
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Effect of Lewis basicity on the continuous gas phase
condensation of benzaldehyde with acetophenone over MgO

Citation for published version:
Pischetola, C, Hesse, F, Bos, J-WG & Cardenas-Lizana, F 2021, 'Effect of Lewis basicity on the continuous
gas phase condensation of benzaldehyde with acetophenone over MgO', Applied Catalysis A: General, vol.
623, 118277. https://doi.org/10.1016/j.apcata.2021.118277

Digital Object Identifier (DOI):
10.1016/j.apcata.2021.118277

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Peer reviewed version

Published In:
Applied Catalysis A: General

Publisher Rights Statement:
© 2021 Elsevier B.V.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1016/j.apcata.2021.118277
https://doi.org/10.1016/j.apcata.2021.118277
https://researchportal.hw.ac.uk/en/publications/926e89e9-6b73-4bbe-8b07-4f5d6bfe1cc0


1 

 

 

 

Effect of Lewis Basicity on the 

Continuous Gas Phase Condensation  

of Benzaldehyde with Acetophenone over MgO 

 

 

Chiara Pischetola, Fabian Hesse, Jan-Willem G. Bos and 

Fernando Cárdenas-Lizana* 

 

 

 

Chemical Engineering, School of Engineering and Physical Sciences, 

Heriot-Watt University, Edinburgh EH14 4AS, Scotland 

 

 

 

 

 

 

*corresponding author:  

tel.: +44(0)131 4514115, e-mail: F.CardenasLizana@hw.ac.uk



2 

 

Abstract 

We have investigated the effect of Lewis basicity in the continuous gas phase condensation of 

acetophenone+benzaldehyde over MgO. The catalysts were prepared by ammonia 

precipitation, hydration and calcination to generate MgO with modified Lewis basicity (from 

CO2-TPD), dXRD (4-20 nm) and specific surface area (SSA = 58-246 m2 g-1); a direct correlation 

between SSA and Lewis basicity is presented. The introduction of Li+ and Cs+ served to 

decrease SSA and increase dXRD and Lewis basicity, linked to diffusion of the cations within 

the crystal structure (confirmed by XRD/STEM-EDX). All MgO systems delivered the 

exclusive and time invariant formation of target benzylideneacetophenone. 

Benzylideneacetophenone production rate is sensitive to the specific (per m2) Lewis basicity. 

The Cs10MgO_H(773) catalyst delivered the highest rate, attributed to high density of (Lewis 

basic) -O2- sites involved in the rate-determining step. Our results establish the feasibility of 

continuous chalcone synthesis using MgO catalysts with controlled Lewis basicity. 

 

Key words: Selective gas phase condensation; benzaldehyde and acetophenone; 

benzylideneacetophenone; MgO; Li- and Cs-promotion; surface basicity. 
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1 Introduction 

Chalcones are flavonoids extensively used in medicinal chemistry [1]. 

Benzylideneacetophenone possess remarkable antifungal properties, which has led to 

applications as a pesticide [2]. The industrial manufacture of benzylideneacetophenone is based 

on the batch liquid phase condensation of acetophenone with benzaldehyde in the presence of 

homogeneous acid or base catalysts (Claisen-Schmidt process) [1]. This synthesis route suffers 

from low productivity due to downtime (in between batches) and the generation of undesired 

by-products (e.g. benzyl alcohol and benzoic acid via benzaldehyde disproportionation) [3]. A 

transition to heterogeneous catalysis facilitates product separation and catalyst recovery. Metal 

oxides are well known catalytic materials for condensation reactions [4]. Magnesium oxide has 

been established as a highly efficient catalyst in the condensation of acetone, cyclopentanone, 

6-methoxynaphthalene-carbaldehyde + acetone and substituted-benzaldehyde + acetophenone 

[5]. Moreover, an enhanced catalytic response in gas phase condensation to 

benzylideneacetophenone for MgO when compared with SiO2, ZnO, ZrO2 and CeO2 has been 

shown elsewhere [6].  

In terms of surface chemistry that controls condensation performance, basicity has been 

identified as critical [4]. Indeed, surface basic sites can have an effect on (activity/selectivity) 

catalyst response by altering the reactant mode/strength of adsorption [7] and activation [8]. 

MgO exhibits a combination of surface basic sites with modified strength [9] that can be 

quantified by CO2-temperature programmed desorption (CO2-TPD) analysis [10], including: 

(i) weak -OH Brønsted sites and (iia) medium 5- (terrace)/4- (step) and (iib) strong 3-fold 

coordinated -O2- (corner) Lewis sites. Although a link between catalytic response in 

condensation and surface basicity has been suggested for the reaction over magnesium oxide 

[11], there is some disagreement in the literature regarding the type of basic sites directly 

involved in the transformation. Surface basicity can be tailored by the preparation method [12], 
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characteristics of the precursor [13] and catalyst pre-treatment (e.g. calcination conditions 

[14]). Moreover, the use of additives has been shown to have an effect on the basicity of MgO, 

where anions (e.g. PO4
3-, SO4

2-, F- and Cl- [11]) can selectively poison the surface (medium -

O2-) Lewis sites. On the other hand, the incorporation of cations (e.g. group IA [8,15,16], IIA 

[8], transition [17] and rare-earth [18] metals) has resulted in a greater concentration/strength 

of (medium + strong -O2-) Lewis basic sites, linked to differences in their ionic radius relative 

to Mg2+ [17]. Changes in the basic character of MgO can induce modifications in the 

structural/textural properties of the oxide, altering the specific surface area (SSA) [19] and 

impacting on condensation performance [19]. Some consensus emerges from the literature that 

indicates higher basicity for greater SSA [12], but this is by no means irrefutable. Indeed, Díez 

and co-workers [16], observed an increase in total basicity (291 → 461 mol g-1, from CO2 -

TPD) following introduction of Li to MgO, with no change (130 ± 5 m2 g-1) to SSA. León et 

al. [20], who investigated the basicity of commercial and homemade (prepared by 

decomposition of magnesium carbonate) MgO using CO2 calorimetry, quoted a greater basicity 

(590 vs. 530 mol g-1 uptake of carbon dioxide) over the commercial sample with lower SSA 

(26 vs. 70 m2 g-1). Variations in MgO surface basicity can be arrived at by changing several 

variables, which, in turn, impact on SSA but we could find no published systematic analysis of 

these parameters.  

We provide here, for the first time, a comprehensive examination of MgO surface Lewis 

basicity and its effect in the continuous gas phase synthesis of benzylideneacetophenone via 

condensation of benzaldehyde with acetophenone (Figure 1). We have fine-tuned the basic 

properties of the oxide and identified the relationship with SSA by a systematic variation of 

the synthetic methods (ammonia precipitation, hydration and calcination), precursor 

(Mg(OH)2, Mg(NO3)2∙6H2O and (MgCO3)4∙Mg(OH)2∙5H2O) and calcination temperature. We 
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also address the promoting effect of two alkaline metals (Li and Cs) with smaller and larger 

ionic radius than Mg.  

