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ed bifunctional MgAl-SBA-15 for
aldol condensation of furfural and acetone†

Mahashanon Arumugam, *a Oleg Kikhtyanin, b Amin Osatiashtiani, c

Veronika Kyselová,d Vlastimil Fila, e Iva Paterova,f Ka-Lun Wonggh

and David Kubička*ab

The aldol condensation of furfural and acetone followed by hydrodeoxygenation into bio-jet fuel range

alkanes and bio-polyester diols has attracted intensive interest in recent years. Such sequential reactions

require a careful tailoring of one or more catalysts consisting of metal and acid–base active sites that can

efficiently promote the two step cascade aldol condensation and hydrodeoxygenation. Here, we have

begun developing a prominent base catalyst for mild aldol condensation of furfural and acetone by

synthesizing acid–base bifunctional MgAl-SBA-15 and further modifying it with potassium. The catalyst with

the highest basic site loading of 0.27 mmol g−1 showed a furfural conversion of 83% and 99% total

selectivity to products comprising 54% 4-(2-furyl)-4-hydroxy-butan-2-one (FAc-OH, a C8 alcohol

intermediate) and 23% of each 4-(2-furyl)-3-buten-2-one (FAc) and 1,4-pentadiene-3-one,1,5-di-2-furanyl

(F2Ac) (C8 and C13 aldol condensation products, respectively) after 3 hours of reaction, at 50 °C. Though

a higher loading of potassium causes severe blockages of mesopores and inaccessible acid sites, the

catalyst could still be regenerated by open-air calcination and be re-used for considerable cycles with fair

catalytic performances. Overall, the present study can be the stepping stone for future investigations on

further tuning of non-interfering active sites in SBA-15 to promote an efficient one-pot transformation of

furfural and acetone via the two-step cascade aldol condensation and hydrodeoxygenation.
1 Introduction

Lignocellulosic biomass is widely regarded as one of the most
sustainable, CO2 neutral and abundant carbon sources that has
evolved as an alternative feedstock in the production of
renewable fuels and chemicals.1 Acid hydrolysis of notable
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lignocellulosic carbohydrates like cellulose and hemicellulose
can lead to hexose and pentose sugars that can be further
dehydrated to a variety of potential C2–C6 platform chemicals
such as furfural, hydroxymethylfurfural (HMF), acetone, etc.2,3

Apart from ethanol and acetic acid, furfural is one of the oldest
renewable chemicals, originating from non-food-based sources
like agricultural waste and forest residue.4–6 The transformation
of furfural (and its derivatives) into energy-intensive fuels and
chemicals via C–C coupling reactions, particularly aldol
condensation with a-hydrogen compounds (such as ketones),
followed by hydrodeoxygenation (HDO) of the aldol adducts
became an area of active research in recent years. In addition,
ketone, such as acetone, is produced when biomass is fer-
mented in the Acetone–Butanol–Ethanol (ABE) process.7

Acetone with its three-carbon molecule and carbonyl functional
group, is frequently used as a substrate in aldol condensation
reactions with furfural to make fuel and chemical precursors.

Aldol condensation is one of the prominent reactions in
organic chemistry that has been used to produce high-quality
fuels and chemical intermediates under reaction conditions
(e.g., 50–180 °C) with either base or acid catalysts. Conven-
tionally, aldol condensation is catalyzed by homogeneous
mineral base catalysts such as sodium and calcium hydroxide.
However, the product treatment of this process requires a large
amount of water to neutralize the homogeneous catalyst, which
Sustainable Energy Fuels, 2023, 7, 3047–3059 | 3047
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has adverse effects on the environment and production cost.8

Alternatively, solid catalysts such as MgO,9 ZnO, and TiO2 (ref.
10) andmixed oxides such as hydrotalcite andMgO–ZrO8,11 have
been signicantly explored to replace the homogeneous cata-
lysts. In addition, layered double hydroxides (LDHs), also
known as anionic clays or hydrotalcite-like materials (HTC),
have been mentioned as promising aldolization catalysts
among solid base catalysts.12–14 Moreover, re-hydrated HTC
materials enable high furfural conversion in aldol condensation
between furfural and acetone at temperatures as low as 25 °
C.15,16 However, several major disadvantages have been associ-
ated with these HTC materials, including high sensitivity to
ambient CO2, which makes recycling the catalysts difficult.16–19

Porous solid acid catalysts such as zeolites of different struc-
tural kinds, including H-ZSM-5, H-MOR, H-USY and H-BEA, have
also been employed for the aldol condensation of furfural with
acetone. The best catalytic behavior was observed for the H-BEA
catalyst, which yielded only 30.6% FAc (furfural-acetone
condensation adduct), 1.4% F2Ac and 6.5% (FAc)2 (originating
from dimerization of FAc and furfural, and two FAc molecules,
respectively), along with 38.5% furfural conversion at 100 °C and
2 h.20 The lower furfural conversion is due to the kinetically
slower acid-catalyzed reaction pathway, in which the activation or
protonation of carbonyl oxygens of both furfural and acetone are
required prior to an enol formation. This step is followed by the
protonation of the hydroxyl group of a b-hydroxyketone inter-
mediate, making it less favorable than the base-catalyzed reac-
tion.When the reaction is base-catalyzed, a high concentration of
basic sites (ideally medium-strength basic sites) is required to
deprotonate the a-proton of the carbonyl compound (acetone).
This results in a carbanion enolate anion formation, which is also
a strong nucleophile that easily attacks the electrophilic carbonyl
carbon (furfural) under mild conditions.21

