
2 (c) and (d)). Despite maintaining a periclase crystal structure (Figure 1), it is evident that MgO_650 possesses
a large proportion of irregular intercrystallite channels. This phenomenon has been observed previously, and is
widely recognised to be attributed to the formation and omission of water molecules during the dehydration of
Mg(OH),.2t After heating the sample to 750 °C, the associated TEM micrographs (Figure 2 (e) and (f)), show that
the irregular MgO crystallites have begun to aggregate, leading to the formation of a lamella-like structure.
There is some evidence to suggest that the hexagonal crystallites are also beginning to reform.
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Figure 2. Representative TEM micrographs of the MgO_450 (a) and (b), MgO_650 (c) and (d), MgO_750 (e) and
(f) catalysts.

The basic properties of each MgO catalyst were probed by CO,-TPD and CO,-DRIFTS. CO; can readily adsorb
on to MgO, forming a number of different carbonate species, depending on the surface environment.
Unidentate carbonate species form when CO; reacts with 0% anions,8 with these low coordinate (high energy)
anionic species typically located at edge or corner sites. Bidentate carbonate species are typically formed when
CO; adsorbs to the oxygen in Mg?*-0? pairs.?? Bicarbonate species are formed when CO; reacts with surface
bound hydroxyl species.?®?* These species are considered to be fairly labile and are often assigned as weakly
basic sites.?®
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Figure 3. CO,-DRIFTS spectra for the series of MgO catalysts. Spectra were collected at room temperature and
200 °C, after exposure to CO,. Prior to CO; exposure, each sample was subjected to a thermal pre-treatment,
involving heating to 450 °C under Na.

The spectra obtained from the CO,-DRIFTS experiments are presented in Figure 3, with spectra obtained at
room temperature and 200 °C for each material. Literature assignments for adsorbed CO; on MgO are compiled
in Table S2, to aid with assigning the carbonate species observed over the MgO catalysts. The dominant
adsorption bands centred at ca. 1415 cm™ and 1525 cm™ are characteristic of the symmetric and asymmetric
stretching of O-C-O moieties in unidentate magnesium carbonate, respectively.'® Bidentate carbonate species
typically exhibit bands at 1610-1630 cm™ and 1320-1340 cm, indicative of asymmetric and symmetric O-C-O
stretching, respectively. Bicarbonate species typically exhibit three adsorption bands; symmetric and
asymmetric O-C-O stretching (typically observed at ca. 1460 cm™ and 1640-1680 cm™, respectively) and a C-OH
bending mode (present at ca. 1220 cm™?). There is clear evidence of the asymmetric O-C-O stretch, attributed to
bicarbonate species for all samples in the room temperature spectra, although this adsorption mode appears
to be comparatively small for MgO_750. After heating to 200 °C, there was a significant reduction in the intensity
of the adsorption band at 1640-1680 cm™. This suggests that the surface bound hydroxyl species, responsible
for bicarbonate formation, are likely to be the weakest basic sites in these MgO materials, which is in agreement
with previous reports.?> 26 Interestingly, only a modest reduction in the intensity of the bicarbonate band was
observed upon heating at 200 °C for MgO_750, in contrast to the other materials, which may indicate the
presence of more stable hydroxyl species for samples synthesised with the highest temperature thermal
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treatment. From the spectra it is clear that unidentate carbonate species were formed across all materials,
suggesting low coordinate O? sites are present in all samples, albeit with varying amounts. Similarly, adsorption
bands attributed to bicarbonate species were observed over all four materials, with varying relative intensities,
suggesting differing degrees of surface hydroxylation.

CO,-TPD experiments (Figure 4) were performed to better understand the strength of the basic sites on
these catalysts and their surface concentrations through quantification of CO, desorption (Table 1). The amount
of CO, desorbed decreased as the thermal treatment temperature increased, indicating a reduction of the total
basicity (per gram) of the materials. However, the CO, desorption normalised to surface area is within 10 % of
the average value of 8.18 umol m?2, for all samples. This indicates that the surface density of basic sites is
practically independent of the synthesis calcination temperature. The findings from the CO,-DRIFTS
experiments, along with reference to previous literature, suggests that each of the TPD traces would be
expected to have three primary peaks, representing unidentate carbonate, bidentate carbonate and
bicarbonate species.'®2>27.28 However due to the complexity of the TPD profile, full peak deconvolution and
guantification was not achieved. The peak centred at ca. 190 °Cis attributed to bicarbonate species formed with
surface hydroxyl species, which is known to be the lowest basic strength site present in MgO, referred to as
weak sites. The signal centred at ca. 320 °C has been assigned to the decomposition of unidentate carbonate
species, formed on isolated O? sites, these are strong base sites, while the signal centred at ca. 240 °C has been
assigned to bidentate species, formed on Lewis acid-Brgnsted base pair sites (Mg?*-0?), which are moderate
base sites.