 

2 Materials and Methods 

2.1 Catalyst Preparation and Activation 

A series of magnesium oxides with modified basicity were synthesised according to 

previously published methodologies [12,14,21], the precursor(s) and main preparation step(s) 

are shown in Table 1. A commercial magnesium oxide (denoted MgO_Com in this paper, row 

1 in Table 1) was purchased from Sigma-Aldrich (≥99.99%). MgO_N (row 2) was prepared 

by precipitation with NH4OH (Fisher-Scientific, ≥99.99%), where an aqueous solution (10 cm3, 

4 M) of Mg(NO3)2∙6H2O (Sigma-Aldrich, 99.99%) and NH4OH (NH4OH:Mg mol ratio = 5) 

were contained in a sealed glass bottle (20 cm3), heated (2 K min-1) in a water bath to 333 K 

under vigorous (magnetic) stirring for 6 h and cooled to room temperature under constant 

agitation for 24 h. After filtration, the precipitate obtained was oven dried overnight at 343 K. 

The powder was calcined in 80 cm3 min-1 (Brooks mass flow controlled) air at 1 K min-1 to 673 

K, which was maintained for 12 h. MgO_H (row 3) was prepared by hydration, where a 

suspension of distilled water (300 cm3) and MgO_Com (10 cmH2O
3 gMgO

-1) was stirred (650 

rpm) at 298 K for 12 h. The precipitate was oven-dried overnight at 343 K and calcined in 80 

cm3 min-1 air at 10 K min-1 to 673 K for 8 h. MgO_C (row 4) was synthesised via direct 

calcination of (MgCO3)4∙Mg(OH)2∙5H2O (Sigma-Aldrich, >99%) in 80 cm3 min-1 air at 10 K 

min-1 to 723 K, maintaining this temperature for 2 h before cooling to 298 K. Calcination of 

Mg(OH)2 (prepared by hydration of MgO_Com as above) in 80 cm3 min-1 air (10 K min-1) at 

temperature in the range 573-923 K (hold time 8 h) served to generate a series of magnesium 

oxide catalysts (row 5), they are denoted in this study "MgO_H" with the associated calcination 

temperature in parentheses. A series of (1, 5 and 10 mol%) Li (row 6) and Cs (row 7) promoted 

magnesium oxide catalysts were synthesised by standard wet impregnation, where 3 g of 
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Mg(OH)2 (obtained by hydration of MgO_Com as above) was contacted with an aqueous LiOH 

(7.5-75.0 cm3, 1 M, Sigma-Aldrich, ≥98%) or CsOH solution (7.5-75.0 cm3, 1 M, Sigma-

Aldrich, ≥99.5). The slurry was heated (2 K min-1) to 358 K and maintained under constant 

stirring (ca. 650 rpm) until total evaporation. The solid obtained was oven dried overnight at 

343 K and calcined in air (80 cm3 min-1) at 10 K min-1 to 773 K for 8 h. The samples containing 

lithium and caesium are labelled in this work with the prefix "Li" or "Cs", respectively, 

followed by the nominal alkali metal content (1, 5 or 10 mol%) with the calcination temperature 

specified in parentheses. Before use in catalysis, all the samples were sieved (75 μm average 

diameter, ATM fine test sieves). 

 

2.2 Catalyst Characterisation  

The Li and Cs content of the MgO samples was measured by inductively coupled plasma-

mass spectrometry (ICP-MS, Agilent 7500ce) from the diluted (1:60-1:600 v/v) extract in 25% 

v/v HNO3/HCl (i.e. aqua regia). X-ray diffraction (XRD, 0.02º step-1, 5º ≤ 2θ ≤ 85º, 

Bruker/Siemens D500) was carried out using Cu Kα radiation, with diffractogram pattern 

identification against JCPDS-ICDD reference standards, i.e. periclase MgO (087-0651), 

brucite Mg(OH)2 (100-0054), hydromagnesite Mg5(CO3)4(OH)2·4H2O (900-7620), zabuyelite 

Li2CO3 (900-8283), LiOH (101-0301), CsOH (722-1352), Li2O (101-0064) and Cs2O (009-

0104). Periclase crystallite size (dXRD) was estimated using the Scherrer (line-broadening) 

equation [22], while the lattice parameter (a) was calculated according to the Bragg’s law [23] 

using the experimental peak position of the main plane (2 0 0) associated with magnesium 

oxide. The brucite:periclase molar ratio was calculated using XRD results following the 

simulation method described by Rietveld [24]. Thermogravimetric analysis (TGA, LINSEIS 

STA PT 1600, Type S 240 furnace (RT-1773 K), Platon NGX mass flow controller) was 

employed to investigate weight loss during the formation of MgO. Samples (1.4 × 10-3 – 7.3 × 

10-3 g) were placed in an alumina crucible (internal diameter = 7 mm, volume = 0.3 cm3) and 
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heated in O2 (100 cm3 min-1, 10 K min-1 to 873 K). Magnesium oxide morphology was 

examined by scanning electron microscopy (SEM, FEI Scios, 5 kV). The distribution of Cs on 

the samples was evaluated by scanning transmission electron microscopy energy dispersive X-

ray analysis (STEM-EDX, FEI Titan Themis, Fischione high angle annular dark field and FEI 

annular dark field detectors, FEI TIA 4.9 SP1 software, 200 kV). Total specific surface area 

(SSA) and carbon dioxide chemisorption/temperature programmed desorption (CO2-TPD) 

were measured by automated flow methodology (CHEM-BET 3000 Quantachrome 

Instrument, Brooks mass flow controller, thermal conductivity detector (TCD), TPR WinTM 

1.0 software). The MgO samples (5 × 10-3 - 150 × 10-3 g) were loaded into a Pyrex glass cell 

(U-shaped, internal diameter = 3.76 mm) and outgassed in dry He (30 cm3 min-1, 10 K min-1 to 

573 K, 1 h). The SSA was obtained using the standard single-point BET method (50% v/v 

N2/He (30 cm3min-1), three cycles N2 adsorption-desorption). The outgassed MgO samples 

underwent carbon dioxide chemisorption by pulse titration (5-10 cm3, 323 K) or constant flow 

(40 cm3 min-1, 323 K, 30 min) of CO2. Samples were then flushed with flowing He (80 cm3 

min-1, 2 h) and subjected to CO2-TPD (10 K min-1 to 1173 K) in the same flow until the signal 

returned to baseline. The profile obtained was corrected employing the CO2-TPD recorded in 

parallel directly after outgassing in He (i.e. without the CO2 chemisorption step) to determine 

explicitly TPD release due to carbon dioxide desorption; peak simulation was carried out with 

the CasaXPS 2.3.17 software, using Gaussian Lorentzian curves and Shirley background. SSA 

and CO2 chemisorption/TPD values were reproducible to within ±10% and we have quoted in 

this paper the mean values. 

 

2.3 Gas Phase Condensation of Benzaldehyde and Acetophenone 

The continuous gas phase (1 atm, 573 K) condensation of acetophenone (Acros Organic, 

98%) with benzaldehyde (Fischer Scientific, ≥99%) was carried out under chemical control 

operating conditions [6], in a fixed-bed (glass) tubular reactor (internal diameter = 15 mm). A 
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preheating zone based on a layer of (borosilicate) glass beads (external diameter = 1 mm) 

ensured the organic reactants were vaporised and reached 573 K before contacting the catalytic 

bed. Isothermal conditions (±1 K) were maintained by mixing the MgO catalyst with ground 

(75 µm) glass. A thermocouple (Cole-Parmer digi-sense type-K) inserted above the catalytic 

bed was used for continuous monitoring of the reaction temperature. 