In recent years, there has been a lot of interest in synthe-
sizing solid mesoporous bases or employing mesoporous
materials as carriers to produce basic species.22–24 Compared to
the microporous zeolites, the larger pore sizes of the meso-
porous catalysts facilitate faster in-pore diffusion of bulky
molecules, enabling higher accessibility to the inner catalyti-
cally active sites. Among the candidates with mesostructures,
mesoporous silicas such as MCM-14 and SBA-15 seem to be the
cheapest in cost and possess good hydrothermal stability.23,25

Therefore, introducing basic guests or their precursors such as
magnesium nitrate and calcium nitrate during the synthesis of
SBA-15 has been one of the practicable ways of preparing
a strong base.26,27 Moreover, a superbasic mesoporous
composite can be further made by dispersing neutral potassium
nitrate on the directly synthesized MgO-SBA-15, followed by
heat activation under an inert environment to form potassium
oxide nanoparticles. The pre-coated MgO protects the meso-
porous silica from the corrosion of alkaline potassium and, at
the same time, improves the dispersion and decomposition of
potassium salt and the formation of strongly basic sites.27 It is
important to take note that the direct contact of strong alkali
metals such as potassium and caesium with the siliceous
framework corrodes the siliceous framework and collapses the
mesoporous structure of SBA-15 at high activation temperature,
3048 | Sustainable Energy Fuels, 2023, 7, 3047–3059
leading to the loss of the basic nature of the catalyst.25,27 Also not
long ago, Ning and co-workers constructed a new solid meso-
porous superbase, comprising KF modied bimetallic Al–La
supported on SBA-15 through the wetness impregnation
method. The Al–La species have been conjointly precoated on
the mesoporous silica surface prior to the introduction of KF
salt, followed by activation at a lower temperature. The addi-
tional incorporation of Al species enhances the La dispersion
inside channels, and the bimetallic species could synergistically
shield SBA-15 mesoporous structures against KF corrosion,
resulting in higher basicity and total surface area. Similarly, the
KF modied monometallic Al supported on SBA-15 showed
a well-preserved mesoporous structure, but weaker basic
strength than the bimetallic Al–La doped SBA-15.

SBA-15 is an ordered mesoporous silica material that has
been gaining popularity, particularly in biomass upgrading,
because of the following properties: (i) high surface area for
metal nanoparticles or metal-oxide dispersion,28,29 (ii) notable
thermal and hydrothermal durability,30 (iii) large pore
volumes,31 and (iv) attractive tunable acid–base chemical char-
acteristics.32 These properties have also received widespread
attention in the development of bifunctional acid–base SBA-15
catalysts, in which the acidic and basic active sites can be
tailored on a single SBA-15 using a top-down (including post-
treatment such as alumination and post-graing of electro-
philic and nucleophilic active groups)33,34 or bottom-up (direct
co-condensation of metal precursors during the synthesis
stage)35,36 approach. The post or direct graing of SBA-15 with
organic moieties, such as amino acid groups, creates acid–base
bifunctional organic–inorganic hybrid mesoporous materials.37

However, the acid–base strength of these graed mesoporous
materials is relatively weak and not as stable as metal modied
materials, especially at high temperature.

The bifunctionalization of SBA-15 through in situ graing of
both acidic and basic sites in the mesoporous material using
Mg and Al precursors has shown excellent activity and selec-
tivity in the degradation of N-nitrosopyrrolidine (NPYR).38 More
recently, compartmentalization and segregation of the inor-
ganic acidic and basic sites in hierarchical macro-mesoporous
SBA-15 using a spatially orthogonal approach, along with
substrate channelling, have shown improved catalytic activity in
one-pot transesterication of fatty acid contaminated bio-oils
and two-step cascade deacetalization-Knoevenagel condensa-
tion of dimethyl acetals to cyanates. The mesopores and mac-
ropores of the hierarchical porous framework were spatially
separated with active sites, in which the mesoporous region was
coated with MgO solid base nanoparticles, while the macro-
porous region with sulfated zirconia solid acid. Such multi- or
bifunctional catalysts are essential for tandem catalytic trans-
formation reactions.39

Studies of hydrodeoxygenation (HDO) of furfural–acetone
aldol condensation products over SBA-15 and zeolites supported
with acid and metal sites on the surface have been reported.
Supported mono- and bimetallic catalysts such as Pt/Beta and Pt/
Al-SBA-15, and Ni–Cu/Al-SBA-15 with a Si/Al ratio of 25 have been
successfully employed for catalytic HDO of furfural-acetone
adducts. The resulting products mainly contain 4-(2-furyl)-3-
This journal is © The Royal Society of Chemistry 2023
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buten-2-one (F-Ac) to linear C8-alcohol. The acidic character,
particularly the Brønsted acid sites created from the tetrahedral
Al metal of these porous materials, promotes the hydrogenolysis
of the C–O bond of the furan ring in the F-Ac molecule to
diols.40,41 Therefore, it is worthwhile to have both acid and base
active sites in one single porous material, predominantly for an
efficient one-pot transformation of furfural and acetone into
valuable end-products like bio-jet fuel ranged alkanes and
potential monomer diols that require a cascade of multiple
conversion steps, including aldol condensation, hydrogenation/
HDO and dehydration.