OH Mg2+-0* o*

MgO_750

MgO_650

MgO_550

Signal

MgO_450

120 160 200 240 280 320 360 400 440 480

Temperature (°C)

Figure 4. CO,-TPD profiles for the series of MgO catalysts. Prior to CO2 exposure, each sample was subjected to
a thermal pre-treatment, involving heating to 450 °C under N».

In addition to possessing the highest total basicity, MgO 450 has the highest proportion of strongly basic
07 sites, represented by unidentate carbonate formation. Interestingly, the proportion of O? sites appears to
decrease as the calcination temperature is increased from 450 to 650 °C, although O? site proportion then
increases as the calcination temperature is further increased to 750 °C, so that MgO_650 has the lowest
proportion of 0% sites. Overall, MgO_650 also has a higher proportion of weak (OH*) and medium strength basic
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sites (Mg?*-0?%) sites than the other samples, which have a higher proportion of strongly basic sites (0%’). Despite
the clear differences in the basic character of the samples prepare with different calcination temperatures we
were unable to identify any systematic link between the microstructure information from XRD and TEM and the
range of basic site types evidenced by CO,-TPD and CO;-DRIFTS.

Glycerol Conversion over MgO Catalysts

The MgO materials synthesised in this work were investigated as catalysts for the gas-phase conversion of
glycerol. For consistency, the testing conditions used were comparable to those which we have used
previously,’* 13 with 50 wt.% aqueous glycerol at 360 °C in an inert gas flow. The results from these experiments
are presented in Table 2.

The activity of the catalysts can be tentatively correlated to the pre-treatment temperature. As the pre-
treatment temperature increases, glycerol conversion (Cgy (%)) decreases from MgO_450 to MgO_650,
reflected in the activity (ggy h™* geat’!). The reduction in conversion with increasing heat treatment temperature
correlates well to the decreasing surface area. However, despite the low surface area and total basicity,
MgO_750 exhibited higher activity than MgO_650 and MgO_550, suggesting an additional factor may be
responsible for the increased activity of this catalyst. Considering the CO,-TPD and DRIFTS experiments, increase
in activity for MgO_750 is likely related to a higher proportion of strongly basic low coordinate O? sites.

Table 2. Performance of MgO catalysts on the gas phase valorisation of glycerol

% Selectivity (STY / g h'l kgeat'? coke* CMB Coke
Catalyst Cgy : i A B ) /m 1 /% [ %of
D /%  ACE ACR MOH HAD EG UNK 8 Bat ° CI:/IB

MgO 450 87 20 (92) 13 (53) 12 (85) 23 (122) 8 (54) 8 (NA) 891 74 3.0
MgO 550 80 17 (83) 11 (45) 10 (74) 28 (152) 9 (63) 8 (NA) 792 78 29
MgO 650 75 20 (118) 13 (64) 10 (93) 24 (173) 9 (71) 8 (NA) 1055 98 3.2

MgO 750 80 22 (98) 13 (49) 11 (79) 23 (122) 8 (52) 8 (NA) 435 79 2.1

Reaction conditions: Aqueous glycerol solution (50 wt.%; 0.016 mL min't; Ar(50 mL min); catalyst (0.5 g); bed
volume (1 mL); GHSV = 3000 h%; temperature (360 °C).

Abbreviations: C (conversion); ACE (acetaldehyde), ACR (acrolein); MOH (methanol); HAD (hydroxyacetone);
UNK (unknown); EG (ethylene glycol); CMB (carbon mass balance: ratio of GC1 + GC2 reaction products + coke
carbon moles to carbon moles of glycerol injected into reactor).

*Coke as deposited carbon on the catalyst surface, calculated from mass loss in TGA

There were no significant differences in observed product selectivity (as carbon mol. selectivity) across the
catalysts, but notable differences in carbon mass balance were found, reflected by differences in product STYs.
As product quantification was conducted by gas chromatography, the presence of HMWPs are undetected and
thus unquantifiable, due to their lack of volatility. However, the selectivity to HMWPs can be inferred from the
carbon balance. A higher carbon balance would correspond to a lower selectivity to HMWPs. The carbon balance
was 98% over MgO_650, indicating a low selectivity to HMWPs. LCMS analysis of the post-reaction mixture
obtained over MgO_650 and MgO_450, suggested a higher degree of HMWPs for the MgO_450 liquid product
fraction than MgO_650 (Figure S3), which correlates with the observed carbon balance. While the selectivity to
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methanol did not increase over MgO_650, a modest increase in STY was observed for all major detectable
products. For instance, a higher methanol space time yield of 93 g h'! kg cat h™* was observed over the MgO_650
catalyst, compared to 85 g h* kg cat h™* over MgO_450, despite the lower glycerol conversion over MgO_650.