Acetophenone + benzaldehyde (mol ratio = 1) were delivered to the reactor as a toluene 

solution (2 M, Fisher Scientific, ≥99%) in a flow of N2 (20 cm3 min-1), at a fixed calibrated 

flow rate (2 × 10-2 cm3 min-1) through a glass air-tight syringe (10 ml, Hamilton) and Teflon 

line using a microprocessor controlled infusion pump (Model 100 kd Scientific). The gas 

hourly space velocity (GHSV) was maintained at 1.4 × 103 h-1 with a molar MgO (n) to 

benzaldehyde feed rate (n/F) = 2 × 10-1 h. The reactor effluent was condensed in a liquid 

nitrogen trap and its composition analysed by (capillary) gas chromatography (Perkin-Elmer 

Auto System XL, programmed split/splitless injector, flame ionisation detector, DB-1 capillary 

column (50 m × 0.33 mm × 0.20 μm, J&W Scientific), TurboChrom Workstation 6.3.2 

software). The relative peak area % was transformed to mol% using regression equations based 

on detailed calibration (not presented). The products (benzylideneacetophenone (Sigma-

Aldrich, 97%), benzyl alcohol (Acros Organic, 99%) and benzoic acid (Sigma-Aldrich, 

≥99.5%)) were used as received for identification purposes. All the gases (O2, H2, N2 and He) 

were of ultra-high purity (BOC, >99.99%). Benzaldehyde conversion (Xbenzaldehyde) is given by: 

   

 
in out

benzaldehyde

in

Benzaldehyde - Benzaldehyde
(%) = ×100

Benzaldehyde
X                              (1) 

while selectivity with respect to product j (Sj) is defined by: 

 

   
j,out

j

in out

Product
(%) = ×100

Benzaldehyde - Benzaldehyde
S                                    (2) 

where the inlet and outlet gas streams are denoted by the subscripts “in” and “out”, respectively. 

Catalytic activity response is also quantified in terms of specific (per SSA) 
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benzylideneacetophenone production rate at stationary conditions (R, μmol h-1 m-2), calculated 

from time on-stream measurements from:  

SS Benzylideneacetophenone-1 -2
×

( mol  h m ) =
SSA

F X S
R  

m





                                           (3) 

where XSS represents the stationary-state conversion of benzaldehyde and m is the mass of 

catalyst with specific surface area SSA. Raw data reproducibility and carbon mass balance was 

better than ±5%. Preliminary blank tests demonstrate no detectable conversion by passage of 

acetophenone and/or benzaldehyde in a stream of N2 through the empty reactor. 

 

3. Results and Discussion 

3.1 Commercial vs. Laboratory Synthesised MgO: Synthesis and Characterisation 

The nature and crystallinity of the MgO_N, MgO_H and MgO_C samples before 

treatment in air, denoted Pre_MgO_N (A), Pre_MgO_H (B) and Pre_MgO_C (C) was 

examined by XRD; the results are shown in Figure 2(I). The XRD patterns for the Pre_MgO_N 

(row 2 in Table 1) and Pre_MgO_H (row 3) are similar and characterised by seven main peaks 

at 2θ = 18.6°, 38.1°, 50.9°, 58.7°, 62.2°, 69.0° and 72.1° corresponding to (0 0 1), (1 0 -1), (1 

0 -2), (2 -1 0), (2 -1 1), (2 0 0) and (2 0 1) planes of brucite Mg(OH)2 (JCPDS-ICDD 100-0054 

in Figure 2(Ia)). The broader diffraction signals for Pre_MgO_H, suggests a lower sample 

crystalline order, possibly due to a shorter precipitation time (12 vs. 24 h, see Materials and 

Methods section) that limits crystal growth [25,26]. A complex pattern was in evidence for the 

MgO_C catalyst precursor where the four main peaks at 9.9°, 13.8°, 15.3° and 30.8° 

correspond, respectively, to (1 0 0), (1 1 0), (0 1 1) and (3 1 0) hydromagnesite 

Mg5(CO3)4(OH)2·4H2O planes (JCPDS-ICDD 900-7620 in Figure 2(Ib)).  

The transformation of the magnesium hydroxide and magnesium carbonate to MgO 

involves the endothermic removal of the metal bonded -OH and carbonyl groups with release 

of water (ΔH = 80 kJ mol-1) [27] and carbon dioxide (ΔH = 113 kJ mol-1) [28]. This transition 
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is possible (i.e. ΔG˚ < 0) at T >535 K [29]. The weight loss during the conversion of the catalyst 

precursors was monitored by in situ TGA analysis over the 300-900 K range, the results for 

MgO_N (A), MgO_H (B) and MgO_C (C) formation are presented in Figure 2(II). Two mass 

losses are in evidence during calcination for the three samples, a principal (ca. 33 ± 7%) signal 

with the onset at ca. T ≥ 570 K and a secondary (ca. 6 ± 1%) at 323-523 K, where the latter can 

be linked to surface H2O release [13,14,21]. A similar decrease in weight at T ≥ 600 K has been 

reported previously during oxygen thermal treatment of magnesium hydroxide and attributed 

to bulk water removal [13,21], while losses at ≥650 K for magnesium carbonate can be 

associated with CO2 release [14]. The profile for Pre_MgO_C presents, in addition, a minor 

(ca. 5%) decrease in mass at 523-600 K that can be associated with bulk H2O release [14]. The 

mass loss during the thermal treatment associated with the removal of bulk H2O and CO2 

matched (≤15%) the stoichiometric requirements for the formation of MgO. The sequential 

increase of final temperature in the TGA profile associated to MgO_N (640 K) < MgO_H (709 

K) < MgO_C (740 K) formation is indicative of differences in the energy requirements for the 

transformation of the three catalyst precursors to MgO. This can be attributed to (i) a greater 

energy demand for the removal of CO2 (vs. H2O) [14] and (ii) lower thermal conductivity of 

more amorphous brucite in the formation of MgO_H (vs. MgO_N) [30], requiring higher 

temperature for the transformation [31].  

The XRD patterns for the calcined catalyst precursors (MgO_Com (A), MgO_N (B), 

MgO_H (C) and MgO_C (D)) are presented in Figure 3(I), where the five peaks in the 2θ 

range at 37.0°-78.5° are due to the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) planes of (periclase) 

MgO (JCPDS-ICDD 087-0651 in Figure 3(Ia)). In addition to the MgO contribution, signals 

at lower 2θ can be attributed to Mg species in trace amounts that result from incomplete 

transformation to MgO (i.e. 2θ = 18.6° in XRD of MgO_H linked to Mg(OH)2 (0 0 1) plane 

(JCPDS-ICDD 100-0054, Figure 3(Ib)) and 9.9° for MgO_C due to Mg5(CO3)4(OH)2·4H2O 
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(1 0 0) plane (JCPDS-ICDD 900-7620, Figure 3(Ic)). This is consistent with our TGA results 

and published work [14], where full conversion of Mg(OH)2 and magnesium carbonates into 

MgO requires T >723 K. The lattice parameter obtained from XRD for MgO_Com, MgO_N 

and MgO_H coincided (a = 4.211 Å, Table 2), matching that recorded in the JCPDS reference 

database and experimental values (±0.05%) quoted elsewhere [32,33]. The greater value for 

MgO_C (a = 4.227 Å) can be attributed to an increased distance between Mg2+ ions in the 

lattice structure [34]. The compounds formed during the transformation of brucite (i.e. water) 

and hydromagnesite (water + carbon dioxide) accumulate and enhance the pressure within the 

structure of the particle. These compounds are ultimately released through the faces of the 

particles, generating surface defects (e.g. steps). The (5 times) greater volume of gas generated 

during the formation of MgO_C results in a higher concentration of defects [35] which, in turn, 

cause the lattice expansion. The XRD and TGA measurements demonstrate the formation of 

magnesium oxide for MgO_N, MgO_H and MgO_C.  