To the best of our knowledge, the basic nature of porous
silica materials, particularly potassium-based promoted or
modied acid–base bifunctional MgAl-SBA-15 for the aldol
condensation of furfural and acetone, has not been fully
explored. The Al metal has no role in the mild furfural-acetone
aldol condensation reaction as the Brønsted acid sites require
higher reaction temperatures, approximately 100 °C, to be
active in aldol condensation.20 Meanwhile, the Mg protects the
mesoporous silica against corrosion, improves the dispersion,
and facilitates the decomposition of potassium salt to form
strongly basic sites. Therefore, the aim of this work is to
determine the effect of the basicity of the modied bifunctional
MgAl-SBA-15 on its activity and selectivity in the aldol conden-
sation of furfural with acetone under mild reaction conditions.
Besides that, the effect of the calcination environment and the
method of pre-treatment of the re-used catalyst on catalytic
activity has also been investigated.
2 Methodology
2.1 Preparation of in situ acid–base modied SBA-15

The bifunctional acid–base modied SBA-15 (x% MgAl/SBA-15)
and silicious SBA-15 were prepared using a conventional liquid
crystal template sol–gel synthesis method as described in the
literature.38 The x in the sample name signies the total weight
percentage of MgO and Al2O3 in samples, where x and the Mg/
Al mol ratio were xed at 12 and 2, respectively. Typically, 2 g of
pluronic P123 (average Mn∼ 5800, Sigma) was rst dissolved in
a 50 mL polypropylene bottle containing 15 g of H2O at 40 °C.
60 g of 2 M HCl (35%+, Penta Chemicals) was then added and
stirred for 2 h. Prior to the addition of 4.25 g of TEOS (98%,
Sigma), the gel was stirred respectively for an additional 2 h and
one h aer the successive addition of Mg(CH3COO)2$4H2O
(>98%, Sigma) and Al(NO3)3$9H2O (>98%, Lach:Ner, p.a. Czech
Republic) salts. The resulting gel contained TEOS: 0.02 P123:
0.16 Mg (CH3COO)2: 0.08 Al(NO3)3: 6HCl: 192H2O. The gel
mixture was then aged by stirring it at 40 °C for 24 h, and further
aged at 90 °C for 48 h under an autogenous pressure and non-
stirring environment. The aged gel was nally evaporated at 80 °
C until the solid sample was recovered and calcined at 550 °C
(ramped at 1 °C min−1) for 5 h.
2.2 Preparation of K2O promoted acid–base SBA-15

The stronger basic catalyst was prepared by dry impregnation of
different amounts (y wt%) of KNO3 salt (>98%, Lach: Ner, p.a.)
This journal is © The Royal Society of Chemistry 2023
with the above modied SBA-15 according to the procedure
reported by Zheng et al.27 The mixed solid mixture was wetted
into a paste with a small amount of water, approximately 65%
more than the total weight of prepared catalysts, and ground for
10 min. It was then dried overnight in an oven at 110 °C. The
mass of water used was varied according to the densities of the
acid–base modied SBA-15, which were ve to six times more
the total weight of the modied SBA-15. The sample was ground
again for 10 min before being dried overnight in the oven at
110 °C. The sample was then calcined under a ow of 30
mL min−1 N2 at 550 °C with a ramp rate of 3 °C min−1 and held
for 2 h. The nal sample is denoted as yK2O/12MgAl/SBA-15,
where y denotes the weight percentage of the KNO3 coated on
the modied SBA-15.

2.3 Preparation of MgAl layered doubled hydroxide (LDH)

In this study, MgAl layered doubled hydroxide (LDH) with a Mg/
Al molar ratio of 2 was chosen as a benchmark catalyst for the
aldol condensation. The MgAl LDH was prepared using a co-
precipitation technique adapted from our previous work.15

Typically, an aqueous solution containing Mg(NO3)2$6H2O
(99.9%, Lach:Ner) and Al(NO3)3$9H2O (98.8%, Lach:Ner) with
a 0.5 mol L−1 concentration of total metal ions was slowly added
to 200 mL of double-distilled water. Subsequently, alkaline
solutions of Na2CO3 (0.2 mol L−1) (99%, Penta) and NaOH
(1 mol L−1) (99.6%, Lach:Ner) were added simultaneously at
a ow rate that maintains the reaction pH at the desired value of
10.0 ± 0.1. The co-precipitation was carried out at 25 °C and
400 rpm. The nal suspension was then aged at 25 °C for 1.5 h
under constant stirring. The product was ltered out, rinsed
with distilled water, dried overnight at 60 °C, and then calcined
at 400 °C with a ramp rate of 3 °C min−1 for 4 h. Aer calci-
nation, the catalyst was sealed in a glass vial and then stored in
a desiccator before the catalytic testing. Following that, z wt% of
KNO3 promoted 2MgAl was prepared according to the method
described in Section 2.2, where z denotes the weight percentage
of KNO3 coated on the 2MgAl. The catalytic test was performed
on the same day to prevent the basic catalyst from reacting with
CO2 from the surrounding environment.

2.4 Characterization

Nitrogen porosimetry was performed on a 3Flex analyzer,
Micromeritics, Norcross, USA. The samples were degassed at
150 °C for 12 h in a vacuum prior to the N2 adsorption analysis
at −196 °C. The specic surface area was determined using the
Brunauer–Emmett–Teller (BET) method within the relative
pressure range of 0.02–0.2. The microporosity present was
determined using t-plot analysis over the relative pressure range
of 0.2–0.5. The DFT method was used for determining the pore
size distribution.

Low angle XRD was performed in the range of 2q = 0.5–10.0°
with a step size of 0.01° and a scan step of 0.6 s using a Bruker –
D8 Advance diffractometer UK, tted with an X'celerator
detector with Co Ka (l = 1.54 Å). The wide angle XRD patterns
were recorded in the range of 2q = 10–80° with a step size of
0.03° and scan rate of 1.0 s using a PANalytical X'Pert3
Sustainable Energy Fuels, 2023, 7, 3047–3059 | 3049
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diffractometer and Cu Ka (l = 1.78 Å). An ARL 9400, Axios,
PERFORM'X XRF was used to determine the elemental
composition of the bulk catalysts.

