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Abstract: The ammonia evaporation method, originally applied for the preparation of highly dis-
persed silica-supported copper catalysts, was used to synthesize magnesia-silica for the one-step
conversion of ethanol to 1,3-butadiene. The MgO-SiO, catalysts obtained by this method contained a
high fraction of magnesium silicate hydrates, which are associated with enhanced butadiene selec-
tivity. These catalysts were benchmarked against those prepared by a conventional wet-kneading
method. A Mg/Si molar ratio of 4 was optimal, forming butadiene with 37% yield, which is far
superior to the 15% yield obtained with MgO-5iO, formed by wet-kneading. At 475 °C and a WHSV
of32h 1 a productivity of 0.612 gpp gcat_l h~! was measured without the catalyst suffering from
deactivation, even after 52 h TOS. The catalysts were characterized by spectroscopic and thermal
techniques to elucidate their physicochemical properties and explain the differences in the catalytic
performance. The presence of magnesium silicate hydrates gave a balance of surface acidity and
basicity, which greatly improved butadiene formation. The open morphology of MgO-5iO, with
vertically arranged platelets and the presence of large pores are proposed to contribute to the stability
of the catalyst.
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1. Introduction

Increasing concerns over the depletion of petroleum feedstocks have expedited the
search for renewable resources and sustainable processes [1-3]. 1,3-Butadiene (BD) is an
important chemical in the manufacture of synthetic rubbers and elastomers [4-6]. Currently,
over 95% of BD is obtained as a side product of the ethylene steam cracking process [7,8].
However, the shift from naphtha to natural gas as feed for the ethylene crackers in recent
years has impacted the availability of BD, such that production is no longer sufficient to
meet market demand [9-11]. This puts bioethanol in focus as a feedstock for BD production
given its ready availability, with up to 52 million tonnes being produced in the USA alone
in 2018 [12-18]. Interestingly, the Lebedev process to obtain butadiene from ethanol was
already used at an industrial scale in the 1930s. This process used magnesia-silica catalysts.
Subsequent studies showed that the composition and preparation methods of the catalysts
strongly affected performance. A Mg/Si ratio > 1 is necessary for high selectivity to
BD, although the reported optimum ratios vary widely [19-21]. Various methods have
been disclosed for the synthesis of magnesia-silica, e.g., sol-gel processing, wet-kneading,
impregnation and co-precipitation, which results in catalysts with significantly different
physical and chemical properties [22-25]. Catalysts prepared by the sol-gel, wet-kneading
and impregnation methods gave BD yields between 20-24% at weight hourly space velocity
(WHSV) between 0.4-2.4 h~1[19,26,27]. In contrast, much lower yields of only ~6% were
obtained with catalysts synthesized by co-precipitation [28]. Angelici et al. observed that
BD yield decreased for catalysts prepared by wet-kneading > co-precipitation > physical
mixture [28,29]. These variations were attributed to differences in the morphology and
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acid-base properties of the materials. Co-precipitated samples contained both more acidic
and more strong basic sites than the wet-kneaded samples; these sites favour the formation
of ethylene and diethyl ether instead of BD. The choice of the magnesium salt as a precursor
also plays a role in the wet-kneading process [30-32]. Magnesium hydroxide, either
commercially obtained or freshly precipitated from Mg(NO3),, is preferred. In a published
study, MgO gave similar catalytic activity as Mg(OH), but the use of MgCl, resulted in
poorer BD selectivity [32].

The presence of magnesium silicates in MgO-SiO, has been shown to be important for
butadiene formation [24,31]. Using 'H-2’Si CP-MAS NMR, Chung et al. identified different
types of anhydrous, amorphous hydrous and layered hydrous magnesium silicate in wet-
kneaded MgO-5iO, [26]. These silicates differ in the concentration and strength of their
acid and/or basic sites. High BD yield was found to correlate with the layered magnesium
silicate hydrates (lizardite, stevensite and talc), suggesting that these are the catalytically
relevant species. The formation of layered magnesium silicate hydrates (MSH) from the
dissolution of silicic acid, Si(OH)y, in the basic MgO solution, has been widely studied in
the cement industry [26,33,34]. Temuujin et al. found that the water of hydration in silicic
acid is important, as hardly any layered magnesium silicate hydrate was formed when
silica gel was used [35]. Clearly, the choice of preparation parameters is very important, as
it affects the composition and performance of the MgO-SiO; catalysts. Since freshly created
surfaces appear to be more amendable to the formation of magnesium silicate hydrates, we
rationalized that ammonia evaporation could be a useful approach. In this methodology,
typically used to form highly dispersed metals on silica, ammonia is added to complex
the metal ions. Subsequent evaporation of the ammonia leads to a decrease of the pH,
accompanied by hydrolysis of the metal-ammonia complex [36—42]. We reasoned that at the
initial high pH, the surface of the silica particles dissolves to form silicic acid, which reacts
with dissolved Mg(OH),. The intimate mixing in the homogeneous solution facilitates the
formation of magnesium silicate hydrates as the ammonia is driven off and the pH falls
from 11 to 8. The effect of using the ammonia evaporation synthesis on the morphology,
acid-base properties, and the amount and nature of magnesium silicates is compared with
MgO-5iO, produced by wet-kneading. In this way, the structure and performance of the
ammonia-evaporated MgO-5i0O, catalysts for ethanol-to-butadiene transformation can be
rationally assessed.