Analysis of the total carbon content of the liquid fraction of a reaction mixture formed over MgO_650 by
CHN analysis (Table S5) was in good agreement with GC analysis of the liquid products at 85%. The remaining
carbon was assigned to coking (3.2%), determined by TGA, and gas phase products (8.7%), confirming that only
a small amount of carbon, if any, was present in the form of HMWPs.

Figure 5 presents a proposed scheme for the catalytic formation of HMWPs over MgO. Here, a
cross-condensation reaction between acetone and acetaldehyde is used as an example. This leads to four
different products as there are two possibilities of enolate nucleophiles and carbonyl electrophile. Self-
condensation, which likely occurs with acetone would result in an a,B-unsaturated ketone. Based on a classical
understanding of the aldol condensation mechanism the reactions are catalysed by the MgO basic site
abstracting an a-proton from a methyl group of a ketone or aldehyde which results in the formation of an
enolate.!® This enolate then acts as a nucleophile with the electron rich carbon in the enolate attacking on the
keto-carbon of a second molecule. This is followed by protonation to yield the aldol addition product. This
product can then undergo a catalytic elimination of water produced from the a-hydrogen and the B-hydroxyl
group resulting in an enone.
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Figure 5. Aldol cross-condensation of acetone and acetaldehyde. Followed by possible cross-condensation of
o,B-unsaturated ketone (acetone enolate) and acetaldehyde enolate to form HMWP’s.

Another common route would be self-condensation of acetaldehyde to 3-hydroxybutanal, which in turn can
undergo a dehydration of acid sites to crotonaldehyde. Subsequent reactions of these products via routes such
as Michael additions, dehydrations, electrocyclization and aldol condensations could lead to larger products and
aromatic products such as benzene and tolualdehydes.?® Products postulated and determined in other work
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include ortho- and para-tolualdehyde, 2,4,6-octatrienal and 2,4-hexadienal.3%32 These larger products could
result in further additions resulting in the HMWPs with higher masses and expected high boiling points.

There are also reported instances of hydroxyl species on MgO surfaces being active for certain base
catalysed reactions.?®33 Zhang et al., found that the hydroxyl species were the active sites for the aldol addition
of acetone, with the addition of water to a clean MgO surface leading to a significant increase in both activity
and selectivity to diacetone alcohol.3* DFT studies performed by Fan et al.?® highlighted the role of hydroxyl
species in acetaldehyde condensation, which is a major product in our product stream. A significant reduction
in the activation energy of the reaction was calculated in the presence of water, attributed to both surface
hydroxylation and the ability of water to participate in the reaction through protonation of the alkoxide ion.
Figure 6 shows how the self-condensation of acetaldehyde can occur over partially hydroxylated MgO surfaces.
As described above, subsequent reactions of 3-hydroxybutanal or crotonaldehyde can occur leading to the
formation of HMWPs, thus acetaldehyde coupling can lead to a reduction in observed carbon balance.

/
f \
H.\I re \\\‘ H\’_ES-CHz J /CH3 H. -~ CHs
s o "< ||
@ H__ % wo_ 9 ©H
[ | J |
—Mg—-O—-Mg— —Mg—-O—Mg— —Mg—-O-Mg—

Figure 6. Acetaldehyde self-condensation to hydroxybutanal over a partially hydroxylated surface, in accordance
with DFT calculations from Fan et al.?’

Both the DRIFTS and TPD experiments in our work show that a variety of basic sites are present in the MgO
catalysts. MgO_650 possesses the lowest relative proportion of strongly basic sites, represented by unidentate
carbonate formation on isolated O?% sites. Since water is present in the reactant stream, hydroxylation of the
MgO surface is likely to occur. It is hypothesized that the lower proportion of strongly basic sites present in
MgO 650 leads to a reduction in the degree of surface hydroxylation, reducing the extent of high HMWP
formation. A lower degree of surface hydroxylation could also explain the reduced glycerol conversion obtained
over MgO_650 (75%) compared with MgO_750 (80%), despite the significantly higher surface area (125 vs. 74
m? g'1). Whilst MgO_750 possesses the lowest total basicity, it has a relatively high proportion of strongly basic
sites which are likely hydroxylated, promoting HMWP formation.