An EFTEM Jeol 2200 FS, Japan, with an accelerating voltage
of 200 kV was used to investigate themorphology of the calcined
catalysts. The surface composition of the catalyst was deter-
mined by mapping technique using an EDX from AZtec Oxford
Instruments.

CO2-TPD was measured using an AutoChem II 2920 (Micro-
meritics Instrument Corp., USA) equipped simultaneously with
a TCD and an MS (Pfeiffer Omnistar GSD320, Germany)
detector. About 60 mg of calcined samples were initially pre-
treated in a helium atmosphere at 550 °C to remove surface
moisture and impurities. The samples were cooled down to 50 °
C prior to adsorption with a CO2 molecule for 30 min, followed
by purging out any excess pyridine and CO2 with helium (25
mL min−1) at 50 °C. The desorption of CO2 was performed by
heating the samples from 50 °C to 800 °C at a heating rate of
10 °C min−1 under a 25 mL min−1

ow of He and held for
30 min. The CO2-TPD prole was recorded as relative mass 44/4
(CO2) by using a MS detector using m/z signal 44, which was
divided by the signal of the carrier gas He to achieve higher
precision.

The acid site loading was determined using temperature
programmed decomposition of n-propylamine to propene and
NH3 via the Hoffman elimination reaction principle.42 About
10 mg of sample was wetted with 0.4 mL of n-propylamine and
dried in a fume hood at room temperature. The physisorbed n-
propylamine was subsequently evaporated in a vacuum oven
overnight at 40 °C and 100 mbar. The n-propylamine treated
samples were analysed with thermogravimetric analysis (TGA)
using Setaram SETSYS Evolution TGA-DTA Thermal Analyzer
(Caluire, France) instrument equipped with mass
spectrometer Pfeiffer Omnistar GSD 320 from 50 to 800 °C with
a ramp rate 10 °C min−1 under a N2 atmosphere (30 mL min−1).
The m/z = 41 signal for propene was monitored to determine
the temperature range over which n-propylamine decomposed
and the corresponding mass loss over this range in TGA was
used to calculate the moles of n-propylamine adsorbed at acid
sites.

The thermogravimetric-differential thermogravimetric (TGA-
DTG) analysis of the regenerated catalyst was performed using
a TA Instruments TGA Discovery series equipment, USA. The
catalyst was heated from 50 to 900 °C with a heating rate of 10 °
C min−1 and an O2 ow of 30 mL min−1.
2.5 Catalytic test

As reported in our previous method,12 furfural (99%, Sigma) was
distilled, stabilized with 2,6-di-tert-butyl-4-methylphenol (BHT,
99%, Sigma-Aldrich), and stored in an amber bottle, chilled
before all catalytic experiments. The furfural was initially
distilled to remove the acid impurities, which were originally
present in the as-obtained furfural using a rotary evaporator at
around 130 °C with a vacuum pressure close to −0.8 bar. The
distilled furfural was then mixed with a stabilizer at a weight
ratio of 375 parts furfural to 1 part stabilizer. The total acid
3050 | Sustainable Energy Fuels, 2023, 7, 3047–3059
content of the furfural was determined by titrating against
0.01 M potassium hydroxide using a Karl Fischer auto-titrator
model 716 DMS Titrino (Herisau, Switzerland). The acidity of
distilled furfural used in this study was 0.0031 mmol equiva-
lents of acids present per gram of furfural. Aldol condensation
was performed using 3.25 g furfural and 12.5 mL acetone with
a molar ratio of (1 : 5) in a 50 mL glass ask reactor. The mixture
was preheated at 50 °C before adding 0.25 g of catalyst. The
aldol condensation experiments were carried out at 50 °C (±1 °
C) under a stirring rate of 300 rpm. About 0.1 mL of samples
were intermittently withdrawn from the reaction mixture,
ltered through a 0.45 mm PTFE lter and diluted in methanol
before being analyzed with an Agilent 7890A gas chromatograph
equipped with a ame ionization detector (FID), and an HP-5
capillary column (30 m length, 0.32 mm ID, 0.25 mm thick-
ness). The catalytic performance in the aldol condensation was
expressed as conversion and selectivity.

Furfural conversion was calculated based on the formula:

x ðmol%Þ ¼ x0 � xt
x0

� 100% where: x0 is the initial mol of

furfural at time 0 min and xt is the mol of furfural at time, t.
Product selectivity was calculated as follows:

S ð%Þ ¼ nx ¼ i
Snx

� 100 % where: nx is the moles of furfural

converted to product i and Snx is the total moles of furfural
converted.

All the catalytic experiments were performed in duplicate or
triplicate with comparable data, and the experimental errors
were within ±5%. Carbon balance was calculated by dividing
the total number of carbon atoms detected in each compound
produced with Cn atoms (n = 3, 5, 8, 13 etc.) by the initial
number of carbon atoms in the feedstock containing furfural
and acetone. In all experiments, the carbon balance was very
close to 100%.
3 Results and discussion
3.1 Characterization

Elemental analysis and physicochemical properties of the
prepared catalysts are shown in Tables 1, S1, 2 and S2.† XRF
analysis reveals the existence of all the major oxides in the
samples, and the experimental compositions are closely matched
to their respective theoretical values. Fig. 1a and b exhibit low and
wide-angle XRD diffractograms of SBA-15 samples. The acid–base
modied samples show well-resolved diffraction peaks with
a prominent long-range ordered mesopore peak below 2q = 1.0°,
along with weak peaks at 1.6° and 1.9°, which can be assigned to
the diffraction planes of (100), (110) and (200). These diffraction
planes are typical of 2D hexagonal pore ordering of the p6mm
space group reported for SBA-15 previously. As highlighted in the
literature,38 the direct incorporation of Mg and Al has made the
diffraction planes more intense than the parent SBA-15, eluci-
dating that the metal salts improved the ordered mesostructure
of SBA-15.43 Further incorporation of K salt from 8 to 20 wt% onto
the samples has drastically weakened the peak intensities of SBA-
15, mainly due to the pore blockages. No diffraction peaks due to
the crystalline phase of MgO, Al2O3 or K2O are observed from the
This journal is © The Royal Society of Chemistry 2023
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Table 1 Elemental compositiona