2. Materials and Methods
2.1. Chemicals

SiO, was obtained from PQ Corporation, while MgO and Mg(NO3),-6H,O were
supplied by Sigma Aldrich. 28% ammonia solution was purchased from VWR Chemicals.
The chemicals were of analytical grade and used as received.

2.2. Catalyst Preparation

In a typical ammonia evaporation (AE) synthesis for MgO-5iO, (molar ratio 4), 4.256 g
Mg(NO3),-6H,0O and 0.25 g SiO, were added to 200 mL aqueous 1 M NH4OH. After
stirring for 4 h at room temperature, the mixture was brought to 80 °C and held at this
temperature for 3 h to completely evaporate the ammonia. The solid was recovered by
filtration, dried at 80 °C overnight, washed with deionized water and calcined at 500 °C for
6 h. MgO-5i0, with Mg/Si molar ratio of 1, 2, 5 and 10 were similarly prepared and are
referred to as MgO-5i0,-n where n refers to the Mg/Si ratio. For comparison, a MgO-5iO,
sample with Mg/Si ratio of 4 was also synthesized by wet-kneading (WK). MgO and SiO,
were suspended in deionized water (ratio of water/solid (g/g) = 100) and stirred at room
temperature for 7 h. The solid was recovered by filtration and treated as described for the
ammonia-evaporated samples.
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2.3. Catalyst Characterisation

Powder X-ray diffraction (XRD) patterns were obtained using a Bruker (Karlsruhe,
Germany) D8 Advance diffractometer (40 kV, 40 mA) equipped with a copper anode
(Ako1 = 1.5406 A) and a LynxEye XE detector. The spectra were recorded over a 20 range
from 5 to 80° using a step size of 0.02° and a dwell time of 0.5 s/step with the samples spun
at 30 rpm. Nitrogen isotherms were measured on a Micromeritics (Norcross, GA, USA))
Tristar 3000 after degassing the samples under nitrogen flow at 300 °C for 10 h. The pore
size distributions were obtained from the desorption isotherms using the Barrett-Joyner-
Halenda (BJH) method. Fourier transform infrared spectroscopy (FTIR) measurements
were taken with a Bruker Alpha FTIR (Karlsruhe, Germany) spectrometer. The acidity of
the samples was determined by temperature-programmed desorption (TPD) of ammonia.
Each sample was pretreated at 500 °C for 2 h under a flow of He. It was then allowed
to cool to 100 °C and exposed to a flow of ammonia for 15 min. The sample was then
flushed with He for 1 h before the temperature was raised to 550 °C at 10 °C min~!
and the desorbing ammonia was monitored by a Balzers Prisma 200 quadrupole mass
spectrometer (Asslar, Germany). The basicity of samples was similarly determined by
TPD of carbon dioxide following adsorption at 25 °C. Electron micrographs were obtained
using a JEOL (Tokyo, Japan) JSM-6701F (SEM) and a JEOL JEM-3010 (TEM). 2Si MAS
NMR spectra were measured on a Bruker AVNEO-400 (Karlsruhe, Germany) wide bore
solid-state spectrometer operating at 79.49 MHz with a spinning rate of 10 kHz, pulse
width of 4 ps and recycle delay of 10 s. The samples were packed into 4 mm zirconia rotors
and the 2%Si chemical shifts are reported relative to a TMS standard. XPS was performed
on a VG-Scientific ESCALAB Mark 2 (East Grinstead, UK) spectrometer equipped with a
hemispherical electron analyser and a Mg K, anode (1253.6 eV) at 300 W. The C 1s signal of
adventitious carbon at 285 eV was used as reference. The abundance of the various species
was quantified from the peak areas, with appropriate correction for the atomic sensitivity
factors. Elemental analysis was performed by ICP-AES (Perkin Elmer Avio 500, Waltham,
MA, USA) after dissolution of the samples in HF/HNOs5.