Variations in morphological (i.e. SSA) and surface properties (i.e. basic character), critical 

for catalytic condensation, were expected as a result of the different precursors, preparation 

method and calcination conditions adopted [12,13]. These properties were investigated by 

scanning electron microscopy (SEM), Brunauer–Emmett–Teller (BET) method and carbon 

dioxide temperature programmed desorption (CO2-TPD). The SEM micrographs for the 

commercial and laboratory synthesised MgO catalysts are presented in Figure 4 where a range 

of crystal sizes/shapes are in evidence. MgO_Com (I) is characterised by an agglomeration of 

large (ca. 10 μm) and small (ca. 5 μm) sheet-like crystals. An irregular nanoplatelet-type 

morphology is in evidence for MgO_N (II) and MgO_C (IV), as previously reported [12], 

where the crystals exhibit similar thickness (<1 m) but different size (MgO_N (≤2 μm) <  

MgO_C (≤4 μm)). A crystal structure containing small (ca. 3 m) flakes arranged in a random 

manner is observed for MgO_H (III), similar to that reported by Song et al. [36]. Such a 
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morphology range may be attributed to the use of different precursors and conditions (i.e. 

heating ramp) during thermal treatment step [14]. We observe the absence of large, polished 

crystals in the laboratory synthesised MgO catalysts relative to the commercial sample ((II)-

(IV) vs. (I)), indicative of a higher concentration of (micro→macro) pores and surface 

imperfections in the former. This can be linked to the disruption of the Mg(OH)2 precursor 

structure due to lattice contraction at high temperature (673-723 K) [21], and the released of 

H2O and CO2 gas (as suggested by TGA analysis) during preparation. Moreover, the 

differences in textural properties observed for the three synthesised samples ((II)-(IV)) can be 

attributed to (i) the (5-fold) greater volume of H2O/CO2 generated during the calcination of 

(MgCO3)4·Mg(OH)2) vs. Mg(OH)2, that affects the concertation of surface defects, and (ii) the 

modified heating rate (1 vs. 10 K min-1 for MgO_N vs. MgO_H and MgO_C), where higher 

temperature ramps decrease water removal efficiency increasing sintering [21]. The SSA and 

dXRD of the synthesised MgO samples are presented in Table 2. The SSA recorded for 

MgO_Com (58 m2 g-1) is similar to the value (65 m2 g-1) reported elsewhere for commercial 

(Sigma-Aldrich) periclase [11]. A direct comparison of the SSA for the homemade MgO 

samples prepared in this work with studies in the open literature is challenging given the 

differences in precursor/synthesis method/activation conditions. Nonetheless, our results are 

similar (to within ±15%) to values recorded previously for MgO prepared using a similar 

procedure [8,14,37]. The SSA of all the laboratory synthesised catalysts exceeded that of the 

(commercial) MgO_Com (by a factor up to 4), yielding the sequence of decreasing SSA: 

MgO_C (246 m2 g-1) ~ MgO_N (240 m2 g-1) > MgO_H (127 m2 g-1). A higher density of surface 

defects for MgO_C can account, at least in part, for the greater SSA [38], while increased H2O  

removal efficiency during the synthesis of MgO_N relative to MgO_H is a direct consequence 

of the elevated SSA of the former. Not unexpectedly, an enhancement in SSA was 

accompanied by a decrease in crystal size (from MgO_Com (dXRD = 20 nm) to MgO_C (4 nm), 
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Table 2). Indeed, the formation of bigger oxide crystals is facilitated at higher heating ramps 

(i.e. increase probability of nanoparticle sintering) and lower volumes of gas released during 

transformation (i.e. decrease density of defects). A similar SSA vs. crystal size trend has been 

observed previously for commercial and laboratory synthesised (via sol-gel [21], ammonia 

precipitation [12] and calcination [14]) MgO where the particle sizes in this work are close to 

those quoted in the open literature for magnesium oxide (3-14 nm) [39]. 

Surface basicity was probed by CO2-TPD measurements; the TPD profiles for MgO_Com 

(A), MgO_N (B), MgO_H (C) and MgO_C (D) are given in Figure 3(II) and the CO2 released 

is presented in Table 2. The basic character of MgO_H and MgO_C, with trace quantities of 

the catalyst precursor (see XRD in Figure 3(I)), was also examined by CO2 chemisorption to 

account for a possible contribution of gas released from catalyst precursor decomposition [40]; 

the results are shown in Table 2. The total basicity of both samples from CO2 chemisorption 

matched (within ±3%) the desorption results, consistent with an exclusive CO2 desorption from 

basic sites during TPD. After peak deconvolution, each desorption profile is characterised by 

the appearance of positive signals at Tmax ca. <450 K, 450-670 K and >670 K. A direct 

comparison of the CO2 TPD profiles in this work with those in the literature for MgO systems 

is problematic considering the variations in metal precursor, catalyst preparation, activation 

conditions and desorption procedure. Nonetheless, from a consideration of available literature 

[11], the peak in the first region can be attributed to CO2 desorption from (weak) Brønsted basic 

sites, with release at T ≥ 450 K from (medium to strong) Lewis basic sites. An additional peak 

centred at 640 K is in evidence in the CO2-TPD profile of MgO_C that can be linked to 

desorption from (4-fold) low-coordinated -O2- at the steps sites that causes the lattice expansion 

for MgO_C, as discussed previously (see XRD analysis). Indeed, the -O2- anions at steps sites 

are characterised by a more pronounced basic nature than those at terrace sites [41], as 

demonstrated by DFT calculations showing greater (up to 2.5 times) adsorption energy on 4-
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fold vs. 5-fold coordinated oxygen sites [42], where the former bind more strongly with CO2 

[43] requiring higher desorption temperature. The total basicity (270-755 μmol g-1, Table 2) 

was within the range of values (100-850 μmol g-1) quoted elsewhere [12,20]. The consensus 

that emerges from the literature is that, over MgO catalysts, condensation performance is 

directly related to the Lewis basicity [11,44], main type of basic sites in most of the samples in 

this work (Table 2). Consequently, we focus our attention on this type of sites to establish the 

impact on catalytic response. The Lewis basicity (CLewis) is plotted as a function of SSA in 

Figure 5, where the CLewis is enhanced with SSA over the 58-127 m2 g-1 range. This is in line 

with previous reports where MgO catalyst with higher SSA bearing a higher density of the 

surface defects (e.g. low coordinated O2- sites) have been shown to elevate CO2 release at T 

>450 K [45]. MgO_N and MgO_C with the highest SSA deviate somehow from the common 

trend, displaying substantially lower Lewis basicity. A lower than expected Lewis basicity was 

also recorded by Bartley et al. [14] for MgO with high SSA obtained by calcination of 

hydromagnesite although the authors did not provide any explicit explanation for this response. 