Parameter/sample Unit SBA-15 12MgAl-SBA-15 8K2O/12MgAl-SBA-15 20K2O/12MgAl-SBA-15

SiO2 wt% 99.53 86.03 77.97 66.11
Al2O3 wt% — 4.86 5.11 4.17
MgO wt% — 8.42 8.29 7.14
K2O wt% 0.12 0.10 8.19 21.43
Other impuritiesb wt% 0.35 0.59 0.44 1.15
Si/Al mol mol−1 — 15.1 13.0 15.9

a Determined by XRF analysis. b Impurities including Cl, SO3, P2O5, CaO, Na2O, CuO, ZnO and Fe2O3.
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wide angle XRD patterns, indicating that the oxides formed on
SBA-15 are either well dispersed or have particle size in the low
nanometre range. Likewise, TEM analysis shows that the addi-
tion of metal precursors does not inuence the morphology of
the SBA-15 composite signicantly (Fig. 2). Themodied samples
displayed ordered one-dimensional straight channels and
retained the same hexagonalmesostructure as the parent SBA-15.
The elemental mapping images show a homogeneous dispersion
and interaction of guest particles with the silica framework
throughout the SBA-15 composite. The XRF analysis of the 2MgAl
mixed oxide counterpart demonstrates that the synthesized
material has the same Mg/Al mol ratio (∼2) as the theoretical
one (Table S1†). The XRD pattern of the calcined 2MgAl shows
that only the MgO crystalline phase is present, as evidenced at
2q z 43.0° and 62.5° (Fig. S1†). When KNO3 is introduced, new
diffraction peaks can be observed at 27.35°, 29.72°, 32.84°,
39.41°, 44.43° and 44.85°, referring mainly to the planes of
rhombohedral KNO3 (JSPDS no: 01-078-7937). The presence of
a small amount of K2O is observed with the peaks centred at
27.35°, 39.41°, 43.26°, 62.77° and 76.60° (JSPDS no: 01-089-3998).
The diffraction peaks of K2O mostly overlap with those of KNO3.
The signicant phase composition of KNO3 could be due to the
lower calcination or activation temperature (550 °C) that did not
totally decompose all the KNO3 salt to K2O.27

In accordance with IUPAC classication for mesoporous
materials, both parent andmodied SBA-15 possess typical type
IV isotherms (Fig. S2†), with the BET surface area decreasing
with the metal incorporation. As the concentration of guest
Table 2 Physicochemical properties

Catalyst

Base and acid site loading

Tmax

(°C)

Basic site
loadinga

(mmol g−1)
Tmax

(°C)

Acid site
loadingb

(mmol g−1

20KNO3/12MgAl-SBA-15 168, 616 0.276 — —
20K2O/12MgAl-SBA-15 172, 653 0.236 418 0.050
8K2O/12MgAl-SBA-15 109, 492 0.029 361, 502 0.040
12MgAl-SBA-15 115 0.007 426 0.470
SBA-15 108 0.006 154 0.290

a From CO2-TPD.
b From propylamine-TGA-MS. c SBET total surface area

surface area and VMIC micropore volume determined from t-plot anal
between SBET and SMIC.

f Vp total pore volume obtained from the isothe
from the difference between Vp and VMIC.

This journal is © The Royal Society of Chemistry 2023
species added to the parent SBA-15 increases, the BET surface
areas and total pore volumes drastically reduce to 94% and
80%. The pore size distribution of SBA-15 samples before and
aer bifunctionalization is shown in Fig. 1b. DFT pore size
measurement indicates that the pore width of the parent SBA-15
lies between 1.6 and 2.4 nm and 6.6 and 9.3 nm, corresponding
to micro- and meso-pore sizes of typical SBA-15. The pore size
distribution of the modied SBA-15 sample is more con-
strained, lying only in the mesopore range of 6.5–9.7 nm than
the parent SBA-15. However, when the K2O content reaches
20%, the pore size of the modied SBA-15 completely disap-
pears compared to that of the host, suggesting a high degree of
pore obstruction.44

Fig. 3a depicts a small peak centered at 110 °C that appeared
on the bare SBA-15 support due to the release of weakly adsor-
bed CO2 from the SBA-15 surface during CO2-TPD analysis.27 In
situ bifunctionalization of 12 wt%Mg and Al on SBA-15 does not
form any new basic sites, as the desorption of CO2 remains in
the weak basic site region (<200 °C) with a maximum temper-
ature Tmax of 118 °C and total basic sites of 0.007 mmol g−1.
Further incorporation of 8 and 20 wt% K2O species leads to the
appearance of new CO2 desorption peaks at a Tmax of 492 and
653 °C, demonstrating a close association between the intense
increase in basicity and the K2O species. In addition, the total
basic site loading of the 20 wt% K2O loaded catalyst
(0.236 mmol g−1) is 35 times more than that of 12MgAl-SBA-15
(0.007 mmol g−1). The excess strong basic sites are attributed to
highly dispersed KNO3 salt on the Mg coated-SBA-15, followed
SBET
c

(m2 g−1)
SMIC

d

(m2 g−1)
SEXT

e

(m2 g−1)
Vp

f

(cm3 g−1)
Vmic

d

(cm3 g−1)
Vmes

g

(cm3 g−1))