2.4. Catalytic Activity

A fixed-bed gas phase continuous flow reaction system was used for catalytic testing.
0.1 g MgO-5i0O; catalyst and 1.5 g glass beads (180 um, Sigma-Aldrich, St. Louis, MO, USA)
were placed in a tubular glass reactor fitted with a fritted disk (i.d. 10 mm). The catalyst
was pretreated in He at 400 °C for 1 h, before feeding ethanol at a rate of 400 pL/h with a
syringe pump into the He carrier gas flow at 55 mL/min. The temperature was varied from
400 to 475 °C. The effluent was detected by an online gas chromatograph (HP 5890 series II)
using an FID detector. The products were verified by GC-MS. Weight hourly space velocity
(WHSV), gas hourly space velocity (GHSV) and productivity were calculated as follows:

1\ _ Mass of ethanol feed per hour
WHSV (h ) N Mass of catalyst M)
1\ _ Volume of ethanol feed per hour
GHSV (h ) N Volume of reactor @)
Productivity (g(butadzene) > _ Mass of butadiene formed per hour 3)
g(catalyst)-h Mass of catalyst

3. Results and Discussion
3.1. Textural Properties of MgO-5iO;

A series of MgO-5iO, with varying Mg/Si ratios from 1 to 10 were prepared by
ammonia evaporation. The SiO; used in catalyst preparation was mesoporous with a
surface area of 423 m? /g, but the 500 °C-calcined MgO-SiO, samples had smaller surface
areas and pore volumes (Table 1). The surface areas decreased with higher MgO content
(from 281 to 87 m?/g). The MgO-SiO, sample prepared by wet-kneading (Mg/Si molar
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ratio of 4) had significantly different textural properties. The surface area was higher (178 vs.
142 m?/g), but the pore volume smaller (0.35 vs. 0.96 cm®/g) than that of the ammonia-
evaporated MgO-SiO, sample. Nitrogen porosimetry showed that the pores in the wet
kneaded MgO-5i0,-4 were narrowly distributed around ~3.8 nm, with a smaller density of
wider pores from 5 to 45 nm (Figure S1 from Supplementary Materials). On the other hand,
the pores in the ammonia-evaporated MgO-5i0;-4 were bigger and broadly distributed
between 5-50 nm. ICP-AES measurements confirmed that the Mg and Si content of all the
samples closely correlated with the starting composition.

Table 1. Physicochemical properties of MgO-SiO; catalysts prepared by ammonia evaporation and
wet-kneading (WK).

Surf. Area Micropore Area Pore Vol. .
Sample (m%/g) (1512 Ig) (cm®/g) Mg/Si 2
MgO-5iO;-1 281 32 0.61 0.96
MgO-5i0,-2 206 35 0.70 2.03
MgO-5iO,-4 142 41 0.96 3.97
MgO-5iO,-5 127 43 0.83 491
MgO-5i0,-10 87 9 0.38 9.87
MgO-5i0,-4 (WK) 178 49 0.35 3.94
MgO 59 0 0.17 -
Si0, 423 30 241 -

@ Mg/Si molar ratios were determined by ICP-AES.

The X-ray diffractograms of the 80 °C-dried samples synthesized by the ammonia
evaporation method showed that crystalline Mg(OH), (brucite) was present (Figure 1a).
Irrespective of the Mg/Si ratio, no diffraction peaks of crystalline SiO, phases could be
detected, which can be attributed to its amorphous nature. During calcination at 500 °C,
the Mg(OH), dehydrated to form MgO (periclase) (Figure 1b). This is clearly reflected in
the FTIR spectra, which show the appearance of Mg-O bands (865 and 1466 cm™!) at the
expense of the Mg-OH band (3700 cm 1) (Figure S2 from Supplementary Materials). In the
X-ray diffractograms, new broad peaks appear at 20 ~ 35-39° and 58-62°, which can be
assigned to magnesium silicate hydrates (MSH) [43]. These hydrates are formed after calci-
nation at 500 °C and remain stable up to 800 °C. However, after heating to 900 °C, the XRD
pattern shows a mixture of MgO, MgSiOs3 (enstatite) and Mg,SiOy (fosterite) (Figure 1c).
The crystalline magnesium silicates (MgSiO3 and Mg,SiO4) are formed by dehydration of
magnesium silicate hydrates; their amount can be correlated to the fraction of amorphous
hydrates originally present [44]. In contrast, the XRD pattern of the sample obtained by
wet-kneading indicates that MgO is partially hydrolysed to Mg(OH), (Figure 1d). After
calcination at 500 °C, MgO, magnesium silicate hydrates and a small amount of MgSiOs
identified from the weak diffraction peak at 28 ~ 37° was present. The narrower linewidth
of the MgO peaks indicates that the crystallites are bigger in the wet-kneaded sample.
Using the Scherrer equation, the crystallite size of MgO was calculated to be 17.9 nm for
the wet-kneaded MgO-5iO, whereas it was only 6.6 nm in ammonia-evaporated samples.
After further heating to 900 °C, the sample contained predominantly MgO, with a much
smaller content of MgSiO3 and Mg,5iO4. Thus, it can be inferred that wet-kneading forms
significantly less magnesium silicate hydrates than ammonia evaporation.