In the case of MgO_N, this can be tentatively attributed to poisoning of Lewis (O2-) sites by 

NO3
- groups (i.e. Mg(NO3)2∙6H2O → Mg(OH)2 + NO3

- [46]). Liu et al. [11] recorded a 

decrease in the Lewis basicity of MgO post-incorporation of several anions (i.e. PO4
3-, SO4

2-, 

F- and Cl-). The lower concentration of Lewis sites recorded for MgO_C can be linked to 

rehydration [47] upon contact with air. The humidity in air can serve to increase surface water 

content which should, in turn, facilitate the MgO + H2O → Mg(OH)2 conversion decreasing 

the number of low-coordinated -O2- sites. To test this hypothesis, an in situ CO2-TPD (see 

Figure S.1 in Supplementary Information) was carried where contact with air post-calcination 

was circumvented. Avoiding contact with air delivered greater Lewis sites concentration (73% 

vs. 42%), confirming the detrimental effect of water on Lewis basicity.  
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The characterisation results confirm the generation of (periclase) MgO samples with a 

range of SSA (58-246 m2 g-1) and Lewis basicity (101-371 mol g-1).  

 

3.2 Commercial vs. Laboratory Synthesised MgO: Catalytic Performance 

We have investigated the effect of changes in MgO SSA and Lewis basicity on the 

condensation of benzaldehyde with acetophenone. All the MgO catalysts delivered an 

essentially time invariant activity and full selectivity to the target benzylideneacetophenone 

with no evidence of benzyl alcohol + benzoic acid formation (via benzaldehyde 

disproportionation following the Cannizzaro reaction), as reported for reaction over 

homogenous basic catalysts (e.g. alkaline hydroxides) [48]. The absence of catalyst 

deactivation, proved by the two representative cases (MgO_N and MgO_H) presented in 

Figure 6(I), is remarkable given that deactivation linked to coke deposition during 

acetophenone + benzaldehyde condensation over MgO has been reported previously [49,50] 

for batch liquid phase systems. This can be tentatively linked to a low concentration of coke 

precursors working at short contact times in continuous gas vs. batch operation that inhibits 

coking [51]. Analysis of possible variations in surface Lewis basicity must consider 

concentration of basic sites normalised with respect to SSA. The relationship between specific 

(per m2) activity in terms of benzylideneacetophenone production rate (R) and density of Lewis 

basic sites (ρLewis) is shown in Figure 6(II), where a direct correlation is in evidence. In a recent 

report [6], we have examined the production of benzylideneacetophenone over commercial 

MgO and identified the O2--Mg2+ pair as the active group involved in the rate determining step 

(i.e. -C-C- bond formation). Herein, we demonstrate that the effect of medium/strong Lewis 

sites extends to a range of MgO catalysts prepared by different synthetic methodologies. 

MgO_H with the highest R was used for the subsequent catalyst modifications (i.e. thermal 

treatment and chemical doping) with a view to further enhance benzylideneacetophenone 

production rate. 
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3.3 Effect of Calcination Temperature on MgO: Catalyst Characterisation 

Five calcination temperatures (573-923 K; rows 3 and 5 in Table 1) were selected to study 

the effects of thermal treatment on catalyst physico-chemical properties and condensation 

activity; the XRD results for the samples post-calcination are presented in Figure 7(I). The 

XRD pattern for MgO_H(573) in Figure 7(IA) reveals a mixture of MgO periclase (2θ = 42.9° 

and 62.2° corresponding to the (2 0 0) and (2 2 0) planes; JCPDS-ICDD 087-0651 in Figure 

7(Ia)) and brucite Mg(OH)2 (2θ = 18.6°, 38.1°, 50.9°, 58.7°, 62.2°, 69.0° and 72.1°→ (0 0 1), 

(1 0 -1), (1 0 -2), (2 -1 0), (2 -1 1) (2 0 0) and (2 0 1) planes; JCPDS-ICDD 100-0054, (Ib)), 

where MgO:Mg(OH)2 = 1:3; the low intensity broad signal at 42.9° (intensity/width 

ratio(I/W)42.9 = 73 counts degree-1) indicates a low degree of MgO crystalline order. The 

formation of periclase phase at 573 K is consistent with thermodynamic requirements and the 

onset temperature of the main mass loss during TGA analysis (Figure 2(II)). Moreover, the 

formation of small crystals is in line with the low calcination temperature [5,52] and XRD 

analysis. An increase in calcination temperature (from 573 K (IA) to 773 K (IC)) served to 

facilitate the brucite → periclase transformation with a simultaneous growth in crystal size 

(Table 2), i.e. gradual disappearance of main signals for Mg(OH)2 at 18.6 and 38.1° and 

simultaneous increase in (I/W)42.9 from 73 to 712 counts degree-1. The XRD diffractograms for 

the samples calcined at T ≥ 773 K demonstrate the generation of large ((I/W)42.9 = 1043 counts 

degree-1 in (ID) and (I/W)42.9 = 1180 counts degree-1 in (IE)) single-phase MgO crystals. Our 

XRD profiles match those obtained by Zhang et al. [53], who recorded an equivalent increase 

in crystal size (75% vs. 60% in this work) at higher calcination temperature (from 343 K to 

1273 K). All the samples, regardless of the final calcination temperature, show the same lattice 

constant a (4.211 Å) as that of MgO_Com, suggesting the formation of larger crystals as a 

result of increased calcination temperature. The nature of this crystal growth is better illustrated 

by the two (main vs. inset) representative high magnification SEM micrographs in Figure 
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4(III). The images reveal MgO agglomeration with increasing calcination temperature (from 

673 → 923 K), which has also been reported by Song et al. [36] for magnesium oxide after 

calcination at 673-873 K.  

SSA was affected by calcination temperature and the results for the different MgO_H 

catalysts are shown in Table 2. An increase in SSA (123 → 143 m2 g-1) and crystallite size 

(4→ 6 nm) with elevating calcination temperature is in evidence over the 573-773 K, possibly 

due to progressive transition from low surface area brucite (82 m2 g-1) to periclase with (gas) 

water released as shown by TGA and XRD measurements. Gulková et al. [21] reached a similar 

conclusion for a series of MgO catalysts prepared by solid-gel. A decrease in SSA (to 87 m2 g-

1) for samples calcined T >773 K can be linked to sintering [39] that results in the generation 

of larger (up to 10 nm, Table 2) particles.  

The basicity measurements extracted from titration and TPD for MgO_H(573) (Table 2) 

matched (±9%), which suggests that we can discount a contribution from Mg(OH)2 

decomposition; the CO2-TPD profiles for the calcined samples are presented in Figure 7(II). 

All the catalysts exhibit a desorption profile dominated by three main positive peaks with an 

ill-defined Tmax at <450 K, 450-720 K and >750 K, consistent with a predominance (≥58%) of 

Lewis basic sites. Once again, as the SSA increases the CLewis (i.e. concentration of low 

coordinated Lewis O2- sites) is enhanced (Figure 5), which probes that Lewis basicity is 

sensitive to calcination temperature. We were unable to find reports in the literature dealing 

with the effect on basicity for samples calcined at 573 K. However, a similar increase (36% vs. 