The role of surface hydroxylation on product distribution was investigated by replacing the H,0 solvent with
D,0 over MgO_450, MgO_550 and MgO_650 (Tables S7-9). Replacing the H,0 solvent with D,0 resulted in a
reduction in glycerol conversion the level of reduction followed the trend MgO_450 > MgO_550 > MgO_650,
with conversion decreasing from 87 to 54% over MgO_450 and from 80 to 53% over MgO_550. Conversely,
replacing H,0 with D,0 led to a much more modest reduction in glycerol conversion over MgO_650, from 75 to
71%. Interestingly, with a D»0 solvent, full carbon balances were obtained over both MgO_450 and MgO_550,
suggesting that HMWP formation was suppressed over these materials in the presence of D0, which is in
agreement with previous reports,3#1° and further highlights the role of surface hydroxylation.

The high carbon balance for MgO_650 using both H,0 and D,0 solvents sparked our interest in this catalyst
when first highlighted due to the associated increase in space-time-yield for desired products such as methanaol,
and other platform chemicals. Experiments using hydroxyacetone, instead of glycerol were performed over
MgO_650 and MgO_450 at 320 and 360 °C. As shown in Table S10, a modest hydroxyacetone conversion (16%)
was achieved over MgO_450, in contrast to MgO_650 which showed negligible activity under these conditions.
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In addition to being a major by-product in the conversion of glycerol to methanol, hydroxyacetone contains both
ketone and alcohol functional groups with the ability to undergo condensation reactions. The limited ability of
MgO_ 650 to convert hydroxyacetone is indicative of its limited propensity for HMWP formation. Both
acetaldehyde and hydroxyacetone, major products in this process, have been reported to undergo condensation
reactions over basic catalysts,>>3° therefore, minimising these reactions is crucial to achieving high carbon
balances and space-time-yields. From a practical perspective, reducing the presence of HMWPs in the product
stream is highly desirable - HMWPs often have higher boiling points leading to product condensation, ultimately
resulting in catalyst deactivation and in reactor fouling requiring increased reactor maintenance.

Conclusions

MgO catalysts were prepared by varying the calcination temperature between 450 — 750 °C and evaluated for
the gas phase conversion of glycerol. As the calcination temperature increased, the total basicity of the materials
decreased. As the calcination temperature was increased up to 650 °C the density of strongly basic sites,
attributed to low coordinate O? anions, decreased, although the proportion of these strong sites increased upon
further increasing the calcination temperature to 750 °C. Glycerol conversion was found to follow the same
trend as strongly basic site distribution with conversion decreasing as the calcination temperature is increased
from 450 to 650 °C, with a slight increase in conversion for the catalyst calcined at 750 °C. The observed carbon
balance followed an inverse trend to glycerol conversion, with the highest observed carbon balance achieved
over MgO_650. The loss of carbon is attributed to the presence of bimolecular condensation reactions which
form HMWPs that are not routinely quantified in our analysis. Condensation reactions are known to be
promoted by hydroxylated MgO surfaces, and so we suggest that the degree of surface hydroxylation under
reaction conditions correlates to the loss of observed carbon. Reactions performed with D,O agreed with this
hypothesis, and full carbon balances were obtained when the H;0 solvent was replaced with D;0. The full
carbon balance achieved over MgO_650 suggested the minimal formation of HMWPs and is a significant step
forwards in closing the gap in observed carbon balance. Whilst moderate increases in space-time-yields to
desired products such as acetaldehyde, methanol and ethylene glycol were observed over MgO_650 due to the
reduced formation of HMWPs, there were no significant differences in observed product selectivity. Further
investigations on the nature of MgO surface hydroxylation should contribute to future work, with the aim of
minimising HMWP formation and simultaneously maximising methanol selectivity.

Experimental Section

General. Acetaldehyde (> 99.5%), acrolein (= 99%) cyclohexanol (99%), ethylene glycol (> 99%) glycerol (>
99.5%), hydroxyacetone (= 90.0%), magnesium (Il) hydroxide (= 99.0%), and methanol (= 99.9%) were all
purchased from Merck. Argon and acetaldehyde in helium (1000 ppm) was supplied by BOC. All purchased
materials were used as received unless otherwise specified. Deionised water was provided in-house. Silicon
carbide (98%, Alfa Aesar, 40-50 mesh size) was washed with deionised water and dried prior to use (110 °C, 24
h).