From the SEM micrographs, it can be seen that the initial silica comprised aggregates of
various sizes in the micron range (Figure S3a,b from Supplementary Materials). Following
ammonia evaporation, the surface of the SiO, aggregates became increasingly covered with
platelets of MgO (Figure S3c—j from Supplementary Materials), such that above Mg/Si =4,
distinct regions of SiO; could no longer be discerned. Interestingly, these platelets grew out
of the SiO; surface, as confirmed by elemental maps, which show the presence of both Mg
and Si (Figure 54 from Supplementary Materials). This is clearly seen for MgO-5iO,-4 where
the perpendicular orientation of the MgO platelets gives a distinct floret-like appearance to
the composite (Figure 2a,b). In contrast, the SEM images of the wet-kneaded MgO-5i0;-4
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show multiple layers of MgO platelets lying flat atop the silica particles (Figure 2d,e). The
TEM micrographs are consistent with the distinctively different orientation of the MgO
platelets on SiO, for the two samples (Figure 2c,f).

(a) S: Si0, (silica) (b) P S: Si0; (silica)

P: MgO (periclase) P: MgO (periclase)

s P 8: Mg(OH); (brucite) M: MSH
B PB
B,S £
B
. BB p "l
2 2
c c
3 - = P
Mg/si = 10 (AE)

g 8 $ M M P
> >
.5 Mg/si = 5 (AE) =
c < |Mg/Si=10 (AE
g g 8/Si = 10 (AE)
£ Mg/si = 4 (AE) £

Mg/si = 5 (AE)

Mg/si = 2 (AE)

Meg/si =1 (AE)

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
2 Theta (°) 2Theta (°)
E: MgSiO; (enstatite) P E: MgSiO; (enstatite)
(c) F: Mg,SiO (forsterite) (d) F: Mg,SiO, (forsterite)
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P
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Figure 1. XRD of ammonia-evaporated (AE) MgO-SiO, with different Mg/Si loadings and of wet-
kneaded (WK) MgO-5iO,-4 after (a) drying at 80 °C and (b) calcination at 500 °C (c) MgO-5iO,-4
(AE) and (d) MgO-SiO,-4 (WK) after calcination at various temperatures.

Figure 2. SEM and TEM images of SiO,-MgO catalysts prepared by the (a-c) ammonia evaporation
and (d-f) wet-kneading methods.

Solid-state 2°Si NMR measurements were performed to gain more information on the
extent of magnesium silicate formation in MgO-5iO;-4 prepared by ammonia evaporation
and wet-kneading. The 2’Si-MAS NMR spectra could be deconvoluted into a number of
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Intensity (a.u.)

o Q!

peaks representative of silicon in different environments from Q! to Q*, where Q" denotes
the number of nearest Si atoms in Si(OSi),(OMg)sr, (Figure 3). The peaks at —81, —86 and
—94 ppm are assigned to Q!, Q% and Q? silicon, and are therefore indicative of the presence
of magnesium silicate hydrates [45-49]. In the wet-kneaded MgO-SiO,-4, the Q! and Q?
peaks are broader, which suggest that there is greater structural disorder in the magnesium
silicate hydrates than in the ammonia-evaporated sample. The Q° peak at —94 ppm
is typically found in the serpentine group of minerals, Mg3Si,O(OH)4, which includes
chrysotile, antigorite and lizardite [26,45]. From the deconvoluted peak areas, it can be
seen that the Q signal is the major component in the ammonia-evaporated MgO-SiO,-4
(Figure 3b). In addition, two separate Q* peaks were observed; one at —104 ppm, which
is assigned to (S5i0)3Si-OH, associated with Si at surface sites, and another at —113 ppm
due to framework (SiO)45i [49]. The presence of these Qt peaks shows that not all the
silica reacted with magnesium to form magnesium silicate hydrates. The unreacted silica
constituted a smaller fraction of the total signal in MgO-SiO, synthesized by ammonia
evaporation than by wet-kneading (26% vs. 51%).

nQ g Q@ gQ oQ! mQ@ @wQ mQt

(a)

-
o
o

MgO-SiO, (AE) (b)

@
o

S
(1]
o
m 60
(]
=

MgO-Si0, (WK) ©
< 40
14

20
238
T T T T T 0 .
-60 -80 -100 -120 -140 -160 Mgo-Sioz (AE) MgO-SiOz (WK)

Chemical shift (ppm)

Figure 3. (a) 22Si MAS NMR spectra of MgO-5iO, prepared by ammonia evaporation (AE) and
wet-kneading (WK) and (b) relative areas of the Q" signals.