43%) of total surface basicity was reported by Yang et al. [54] for samples calcined at 

687 → 823 K, while Li et al. [55] has recently shown a decrease in the antibacterial activity of 

MgO calcined at T ≥ 823 K, ascribed to a reduction in the concentration of surface defects and 

-O2-. 
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The characterisation results demonstrate an equivalent impact (i.e. volcano-type trend) on 

catalysts SSA (87-143 m2 g-1) and Lewis basicity (262-472μmol g-1) from the calcination 

treatment (573-923 K). To the best of our knowledge, this is the first reported direct correlation 

of calcination temperature with concentration of Lewis basic sites for MgO. 

 

3.4 Effect of Calcination Temperature on MgO: Catalytic Performance 

Exclusive and time invariant production of target benzylideneacetophenone was preserved 

over all the catalysts for 5 h on stream; the benzylideneacetophenone production rates were 

studied as a function of the calcination temperature and the results are shown in Figure 8. The 

least active catalyst (23 μmol h-1 m-2, Figure 8(I)) was that calcined at the lowest temperature 

(573 K), while a ca. 2-fold increase was achieved with higher temperature (673 K). A further 

increase in calcination temperature (773-923 K) did not affect the production rate which 

remained constant at 42 ± 2 μmol h-1 m-2. In order to better explain this trend, the correlation 

between the density of Lewis basic sites and the calcination temperatures was investigated 

(Figure 8(II)), obtaining a similar invariant response (3.2 ± 0.2 μmol m-2) for T ≥ 673 K with 

a drop (2.1 μmol m-2) for MgO_H(573). The trends of Figure 8 further confirm the strong 

dependence of the condensation rate on the density of Lewis basic sites, as proved previously 

for the MgO samples prepared using different methodologies (Figure 6). The lower values 

obtained for MgO_H(573) can be attributed to the presence (75 ± 5%) of residual Mg(OH)2 in 

the sample (in accordance with XRD analysis, Figure 7). Indeed, brucite bears solely surface 

Brønsted basic sites [56], and was inactive in the liquid-phase condensation of substituted 

acetophenones with benzaldehydes [57]. A similar correlation between density of Lewis basic 

sites (3.5 ± 0.5 μmol m-2) and (4-methyl-3-penten-2-ol) production rate (300 ± 10 μmol h-1 m-

2) has been reported [58] for catalytic transfer hydrogenation of 2-propanol with mesityl oxide 

over MgO catalysts calcined at 673-873 K, but we provide here, the first study of MgO Lewis 
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basic site effects in the continuous gas phase benzaldehyde + acetophenone condensation 

reaction. 

 

3.5 Promoting Effect of Li vs. Cs on MgO: Catalyst Characterisation 

Lithium and caesium (1, 5 and 10 mol%, confirmed by ICP) were introduced on MgO (by 

impregnation), with a view to further improve benzylideneacetophenone production. The XRD 

diffractograms for the Li (A-C) and Cs-promoted (D-F) magnesium oxides are presented in 

Figure 9(I), where signals characteristic of periclase MgO (JCPDS-ICDD 087-0651, Figure 

9(Ia)) are in evidence. The absence of any XRD peaks due to Li and Cs hydroxyl precursors 

and/or metal oxides is in line with reported literature for Li- [59] and Cs-MgO [60] samples 

with comparable metal loading (5-18 mol%) and can be attributed to: (i) incorporation of Li/Cs 

into the MgO crystal structure and/or (ii) the presence of small (≤5 nm) oxide nanoparticles 

[61]. The substitution of Mg2+ by Li+ and Cs+ in the periclase crystal can be effectively analysed 

by a consideration of the main MgO peak (2θ = 42.9°) associated with the (2 0 0) plane, where 

a positive displacement to a higher 2θ results from the contraction of the crystalline structure 

due to the incorporation of smaller cations (vs. Mg2+) and vice versa [62]. The XRD 

magnifications presented in Figure 9(I) demonstrate a shift towards higher 2θ values 

(42.9 → 43.0°) with increasing Li loading (1 → 10 mol%) that was accompanied by a 

reduction (from 4.211 to 4.207 Å) of the lattice parameter a (Table 2). This lattice contraction 

is consistent with the lower ionic radius of Li+ (0.60 Å) compared to Mg2+ (0.65 Å) [63]. It 

follows that incorporation of Cs+ with a higher ionic radius (1.90 Å) resulted in a negative 

displacement (42.9 → 42.8°) of the (2 0 0) plane and an increase in a (from 4.211 to 4.218 Å) 

caused by a crystal structure expansion. The XRD profile of Li10MgO_H(773) with the highest 

lithium content (Figure 9(IC)) exhibits 3 additional peaks at 2θ = 21.5°, 30.6° and 31.8° 

characteristic of (1 1 0), (2 0 -2) and (0 0 2) main planes of zabuyelite Li2CO3 (JCPDS-ICDD 

900-8283, Figure 9(Ib)). The formation of Li2CO3 has been reported previously for (>5 mol%) 
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Li-MgO in which lithium was introduced by impregnation [64], and can be attributed to 

reaction at T ≥ 293 K [65] between LiOH and CO2 during synthesis [66]. 

Representative SEM micrographs are presented in Figure 4 that show a similar “flake” 

morphology for Li1MgO_H(773) (V) and Cs1MgO_H(773) (VI), equivalent to that of MgO_H 

(III). This result suggests no appreciable morphological modifications after contact with 

LiOH/CsOH in low concentrations (i.e. 1 mol%), and is consistent with the similar a (4.211 Å, 

see Table 2), SSA (134 ± 11 m2 g-1) and dXRD (7 ± 1 nm) for the three samples. An increase in 

Li content (1 → 10 mol%) did not affect significantly sample morphology (see Inset in Figure 

4(V)), SSA or particle size, which can be linked to the similar (±8%) ionic radius of Li+ and 

Mg2+. Our results are in line with previous reports that have observed an equivalent SSA 

(125 ± 25 m2 g-1) [61] and particle size (18-20 nm from XRD) [67] for (0-3 mol%) Li-MgO 

catalysts. Moreover, Padró and co-workers [68], reported a comparable flake morphology with 

a “diffuse cloud” atop for MgO and (26 mol%) Li-MgO. In contrast, the incorporation of an 

increased amount of caesium, with a significantly (3-fold) greater ionic radius than Mg2+, had 

a considerable effect on the structural properties of magnesium oxide generating larger/thicker 

and smoother crystals (see representative SEM image for Cs10MgO_H(773) in the inset to 

Figure 4(VI)) and resulting in a marked change in a (4.211 → 4.218 Å, Table 2), SSA (ca. 

84% decrease) and dXRD (6 → 43 nm). These results suggest diffusion of Cs+ within the crystal 

structure that results in crystal expansion. Similar effects on SSA (decrease by 50%) and crystal 

size (60% increase) have been reported elsewhere [15,69] after incorporation of Cs (1-10 

mol%) with MgO by impregnation, although the authors did not elaborate further. While 

incorporation of Cs+ within the crystal structure can alter the SSA via modifications in particle 

size, there is also the possibility of a direct contribution through pore blockage. The latter is 

possible via deposition of Cs-containing nanoparticles generated during impregnation. STEM-

EDX measurements for the high loading Cs10MgO_H(773) sample were conducted to 
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establish the possible formation of Cs nanoparticles and a representative STEM micrograph (I) 

with the associated EDX elemental mapping for Cs (IIA) and Mg (IIB) is presented in Figure 

10. EDX mapping revealed a homogeneous distribution of Cs+ and we can rule out the 

occurrence of caesium clusters on the surface. The results from STEM-EDX and XRD analyses 

confirm that the decrease in SSA with increasing caesium content is not linked to pore 

blockage. Similarly, Thomasson et al. [70] reported a 75% decrease in pore volume after MgO 

impregnation with 3 mol% of Cs, but they were not able to detect (via XRD) crystalline 

caesium oxide. 