— — — — — —
30 0 30 0.21 0.00 0.21
261 12 249 0.66 0.01 0.66
485 31 454 0.92 0.02 0.91
531 54 477 0.98 0.02 0.96

determined using the BET equation with P/P0 < 0.05. d SMIC micropore
ysis. e SEXT external surface area was calculated from the difference
rm at P/P0 = 0.99 (error = ±10%). g VMES mesopore volume obtained

Sustainable Energy Fuels, 2023, 7, 3047–3059 | 3051
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Fig. 1 (a) Low angle and (b) wide angle XRD patterns, and (c) DFT pore size distribution for parent SBA-15 and modified SBA-15 catalysts.
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by its decomposition to K2O by thermal treatment under a N2

environment. As a comparison, the CO2-TPD analysis was also
performed on a non-calcined 20KNO3/12MgAl-SBA-15 sample,
which exhibited een times more basic site loading
(0.276mmol g−1) and a comparable basic site strength of Tmax=

616 °C to 8K2O/12MgAl-SBA-15. Apart from 20KNO3/12MgAl-
SBA-15, all the samples were pre-calcined and subsequently
activated at 550 °C for 2 h under N2 prior to CO2 adsorption
before the CO2-TPD analysis. However, we speculate that due to
high sensitivity towards CO2 and poor activation temperature,
the pre-calcined samples possess poor basic sites in comparison
with the freshly prepared non-calcined sample. It is evident
from the temperature-programmed decomposition (TPDE)
analysis that the KNO3 salt on the MgO-modied SBA-15
completely decomposes aer activation at 600 °C.27 Concern-
ing the CO2-TPD result of HTCmaterial (Table S1 and Fig. S3a†),
a higher basic strength is observed at Tmax 404 °C and 642 °C, in
conjunction with the potassium incorporation onto 2MgAl.
Compared to 2MgAl, higher basic site loadings of 0.38 and
0.11 mmol g−1 are exhibited by 20K2O/2MgAl at Tmax 404 °C and
642 °C. In contrast, 2MgAl shows basic site loadings of 0.53 and
0.04 mmol g−1 at a Tmax of 230 °C and 648 °C, respectively.

The mass spectra of reactively formed propene (m/z = 41)
and the corresponding desorption temperature of the
3052 | Sustainable Energy Fuels, 2023, 7, 3047–3059
chemisorbed n-propylamine are shown in Fig. 3b. Usually, the
decomposition temperature of adsorbed isopropylamine to
propene and ammonia occurs between 300 °C and 550 °C.45 In
this study, the parent and modied SBA-15 showed a low-
temperature desorption peak of propene below 200 °C, which
can be ascribed to physisorbed propylamine. The presence of
strong acid sites on modied 12MgAl-SBA-15 is evidenced by
a larger high-temperature desorption peak that appeared at
a maximum temperature of 426 °C, with an acid site loading of
0.47 mmol g−1 that can be associated with the release of pro-
pene from strong acid sites. The incorporation of 8 wt%
potassium on the modied-SBA-15 has reduced the catalyst's
acidity drastically by 12 times, due to the obstruction of
Brønsted acid sites (Si–OH–Al) by the potassium particles. As for
the HTC material, the acid site loading of 20K2O/2MgAl was
∼60% lower than that of unmodied 2MgAl (Fig. S3b†), with
a slight shi to a lower decomposition Tmax of 295 °C. The lower
decomposition temperature indicates blockages of Lewis acid
sites of 2MgAl aer the high potassium loading.

3.2 Catalytic part

In this work, the furfural-acetone aldol condensation was per-
formed using a glass batch reactor with a xed molar ratio of 1 :
5 of furfural and acetone and a constant temperature of 50 °C
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 TEM images for (a) SBA-15 (b) 12-MgAl-SBA-15 and (c) 20K2O/12MgAl-SBA-15 and elemental mapping of 20K2O/12MgAl-SBA-15.
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throughout all the experiments. The products of the furfural-
acetone aldol condensation are depicted in Scheme 1. The
bifunctional 12MgAl-SBA-15 and potassium-incorporated cata-
lysts were prepared under open-air and N2 environment calci-
nations and kept in a desiccator prior to the catalytic study. The
effect of basic sites on furfural conversion and selectivity is
shown in Fig. 4. Of all the tested catalysts, the acid–base
bifunctional 12MgAl-SBA-15 shows no activity for the aldol
condensation, plausibly due to the small number of basic sites.
However, an increase in the basic site loading of the bifunc-
tional catalyst signicantly improved the progression of furfural
conversion. As foreseen, a higher conversion of furfural was
This journal is © The Royal Society of Chemistry 2023
achieved with increasing potassium content. Fig. 4(b–d) also
reveal that at a low iso-conversion of 10–20%, when the catalyst
deactivation is minimal, the selectivity to FAc-OH drops
marginally, but selectivity to F2Ac rises with increasing basicity.
This phenomenon is explained by the fact that the strongly
basic sites in xK2O/12MgAl-SBA-15 contribute more to the
overall performance of the catalyst, especially the second aldol
condensation step of FAc to F2Ac. In the case of the HTC catalyst
(Fig. S4a–c†), introducing 20 wt% potassium into the 2MgAl
HTC catalyst doubled its catalytic activity compared to
unmodied 2MgAl, achieving furfural conversions of 40% and
91% with 3 h and 24 h reaction times. It is apparent that the
Sustainable Energy Fuels, 2023, 7, 3047–3059 | 3053
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Fig. 3 (a) CO2-TPD and (b) TGA-MS-propylamine of parent and modified SBA-15.
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catalytic activity of the potassium promoted 2MgAl is in good
agreement with the basic strength of the catalyst as depicted in
its CO2-TPD experiment.46 Meanwhile, the selectivity result of
20K2O/2MgAl shows that FAc and F2Ac concentrations
increased dramatically to 46% and 32% with furfural conver-
sion, indicating a faster dehydration rate of the FAc-OH inter-
mediate over the strongly basic sites of the catalyst. However,
although 20K2O/2MgAl has higher basic site strength and
loading and a comparable BET surface area, a furfural conver-
sion of only 65% has been achieved within 3 h reaction time
compared to its counterpart, 20K2O/12MgAl-SBA-15. This
anomaly could be due to the better dispersion and decompo-
sition of the potassium salt on the mesostructured SBA-15,27

particularly, the bifunctional 12MgAl-SBA-15 which has a higher
surface area and porosity than the mixed metal oxide 2MgAl.