The enhanced formation of magnesium silicate hydrates in the ammonia-evaporated
MgO-5iO; suggests that the synthesis procedure promotes intimate contact between the
substrates. This can be explained by the isoelectric points (IEP) of pH 2 and pH 12 for
5i0; and Mg(OH),, respectively [26,50]. Under the basic synthesis conditions (from initial
pH 11 to pH 8), the surface of SiO, will be negatively charged and will attract Mg?* ions or
positively charged colloidal Mg(OH), particles. Dissolving SiO,., =2~ anions react with
the positively charged magnesium species to form magnesium silicates, which promote a
close interface between SiO, and Mg(OH),.

3.2. Acid-Base Properties

Due to the multiple steps in the ETB reaction, a good balance of acidic and basic sites
is important for an effective catalyst. TPD of NH3 and CO, was carried out to quantify the
acidity and basicity of the samples. The amounts of NHj3 that desorbed from MgO were
negligible due to its basic nature, while the weakly acidic SiO; also shows only a small des-
orption peak (Figure S5a from Supplementary Materials). In contrast, NHs desorbed from
the MgO-5iO; over a wide temperature range from 150 to ~400 °C. This is very different
from the component oxides, showing that new acidic sites are created in the MgO-SiO,.
With higher Mg content (Mg/Si increasing from 1 to 10), the NH3 desorption profiles be-
came narrower due to loss of strong acid sites. Simultaneously, the total density of acid sites
decreased from 447 to 213 pumol/g (Table S1 from Supplementary Materials). Figure 4a,b
compare the TPD of NHj3 for ammonia-evaporated and wet-kneaded MgO-5iO,-4. The to-
tal acidity was slightly higher for the wet-kneaded sample (362 pumol/g) than the ammonia
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evaporated sample (305 umol/g) (Table S2 from Supplementary Materials). Due to hetero-
geneity of sites, they were arbitrarily assigned to weak, medium and strong acid sites based
on the temperature range for NH3 desorption. Both catalysts had predominantly medium
(desorption between 200 and 300 °C), followed by weak (100-200 °C) and strong acid sites
(>300 °C). From the tailing to temperatures higher than 450 °C, it can be inferred that the
wet-kneaded MgO-SiO, had stronger acid sites than the ammonia-evaporated sample.

(a) Ammonia Evaporation (b) Wet-knead
NH, TPD NH; TPD

Intensity (A.s)
Intensity (A.s)

T t T T T T T T
100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C)

C Ammonia Evaporation (d) Wet-knead
() O, TPD €O, TPD

Intensity (A.s)
Intensity (A.s)

100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C)

Figure 4. TPD of (a,b) NH3 and (c,d) CO, over MgO-SiO,-4 catalysts prepared by ammonia evapora-
tion and wet-kneading.

The presence of basic sites in MgO-5iO; can be deduced from the CO, TPD where
desorption occurred between 50 to 400 °C (Figure S5b from Supplementary Materials).
Again, the sites were assigned to weak (<150 °C), medium (150-225 °C) and strong basicity
(>225 °C). With increasing Mg/Si, more sites with higher basic strength were present. The
total density of basic sites increased from 115 to 367 umol /g for Mg/Si 1 to 10 (Table S1 from
Supplementary Materials). Although MgO-5i0,-4 synthesized by ammonia evaporation
and wet-kneading have very similar densities of basic sites, ~290 pmol/g and 291 ymol/g,
respectively, their CO, desorption profiles differ (Figure 4c,d). In the ammonia-evaporated
MgO-5i0;, the relative fraction of basic sites decreased from weak > medium > strong;
the higher fraction of weak basic sites suggests modulation by the presence of SiO;. The
wet-kneaded sample had a higher proportion of medium and strong basic sites. Its similar
desorption profile with that for MgO shows that there is less modulation by the presence of
5i0,, which suggests that 5iO, and MgO exist as distinct phases.

The surface composition of MgO-5iO,-4 was analysed using XPS (Figure 5). In the
ammonia-evaporated sample, the Si 2p peak has very low intensity, which implies that
there is little Si located at the surface, but rather it is buried within the bulk [51]. On the
other hand, a strong Mg 2p peak is noted in agreement with the SEM images, which show
the SiO; particles are covered by MgO platelets. The surface Mg/Si ratio was 17, which
is much higher than the bulk Mg/Si ~ 4 determined by ICP-AES. In the wet-kneaded
MgO-5i0;-4, the Si 2p and Mg 2p peaks can be clearly discerned. The surface Mg/Si of
6.8 shows that the SiO, surface is not completely covered by MgO. The high surface area of
SiO, (423 m?/g) contributes significantly to the Si signal [52].
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Figure 5. XPS spectra of the (a) Si 2p and (b) Mg 2p regions for MgO-SiO, prepared by ammonia
evaporation (AE) and wet-kneading (WK).