Total basicity results coincided for titration and TPD (Table 2), a contribution from 

Li2CO3 decomposition can therefore be discarded; the CO2 desorption profiles for the six 

LiMgO and CsMgO samples are shown in Figure 9(II). Figure 5 illustrates the relationship 

between the extracted CLewis and SSA. It is immediately evident that the concentration of Lewis 

basic sites is inversely related to the SSA; the relationship is linear for both Li- and Cs- 

promoted MgO. This indicates that that the CLewis variations were not the result of an increase 

in SSA. An analysis of the CO2-TPD profiles can shed some light on this difference in 

concentration of Lewis basicity. By comparison with MgO_H(773) (Figure 7(IIC)), the low 

loading samples (Figure 9(IIA) and (IID) for Li1MgO_H(773) and Cs1MgO_H(773), 

respectively) exhibit a similar profile (i.e. Tmax = 425 ± 9 K, 545 ± 7 K and 878 ± 22 K) and 

Lewis basicity (64 ± 4%, 443 ± 29 μmol g-1). This suggests a requirement for a higher 

concentration of the promoter to alter the surface Lewis basicity. This is consistent with the 

similar structural properties for the un-promoted (MgO_H(773)) and 1% Li/Cs-modified 

samples and the results of Díez et al. [16]. An increase in Li/Cs content (1 → 10 mol%) in 

Li5MgO_H(773) (IIB), Li10MgO_H(773) (IIC), Cs5MgO_H(773) (IIE) and 

Cs10MgO_H(773) (IIF), resulted in (ia) the appearance of a fourth desorption peak at 982-

1190 K in the profiles of Li5MgO_H(773) and Li10MgO_H(773) and (ib) a displacement to a 
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higher CO2 desorption temperature (893-1174 K) for Cs5MgO_H(773) and Cs10MgO_H(773) 

and (ii) a concomitant (up to 3-fold) increase in Lewis basicity (Table 2). A similar Tmax 

displacement and elevation in Lewis basicity has been noted previously for 10% Li- and Cs-

MgO [15,44]. The appearance of additional desorption peaks with higher associated Tmax 

indicates the release of a strongly bound carbon dioxide component from newly formed -O2- 

basic sites with higher electron density as a result of Li-/Cs-incorporation. This is consistent 

with the generation of additional surface O- sites due to thermally induced Li+/Cs+ surface 

segregation [71], which negative partial charge (-qO) is greater (0.80 in Li-O and 0.94 in Cs-

O) than that of undoped MgO (0.50 in Mg-O) [61,72]. In addition, Cs+ incorporation serves to 

increase the Mg-O bond length due to lattice expansion (Table 2), with a consequent 

enhancement in the negative charge of the Lewis sites. A concomitant lattice expansion and 

increase surface basicity has been demonstrated, both experimentally [73] and theoretically (by 

ab initio calculations) [74], for MgO and MgAl hydrotalcite.  

 

3.6 Promoting Effect of Li vs. Cs on MgO: Catalytic Performance 

The characterisation measurements demonstrate a significant increase in Lewis basicity 

(414-1544 μmol g-1) post-incorporation of Li and Cs, with a concomitant decrease in SSA for 

the caesium-promoted samples. Selective generation of benzylideneacetophenone at the same 

degree of conversion was confirmed for all the catalysts over 5 h of time on-stream, with a 

linear increase in R with increasing Li/Cs content (1→10%) Figure 8(I), yielding a 2- (over 

Li10MgO_H(773)) and 4-fold (Cs10MgO_H(773)) greater production rate relative to (un-

promoted) MgO_H(773). Similarly, higher methane conversions (into C2 hydrocarbons) over 

Li- and Cs-promoted MgO with increasing loading (1 → 20%) have been attained elsewhere 

[15]. The variation in the density of Lewis basic sites (ρLewis) with Li/Cs content (Figure 8(II)) 

coincided with that recorded for R, indicative of a correlation between condensation rate and 

specific Lewis basicity; the latter is sensitive to the loading and type of metal. Moreover, the 
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linear increase that we observe confirms the results of Figure 5, where differences in Lewis 

basicity are not solely linked to variations in SSA as in the thermally treated materials. Di 

Cosimo et al.[8] compared the activity of un-promoted vs. (5 mol%) Li- and (1 mol%) Cs-

modified MgO in gas phase self-condensation of acetone and noted an equivalent activity 

dependence with ρLewis. To the best of our knowledge, this work represents the first reported 

continuous benzylideneacetophenone over Cs-promoted MgO where we demonstrate a 

significant (4-fold) increased production rate compared to commercial MgO.  

 

4 Conclusions 

We have demonstrated that laboratory synthesised MgO are selective catalysts for the gas 

phase production of benzylideneacetophenone via condensation of acetophenone and 

benzaldehyde. A direct correlation between SSA and concentration of surface Lewis basic sites 

has been established for magnesium oxides synthesised by calcination of Mg(OH)2 over the 

temperature range 573-923 K. Such SSA ↔ basicity relationship does not extend to (1-10 

mol%) Li- and Cs-promoted MgO catalysts, where changes in the oxide  lattice structure due 

cation inclusion induced an increase of Lewis basicity (up to 1544 μmol g-1 (Li-promoted) and 

1098 μmol g-1 (Cs)). All the catalysts showed a positive dependence of the specific (per m2) 

rate in the selective and time-invariant (5 hours-on-stream) production of 

benzylideneacetophenone on the specific density of Lewis basic sites, where the highest rate 

(4 times vs. commercial MgO) was obtained over the 10 mol% Cs-doped MgO catalyst, bearing 

the greatest specific Lewis basicity. We propose a selective process for the continuous 

production of valuable benzylideneacetophenone over novel MgO-based catalysts. Future 

work should be directed at long term stability with a view to industrial implementation. 
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 Table 1. Precursor and preparation method in the synthesis of MgO catalysts. 

Row 

Number 
Catalyst Precursor Preparation method 

1 MgO_Com a   

2 MgO_N Mg(NO3)2∙6H2O NH4OH precipitation + Calcination at 673 K. 

3 MgO_H a Hydration + Calcination at 673 K. 

4 MgO_C (MgCO3)4∙Mg(OH)2∙5H2O Calcination at 723 K. 

5 

MgO_H(573) 

MgO_H(773) 

MgO_H(873) 

MgO_H(923) 

Mg(OH)2 Calcination at 573-923 K. 

6 

Li1MgO_H(773) 

Li5MgO_H(773) 

Li10MgO_H(773) 

Mg(OH)2 Impregnation with LiOH + Calcination at 773 K. 

7 

Cs1MgO_H(773)  

Cs5MgO_H(773)  

Cs10MgO_H(773)  

Mg(OH)2  Impregnation with CsOH + Calcination at 773 K. 

acommercial MgO purchased from Sigma Aldrich (≥99.99%). 
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Table 2. Characteristics of MgO catalysts. 