Based on the catalytic results from the previous section, it
can be concluded that K2O doped onto the acid–base bifunc-
tional 12MgAl-SBA-15 has stronger basic sites and thus,
exhibited superior catalytic activity for the furfural and acetone
aldol condensation under mild conditions of 50 °C. This is
because of the strong interaction between potassium and pre-
coated Mg on SBA-15 that promotes the dispersion and
Scheme 1 Reaction scheme of the furfural and acetone aldol condensa

3054 | Sustainable Energy Fuels, 2023, 7, 3047–3059
decomposition of KNO3 salt into K2O, thereby creating
a strongly basic site in the catalyst. However, metal species
incorporated on materials such as oxides, zeolites, and SBA-15
via preparation techniques such as impregnation and co-
precipitation can be unstable and slowly leach out into the
reaction mixture over time. As a result, the reusability of the
spent 20K2O/12MgAl-SBA-15 was evaluated to assess its stability
and robustness in the aldol condensation reaction.

Fig. 5a and b show the catalytic activities of the re-used and
regenerated 20K2O/12MgAl-SBA-15 with different methods and
repeated open-air calcination. Initially, the used catalyst was
regenerated by thermal treatment under an N2 atmosphere at
550 °C for 2 h. The catalyst, however, was completely deacti-
vated, mainly due to the incomplete oxidation of the aldol
adduct residue. The incomplete oxidation of the aldol adduct
residue in the N2 environment was proven with the TGA
experiment, in which it degraded from 250 to 500 °C
(Fig. S5†).47,48 When the calcination is performed under N2, the
residue adsorbed on the catalyst's surface turns into carbon,
thus blocking its active site. For this reason, aer the rst
catalytic run, the spent catalyst was recycled by rinsing with
acetone several times and drying overnight at 110 °C. However,
tion.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Comparison of furfural conversion and (b–d) product selectivity as a function of furfural conversion achieved over 24 h using different
concentrations (8, 15 and 20 wt%) of potassium modified 12MgAl-SBA-15.

Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:2

4:
02

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the catalytic performance of the recycled catalyst was signi-
cantly reduced, with furfural conversion decreasing to 31% aer
a reaction time of 24 h. Following the poor catalytic perfor-
mance, the spent catalyst from the second run was ltered and
cleaned with a Soxhlet extractor using ethyl acetate for 24 h at an
extraction temperature of 100 °C and replaced with acetone for
8 h. The recycled catalyst, nevertheless, showed no improve-
ment in the activity and instead suffered serious deactivation,
with furfural conversion reaching only 0.3% aer 24 h. The
result implies that the 20K2O/12MgAl catalyst cannot be recy-
cled through washing with acetone and Soxhlet extraction alone
aer the reaction.

A further attempt to revive the catalyst performance was
continued by ltering out the spent catalyst and washing it with
acetone and nally regenerating it thermally by open-air calci-
nation at 550 °C for 2 h. Aer 24 h of reaction, the catalytic
behaviour of the regenerated catalyst was restored but only up
to 15%. This suggests that the restoration of catalytic activity
can be xed by burning off the carbon residue and aldol adducts
adsorbed on the catalyst's surface. Subsequently, the furfural-
This journal is © The Royal Society of Chemistry 2023
acetone aldol condensation reaction was re-investigated using
potassium nitrate incorporated on 12MgAl-SBA-15 that was
freshly prepared and regenerated using open-air calcination
instead of a N2 atmosphere. 20 wt% potassium incorporated on
the acid–base modied 12MgAl-SBA-15 was calcined in air at
550 °C for 2 h, and the catalyst was removed from the furnace at
around 400 °C, sealed in a glass vial, and then stored in
a desiccator prior to the aldol condensation experiment. The
catalytic test was performed on the same day to avoid contam-
ination of CO2 from the atmosphere. The fresh 20K2O/12MgAl-
SBA-15 displayed a slightly lower furfural conversion of 65%
aer a reaction time of 24 h than the catalyst prepared under
the N2 environment. As expected, the decrease in the activity
indicates the high sensitivity character of the strongly basic
material (combination of K2O and MgO) towards ambient
CO2.27 The 20K2O/12MgAl-SBA-15 catalyst from run one was
regenerated by acetone washing, followed by drying and calci-
nation in open-air (the same conditions for run 1), and
successively tested in the next run 2. The same regeneration
step was repeated in subsequent runs 3 and 4. The catalytic
Sustainable Energy Fuels, 2023, 7, 3047–3059 | 3055
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Fig. 5 Reusability performance of the re-used 20K2O/12MgAl-SBA-15 over four reaction cycles with (a) four different treatments, including
calcination under a N2 environment, acetone washing and drying, cleaning with Soxhlet apparatus using ethyl acetate (EA), followed by acetone
washing and open-air calcination, and (b) four consecutive open-air calcinations; (c) low-angle, and (d) wide angle XRD of the calcined catalysts
regenerated after the fourth cycle.
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performance of the regenerated catalyst decreased slightly in
runs 2 and 3, with a furfural conversion of 52% and 45%, but
very dramatically to 15% in run 4.
Table 3 Elemental compositiona of the regenerated 20K2O/12MgAl-SB