3.3. Catalytic Activity for Ethanol to Butadiene (ETB)

Several mechanisms have been proposed for ethanol-to-butadiene (ETB) conversion
over the years [53-56]. It is generally accepted that the reaction involves the following
steps: (i) dehydrogenation of ethanol to acetaldehyde, (ii) aldol condensation of acetalde-
hyde to 3-hydroxybutanal (acetaldol), (iii) dehydration of 3-hydroxybutanal to croton-
aldehyde, (iv) Meerwein-Ponndorf-Verley (MPV) reduction of crotonaldehyde by hydro-
gen transfer from ethanol to yield crotyl alcohol and (v) dehydration of crotyl alcohol
to butadiene [57,58]. Depending on the acid/base properties of the catalysts, variable
amounts of side products due to dehydration and/or condensation are formed. These
include ethylene, butenes, diethyl ether, ethyl acetate, 1-butanol, hexadiene and hexatriene
(Scheme 1).

Ha, -H,0
Ethylene  Ethyl acetate +—>2C : Propylene 1-Butanol-—> 1-Butene — 2-Butene
- 4

-H,0

T h
C,HsOH CH5CHO

H, OH -H,0 \ g -H,0 ~F
/\OH_> AO_> MO —> /\/§O\——’L>/\/\OH e Z
Ethanol Acetaldehyde Acetadol Crotonaldehyde Crotyl alcohol Butadiene

l—HZO \ -H,0 /

. +Hp
Diethyl ether Hexadienal 1 ->> Hexatriene

=2

Scheme 1. Reaction pathway for ethanol to butadiene. The main pathway is shown in black with
side products denoted in red.

3.3.1. Variation of Mg/Si Ratio, Reaction Temperature and Flow Rates

The catalytic performance of the MgO-SiO, catalysts with different Mg/Si ratios
were tested for ethanol-to-butadiene conversion in a flow reactor. At 375 °C, ethanol
conversion was between 26-52%, depending on the catalysts, and increased to >99%
above 450 °C (Figure S6 from Supplementary Materials). The main products formed are
ethylene, butadiene and acetaldehyde. Other side products including diethyl ether, butene,
crotonaldehyde and butanol are formed in smaller amounts and are grouped under “others”
in Figure 6. Over MgO-5iO,-1 at 475 °C, ethylene made up 76.7% of the products, with
butadiene being the second most major product at 15.3% (Figure 6a). This can be attributed
to the high SiO; content as the presence of acidic sites favours the dehydration of ethanol
to ethylene. With the increase in the Mg/Si ratio, more basic sites become available, which
are catalytically active in hydrogen transfer reactions (e.g., dehydrogenation of ethanol
and MPV of crotonaldehyde). Consequently, less ethylene and more acetaldehyde and
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butadiene were formed. The highest butadiene selectivity, 26.8%, was observed for Mg/Si
4; at even higher Mg/Si, the butadiene selectivity was only 20-23%. Surprisingly, the
decrease in butadiene selectivity over these Mg-rich catalysts was accompanied by more
ethylene being formed. One reason could be that the nature of the magnesium silicate
hydrates is dependent on varying Mg/Si ratios. Chung et al. showed that the presence of
amorphous hydrous magnesium silicates correlated linearly with ethylene yield [26]. It is
clear that a balance between acid and basic sites is required for the ETB reaction. Overall,
the results revealed that the optimum combination of acidic and basic sites can be found in

MgO-SiO,-4.
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Figure 6. Product distribution (a) as function of composition over MgO-5iO, (AE) with different
Mg /Si ratios at 475 °C and (b) as function of temperature over MgO-5iO,-4 (AE). Reaction condi-
tions: 0.1 g catalyst, 1.5 g glass beads, 55 mL/min He, time-on-stream = 4 h, ethanol concentration
(a) 100 uL/h (3.2 vol%) and (b) 400 uL/h (11.3 vol%).

The temperature dependence of the reaction was studied at a higher ethanol concentra-
tion in the feed stream (11.3 vol%). At reaction temperatures > 400 °C, ethanol conversion
was >90%. The product distribution depended on temperature. At 400 °C, ethylene was
the main product, but its selectivity dropped, whereas the selectivity to acetaldehyde and
butadiene increased as the temperature was increased to 475 °C (Figure 6b). The product
selectivity changed most significantly from 400 to 425 °C, with only a slight improvement
beyond this temperature with a butadiene selectivity of 37-39%.