Catalyst preparation. MgO catalyst samples were prepared following a previously established procedure,®®
using commercially available Mg(OH); as a starting material. For all samples, Mg(OH). was first calcined in a
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tubular Carbolite furnace at 450 °C in static air for 2 h (10 °C mint). The solid obtained was subsequently refluxed
in water (15 mL g?) for 3 h at 110 °C, before the resulting slurry was dried in an oven at 90 °C for 24 h. The
samples were then heat treated at; 450 °C, 550 °C, 650 °C or 750 °C (ramp rate from ambient of 10 °C min™!) for
3 h under N; flow. These materials are denoted as MgO_450, MgO_550, MgO_650 and MgO_750, respectively.
Characterisation. Powder X-ray diffraction (XRD) was conducted using a PANalytical X'Pert Pro system fitted
with a CuKq X-ray source operated at 40 kV and 40 mA. Each sample was scanned over a 20 range of 10° to 80°
with a step size of 0.016°. Surface area and porosity measurements were determined by N, adsorption with 20-
point adsorption, 20-point desorption isotherms performed at 77 K on a Quadrasorb evo™ Gas Sorption Surface
Area and Pore Size Analyser. Prior to the analysis, samples (ca. 100 mg) were degassed at 220 °C for 3 h, under
vacuum.

CO, temperature programmed desorption (CO,-TPD) was carried out on a Quantachrome ChemBET instrument.
Typically, the sample (ca. 100mg, 300 - 425 mesh) was pre-treated at 400 'C (15 °C min™) for 1 hour under
flowing He (80 mL mint). CO, was subsequently passed over the material at room temperature for 20 minutes.
Physisorbed CO2 was removed by heating to 110 °C (15 °C min™') under flowing He (80 mL min') and holding for
1 hour. Chemisorbed CO, was desorbed by heating to 1100 °C (15 °C min'!) under flowing He (80 mL min™t).
Desorbed CO; was monitored and quantified by TCD. CO,-DRIFTS measurements were carried out using a Briker
DRIFT tensor 27 FTIR spectrometer fitted with a mercury cadmium telluride (MCT) detector. DRIFT spectra were
recorded in the 4000-1000 cm range using a spectral resolution of 6 cm™ (64 scans/spectrum) using a Praying
Mantis high-temperature cell with KBr windows. Samples were pre-treated in-situ at 400 °C for 2 hours in
flowing nitrogen (18 mL min) Background spectra were recorded at 400 °C, 300 °C, 200 °C, 100 °C and room
temperature. CO; was flowed over the sample (3 mL min)in nitrogen (18 mL min) for 20 minutes until the
surface was saturated. Spectra were obtained at room temperature, 100 °C, 200 °C, 300 °C and 400 °C.
Transmission electron microscopy (TEM) was performed on a JEOL JEM-2100 microscope operating at 200 kV.
Samples were prepared by dispersion in ethanol by sonication and deposited on 300 mesh copper grids coated
with holey carbon film.

Catalyst testing. Catalysts were pelleted, crushed, and sieved to a uniform particle size (300—425 um) prior to
testing. Reaction testing set up and the subsequent instrumental analysis of the product mixture via GC and
LCMS was carried out in line with instrumentation method presented in Smith et al.®

Briefly, 0.5 g of pelleted catalyst was made up to 1 mL with a SiC diluent and packed into an 8 mm inner diameter
stainless-steel tube between plugs of quartz wool, corresponding to a GHSV of 3000 h™L. For the initial 2 hours
and 15 minutes on stream, the reaction mixture was diverted to waste to ensure a steady flow of glycerol
throughout the reactor; after this time, liquid products were condensed and collected in a stainless-steel trap
submerged in an ice-bath while vapor phase products were collected in an attached gas bag.

Glycerol conversion, product selectivity, carbon balance and space time yield were calculated in accordance
with the equations provided in the ESI. Total selectivity to unknown products was quantified using the
cumulative peak area of the unidentified GC chromatogram peaks, assuming an average of 3 carbon atoms in
unknown products; the approximate response factor was based on the average of the response factors for
detected products. CHN analysis was performed externally by Exeter Analytical UK Ltd. to establish total organic
carbon content.

Carbon deposition following a catalytic reaction was estimated by thermal gravimetric analysis (TGA) and
differential thermal analysis (DTA), performed on a Setaram Labsys 1600 instrument. Samples (20-70 mg) were
loaded into alumina crucibles and heated to 800 °C (5 °C min?) in a flow of synthetic air (50 mL min?).
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