Parameter/sample Unit 20K2O/12Mg

SiO2 wt% 65.29
Al2O3 wt% 4.21
MgO wt% 7.04
K2O wt% 17.43
C1 wt% 4.03
Other impuritiesd wt% 2.00
Si/Al mol mol−1 13.2

a Determined by XRF analysis. b The regenerated 20K2O/12MgAl-SBA-15 ca
Fig. 5(a) and (b) regenerated aer the fourth aldol condensation reaction. c

used catalyst. d Impurities including Cl, SO3, P2O5, CaO, Na2O, CuO, ZnO

3056 | Sustainable Energy Fuels, 2023, 7, 3047–3059
An investigation on the cause of the catalyst deactivation in
reusability experiments was carried out by recovering the spent
catalysts aer run 4 and cleaning them with acetone, followed by
A-15 catalysts after the fourth reactionb

Al-SBA-15 (various treatment)c
20K2O/12MgAl-SBA-15
(repeated air calcination)

70.18
4.73
8.05
15.39
0.15
1.50
12.6

talysts reported in the table refer to the same re-used catalyst shown in
The various treatments refer to the treatments shown for the Fig. 5(a) re-
and Fe2O3.

This journal is © The Royal Society of Chemistry 2023
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calcining in air, and then characterizing them with structural and
elemental analyses. Fig. 5c and d, and Table 3 show the results of
the XRD and XRF analyses of the regenerated catalysts from both
reusability experiments. The low-angle XRD of the regenerated
catalysts shows a slight shi in a diffraction plane (1 0 0) to
a higher angle value of 1.25° compared to the freshly prepared
catalyst in Fig. 1a. The shi in the diffraction angle could be due
to the contraction of the silica frameworks aer a repeated
number of calcinations.49 The low intensity of the 1.25° peak,
relative to those shown in Fig. 1, indicates that the mesoporous
structure has been greatly blocked. Meanwhile, the wide-angle
XRD results for spent catalysts from various treatments were
contradictory to those of the fresh catalysts as the diffraction
peaks for potassium chloride were observed at 2q values of 28.37°,
40.55°, 50.22°, 58.68°, 66.43° and 73.74°. It can be anticipated that
the various physical treatments of the spent catalyst could have
led to the formation of crystalline potassium compounds on the
catalyst surface, thus resulting in inferior catalytic performance.
Compared to the fresh catalyst, XRF results indicate a 19 wt% and
28 wt% loss in the potassium content with respect to the catalyst
regenerated aer various treatments and continuous open-air
calcination. The loss of potassium metal in the catalyst could be
the primary reason, resulting in a loss of the catalytic activity for
the aldol condensation of furfural and acetone.

4 Conclusions

To the best of our knowledge, our study is the rst to explore the
effect of the basicity of potassium-modied acid–base bifunc-
tional SBA-15 on the aldol condensation of furfural and acetone.
Our results demonstrate the crucial role of potassium loading in
the interaction with bifunctional 12MgAl-SBA-15, and how it
can improve the basicity of the material to achieve high furfural
conversion under mild reaction conditions. However, high
potassium loading can cause blockage of the mesopore struc-
ture and hinder accessibility to the acid sites of the material.
Despite this limitation, the mesoporous SBA-15 exhibits
considerable recyclability of up to four cycles when it is regen-
erated through open-air calcination. More crucially, these
preliminary results meaningfully enlighten us on designing
non-interfering strong acid–base active sites in SBA-15 for one-
pot transformation of furfural and acetone to advanced jet-fuel
ranged alkanes or petrochemical diols, which take place via
cascade aldol condensation and hydrodeoxygenation processes.
We are currently examining the activity of the developed
potassium-modied bifunctional acid–base MgAl-SBA-15 in
one-pot transformation of furfural and acetone using a high-
pressure and temperature reactor system.
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D. Kubička, Aldol condensation of furfural and acetone
over MgAl layered double hydroxides and mixed oxides,
Catal. Today, 2014, 223, 138–147.

16 V. Korolova, O. Kikhtyanin, F. Ruiz-Zepeda, M. Lhotka,
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understanding the hydrodeoxygenation pathways of
furfural–acetone aldol condensation products over
supported Pt catalysts, Catal. Sci. Technol., 2016, 6, 1829–
1841.

42 W. Farneth and R. Gorte, Methods for characterizing zeolite
acidity, Chem. Rev., 1995, 95, 615–635.

43 C. Yu, B. Tian, J. Fan, G. D. Stucky and D. Zhao, Nonionic
block copolymer synthesis of large-pore cubic mesoporous
single crystals by use of inorganic salts, J. Am. Chem. Soc.,
2002, 124, 4556–4557.

44 Y. M. Wang, Z. Y. Wu, L. Y. Shi and J. H. Zhu, Rapid
functionalization of mesoporous materials: directly
dispersing metal oxides into as-prepared SBA-15 occluded
with template, Adv. Mater., 2005, 17, 323–327.
This journal is © The Royal Society of Chemistry 2023
45 J. Tittensor, R. Gorte and D. Chapman, Isopropylamine
adsorption for the characterization of acid sites in silica-
alumina catalysts, J. Catal., 1992, 138, 714–720.

46 J. Zhao, J. Xie, C.-T. Au and S.-F. Yin, One-pot synthesis of
potassium-loaded MgAl oxide as solid superbase catalyst
for Knoevenagel condensation, Appl. Catal., A, 2013, 467,
33–37.
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