The effect of ethanol flow rate (WHSV) was investigated for MgO-5iO,-4 (AE) at
475 °C (Figure 7). When the ethanol concentration (vol%) was increased at constant He
flow, the conversion decreased slightly from >99% at WHSV of 0.8 h~! to 90% at WHSV
of 3.2 h~1; a further increase to 7.2 h~! resulted in a steeper drop to 67.4%. However, the
butadiene selectivity increased with increasing vol% ethanol in the feed and reached a
plateau at about 39% for WHSV of 3.2 h~! and higher. This WHSV corresponds to 11.3 vol%
ethanol in the reactor and demonstrates the high turnover capacity of the catalyst. Next,
the He flow rate was increased while maintaining ethanol at 11.3 vol% (Figure S7 from
Supplementary Materials). A conversion > 95% was maintained up to a gas hourly space
velocity (GHSV) of 3720 h~! but decreased with higher GHSV. The butadiene selectivity
increased with GHSV to a maximum of 39% at 3720 h~! and decreased thereafter. At
low GHSYV, ethylene was the main product, but its selectivity decreased with increasing
GHSYV; in contrast, the selectivity to acetaldehyde increased with GHSV, showing that the
successive steps to butadiene were affected by the shortened contact time.
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Figure 7. Variation of the butadiene selectivity and yield with ethanol flow rate over MgO-SiO,-4
(AE). Reaction conditions: 0.1 g catalyst, 1.5 g glass beads, 475 °C and 55 mL/min He.

3.3.2. Effect of Synthesis Methods

The catalyst MgO-5iO, with Mg/Si 4, which showed the best activity, was compared
with an identical composition synthesized by wet-kneading. At temperatures between
400 and 475 °C, the conversion was similar for both catalysts (Figure 8a). However, over the
wet-kneaded MgO-5iO,, ethylene formed as main product (70-73% selectivity), whereas
over the ammonia-evaporated catalyst, much more butadiene and acetaldehyde were
obtained. The butadiene yield was about 2.5 times higher than with the wet-kneaded
sample, resulting in a productivity of 0.69 ggp gcat~+ h™! (Figure 8b). This productivity
is substantially higher than the benchmark of 0.15 ggp gcat ' h~! quoted as necessary for
industrial relevance [59].
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Figure 8. Comparison of MgO-5iO,-4 prepared by wet-kneading and ammonia evaporation
(a) ethanol conversion and butadiene selectivity at various temperatures and (b) product selec-
tivity at 475 °C. Reaction conditions: 0.1 g catalyst, 1.5 g glass beads, 55 mL/min He, 400 uL/h
ethanol (11.6 vol% ethanol), and TOS = 4 h.

The performance of the ammonia-evaporated catalyst compares well with other MgO-
SiO; catalysts, where productivities of 0.027 to 1.00 ggp geat ' h~! were reported (Table 2).
The highest productivity of 1.00 ggp geat ' h~! was observed for a wet-kneaded MgO-SiO,
that had ultrathin MgO sheets arranged in a flower-like manner [60]. This morphology
was postulated to enhance the catalytic activity. However, the productivity of this catalyst
decreased to 0.67 ggp gcat‘l h~1 after 40 h on-stream. Another catalyst with comparable
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activity was described by Reschetilowski et al., who found that a high MgO content of
85-95 mole% gave an optimum butadiene yield [24].

Table 2. Catalytic performance of MgO-5SiO, catalysts.

Catalyst (orlé) (if))/ol;v' BI()%S)el. BD(;) i)eld ( g;;()g::iilv :Xl) Ref
Mg?ASEi;)z-‘l 475 9 39 37 0.69 This work
Mg(Ov;/SIiOOz-‘l 475 94 16 15 0.27 This work
Mg(‘C/)v-Iii)Oz 325 35 44 15 0.027 [21]
Mg(‘(/)\]-lii)oz 425 65 34 23 0.14 [26]
N([\%VOIQ)SLCI)Z 450 67 63 42 1.00 [60]
lv(I%CI)(-)SiﬂQ]z 450 42 53 22 0.64 [24]
EE e e e e e

Coprpiy B % 1B 6 ' -
MgO-5i0, 350 81 30 24 0.056 [27]

(Impregnation) []

[a] MgO with hierarchical flower-like nanostructure. [b] MgO platelets with secondary pore system. [c] Feed was
a mixture of ethanol, acetaldehyde and water.

The acid-base properties lend insights into the nature of sites required for the multiple
reaction steps and explain the different catalytic performance of the two catalysts. The
lower selectivity to ethylene over the ammonia-evaporated MgO-5iO, can be attributed
to the smaller density of strongly acidic sites (55 umol/g) compared to the wet-kneaded
sample (83 umol/g). The bulk of the acid sites are of weak and medium strength, which
is adequate for the dehydration of alkenols (e.g., crotyl alcohol) to butadiene. The CO,
TPD showed that both catalysts contained basic sites, which are required to catalyze
ethanol dehydrogenation to acetaldehyde and its subsequent aldol condensation [61,62].
Although the total density of basic sites is very similar for both samples, the ammonia-
evaporated MgO-5iO, has mainly weak basic sites, whereas the wet-kneaded catalyst has
predominantly medium-to-strong basic sites. Over the ammonia-evaporated MgO-SiO;,
the concentration of the reaction intermediate, acetaldehyde, was more than twice that
of the wet-kneaded catalyst (18.8 vs. 8.6%). The accumulation of acetaldehyde indicates
that the subsequent step (aldol condensation of acetaldehyde to acetaldol) requires sites
of higher basic strength. However, the ammonia-evaporated catalyst gives a far better
butadiene yield and much less ethylene. This can be attributed to its larger amount of
magnesium silicate hydrates, as found by XRD and NMR studies described in Section 3.1.
This agrees well with previous studies linking the presence of magnesium silicate hydrates
to the selective formation of butadiene [22,26,63].