Catalyst 

Lattice 

parameter a 

(Å) 

SSA  

(m2 g-1) 

dXRD 

(nm) 

CO2-TPD 

Total 

(mol g-1) 

% Lewis sites 

(%)  

MgO_Com 4.211 58 20 270 67 

MgO_N 4.211 240 6 442 23 

MgO_H 4.211 127 5 648, 665a 57 

MgO_C 4.227 246 4 755, 758a 42 

MgO_H(573) 4.211 123 4 332, 363a 81 

MgO_H(773) 4.211 143 6 693 68 

MgO_H(873) 4.211 90 9 472 58 

MgO_H(923) 4.211 87 10 425 62 

Li1MgO_H(773) 4.211 145 6 676 61 

Li5MgO_H(773) 4.210 133 9 965 86 

Li10MgO_H(773) 4.207 124 7 1860, 1857a 83 

Cs1MgO_H(773) 4.211 123 8 747 63 

Cs5MgO_H(773) 4.213 45 13 998 91 

Cs10MgO_H(773) 4.218 23 43 1277 86 

aCO2 uptake (μmol g-1) from chemisorption measurements. 
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Figure Captions 

 

Figure 1: Main reaction pathway associated with condensation of acetophenone and 

benzaldehyde to benzylideneacetophenone over MgO. 

 

Figure 2: MgO catalyst precursors: (I) XRD patterns (including JCPDS-ICDD reference cards 

for (a) Mg(OH)2 (100-0054) and (b) Mg5(CO3)4(OH)2·4H2O (900-7620)) and (II) 

thermogravimetric analysis (TGA) profiles obtained during calcination step (in O2) of (A) 

Pre_MgO_N, (B) Pre_MgO_H and (C) Pre_MgO_C.  

 

Figure 3: MgO catalysts - Effect of preparation method: (I) XRD patterns (including JCPDS-

ICDD reference card for (a) MgO (087-0651), (b) Mg(OH)2 (100-0054) and (c) 

Mg5(CO3)4(OH)2·4H2O (900-7620)) and (II) carbon dioxide temperature programmed 

desorption (CO2-TPD) profiles for (A) MgO_Com, (B) MgO_N, (C) MgO_H and (D) MgO_C. 

Note: Raw data in (II) is shown as symbols (), while background and curve fitting are 

represented by dotted and solid (grey (Brønsted basic sites) and black (Lewis)) lines, 

respectively.  

 

Figure 4: MgO catalysts - Effect of preparation method, calcination temperature and Li/Cs 

incorporation: Representative SEM images for (I) MgO_Com, (II) MgO_N, (III) MgO_H and 

(as inset) MgO_H(923), (IV) MgO_C, (V) Li1MgO_H(773) and (as inset) Li10MgO_H(773) 

and (VI) Cs1MgO_H(773) and (as inset) Cs10MgO_H(773). 

 

Figure 5: MgO catalysts - Effect of preparation method, calcination temperature and Li/Cs 

incorporation: Concentration of Lewis sites (CLewis, μmol g-1) as a function of MgO specific 

surface area (SSA, m2 g-1) for samples synthesised using different methods (MgO_Com (), 
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MgO_N (◆), MgO_H (), MgO_C ()), calcined at various temperatures ((✕); MgO_H(573) 

(1), MgO_H(773) (2), MgO_H(873) (3) and MgO_H(923) (4)), promoted by Li ((); 

Li1MgO_H(773) (a), Li5MgO_H(773) (b) and  Li10MgO_H(773) (c)) and Cs ((); 

Cs1MgO_H(773) (d), Cs5MgO_H(773) (e) and Cs10MgO_H(775) (f)). Note: Solid and 

dashed lines provide a guide to aid visual assessment.   

 

Figure 6: MgO catalysts - Effect of preparation method: Variation of (I) benzaldehyde 

conversion (Xbenzaldehyde; %) with time on-stream (t, h; open symbols) and (II) 

benzylideneacetophenone production rate (R, mol h-1 m-2) with density of Lewis basic sites 

(ρLewis, mol m-2; solid symbols) for reaction at the same degree of conversion Xbenzaldehyde = 5 

± 2%) over MgO_Com (), MgO_N (, ◆), MgO_H (, ) and MgO_C (). Note: Solid 

line in (II) provides a guide to aid visual assessment. Reaction conditions: P = 1 atm, T = 573 

K, n/F = 2 × 10-1 h. 

 

Figure 7: MgO catalysts - Effect of calcination temperature: (I) XRD diffractogram patterns 

(including JCPDS-ICDD reference cards for (a) MgO (087-0651) and (b) Mg(OH)2 (100-

0054)) and (II) carbon dioxide temperature programmed desorption (CO2-TPD) profiles for 

(A) MgO_H(573), (B) MgO_H, (C) MgO_H(773), (D) MgO_H(873) and (E) MgO_H(923), 

Note: Raw data in (II) is shown as open symbols (), while background and curve fitting are 

represented by dotted and solid (grey (Brønsted basic sites) and black (Lewis)) lines, 

respectively.  

 

Figure 8: MgO catalysts - Effect of calcination temperature and Li/Cs incorporation: Variation 

of (I) benzylideneacetophenone production rate (R; mol h-1 m-2) and (II) density of Lewis 

basic sites (ρLewis, mol m-2) with calcination temperature of MgO_H samples (✕; bottom X-
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axis) and promoter (Li , Cs ) metal loading (top) for MgO catalysts. Note: Solid and dashed 

lines provide a guide to aid visual assessment. Reaction conditions: P = 1 atm, T = 573 K, 

n/F = 2 × 10-1 h, Xbenzaldehyde= 6 ± 2%. 

 

Figure 9: MgO catalysts - Effect of Li/Cs incorporation: (I) XRD patterns (including JCPDS-

ICDD reference card for (a) MgO (087-0651) and (b) Li2CO3 (900-8283)) and (II) carbon 

dioxide temperature programmed desorption (CO2-TPD) profiles for (A) Li1MgO_H(773), (B) 

Li5MgO_H(773), (C) Li10MgO_H(773), (D) Cs1MgO_H(773), (E) Cs5MgO_H(773) and (F) 

Cs10MgO_H(773). Note: XRD diffractogram magnifications over 2θ = 40-46° for patterns 

I(A-C) and I(D-F) are presented as insets (c) and (d), respectively, while dashed line in (c-d) 

identifies position of MgO main peak (2θ = 42.9°). Raw data in (II) is shown as open symbols 

(), while background and curve fitting are represented by dotted and solid (grey (Brønsted 

basic sites) and black (Lewis)) lines, respectively.  

 

Figure 10: MgO catalysts - Effect of Li/Cs incorporation: Representative STEM-EDX 

analyses of Cs10MgO_H(773); (I) dark field STEM image with (II) EDX maps illustrating the 

distribution of (A) Cs and (B) Mg.  



34 

 

Figure 1 

 



35 

 

Figure 2 

 

 

 



36 

 

Figure 3 

 



37 

 

Figure 4 

 



38 

 

Figure 5 

 



39 

 

Figure 6 

 



40 

 

Figure 7 

 



41 

 

Figure 8 

 



42 

 

Figure 9 

 



43 

 

Figure 10 

 

 

 

 

 

 

 

 

 