3.3.3. Stability of Ammonia-Evaporated MgO-5iO,

Deactivation of catalysts in the ethanol-to-butadiene reaction is a common challenge
and seems to be mostly caused by coke deposition [64,65]. For example, Zhang et al.
reported that the total ethanol conversion over MgO-SiO, catalysts prepared by deposition-
precipitation decreased from ~61 to 37% after only 5 h, and further to 23% after 30 h
time-on-steam (TOS) [66]. In contrast, the ammonia-evaporated MgO-5i0,-4 catalyst
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exhibited excellent stability (Figure 9). Throughout the 52 h time-on-stream, the ethanol
conversion and butadiene selectivity remained constant. The observed stability can be
attributed to its large pore size and significant porosity, which mitigates the effects of coke
deposition. The presence of large pores has been associated with increased stability of ETB
catalysts [67]. SEM images of the used catalyst showed that the floret-like morphology
was still present (Figure S8 from Supplementary Materials). After recalcination at 500 °C,
subsequent testing found no significant change in its catalytic activity (Figure S9 from
Supplementary Materials).
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Figure 9. Stability studies of ammonia-evaporated MgO-5iO,-4. Reaction conditions: 0.1 g catalyst,
1.5 g glass beads, 475 °C, 55 mL/min He and 400 uL/h ethanol (11.6 vol% ethanol).

4. Conclusions

A series of MgO-5iO; catalysts was synthesized using the ammonia evaporation
method on the premise that the pH conditions during synthesis was more conducive to
the formation of magnesium silicate hydrates through electrostatic interaction between
the negatively charged siloxane groups at the silica surface and positively charged Mg?*
ions and colloidal Mg(OH), particles. Characterization by XRD and solid-state 295i NMR
confirmed that the content of magnesium silicate hydrates in the MgO-5iO, materials
formed by ammonia evaporation was higher than for that synthesized by wet-kneading,
a method that is known to give catalysts with good activity. The XRD patterns obtained
after calcination at 900 °C showed that more MgSiO3; and Mg,SiO4 were formed in the
ammonia-evaporated MgO-5iO, than the wet-kneaded sample. A MgO-5i0O; ratio of 4:1
gave the best catalytic performance for the ethanol-to-butadiene reaction, maintaining
steady activity for 52 h on-stream. This may be due to its more open floret morphology,
which facilitated access to active sites while having large pores made it more resistant
to deactivation by coke deposition. Its butadiene selectivity (39%) was about 2.5 times
higher than for an equivalent sample prepared by wet-kneading. Hence, the ammonia
evaporation method is a promising synthesis strategy for preparing efficient catalysts for
the ETB reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /chemistry5010039 /51, Figure S1: (a) Nitrogen sorption isotherms
and (b) pore size distributions of SiO,-MgO-4 catalysts prepared by ammonia evaporation and
wet-knead; Figure S2: FTIR of MgO-5iO, catalysts prepared by ammonia evaporation and wet-
knead, before and after calcination at (a) low wavenumbers and (b) high wavenumbers; Figure S3:
FESEM images of (a,b) SiO, and ammonia evaporated (c,d) MgO-5i0,-0.5, (e,f) MgO-5iO,-1, (g,h)
MgO-5iO;-4 and (i,j) MgO-5iO,-10; Figure S4: SEM/EDS images of (a—d) MgO-SiO,-0.5, (e-h) MgO-
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5i0,-1 (i-1) MgO-5i0;-4 and (m—-p) MgO-5iO,-10; Figure S5: TPD of (a) NH3 and (b) CO, over
ammonia-evaporated MgO-5iO; catalysts, SiO, and MgO; Figure S6: (a) Ethanol conversion (b) BD
selectivity and (c) BD yield for MgO-SiO, (AE) catalysts at varying Mg/Si ratios and temperatures;
Figure S7: Ethanol conversion, BD selectivity and yield for MgO-5iO;-4 (AE) as a function of (a)
GHSV and (b) contact time; Figure S8: SEM images for MgO-SiO;-4 (AE) after reaction; Figure S9:
Ethanol conversion and butadiene selectivity over MgO-SiO;-4. Cycle 1: fresh catalyst, cycles 2 and 3:
regenerated catalyst; Table S1: Density of acidic and basic sites from NHj3 and CO, TPD; Table S2:
Density of basic and acidic sites of MgO-SiO,-4 prepared by wet-kneading and ammonia evaporation.
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