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alkenes to fuel precursors†
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Decarbonisation of hard-to-abate liquid transport fuels, notably used in the aviation and shipping sectors,

requires new catalytic routes to valorise waste feedstocks. Here we report a bifunctional Rh/Al-SBA-15

catalyst for the one-pot, two step cascade hydroformylation of 1-alkenes with CO/H2 to form linear and

branched aldehydes, and their subsequent hydroxyalkylation (HAA) with 2-methylfuran to form oxygenated

jet fuel precursors. A strong synergy between Rh and Al-SBA-15 is observed for hydroformylation, with the

bifunctional catalyst significantly more active than Rh/SBA-15 for the first step of the cascade. Superior

yields of desired HAA products are observed over Rh/Al-SBA-15 relative to a physical mixture of Rh/SBA-15

and Al-SBA-15. Under syngas (CO/H2) at 30 bar and 80 °C, alkenes undergo Rh catalysed hydroformylation

to aldehydes, and in a subsequent step under N2, HAA of aldehydes over the solid acid sites of Al-SBA-15

gives an overall ∼60% yield of fuel range precursors.

1. Introduction

Climate change associated with fossil fuel combustion, and
resulting CO2 emissions, are driving demand for renewable
liquid fuels.1,2 Such liquid fuels are critical to decarbonise
hard-to-abate aviation, marine, agriculture and haulage
sectors, and can be sustainably sourced from waste biomass3

or even CO2. The molecular and combustion properties of
synthetic fuels are determined by both the feedstock and
chemical transformation route adopted.4 Olefin-enriched
liquid hydrocarbons can be sourced from biogas via Fischer–
Tropsch synthesis, and can be upgraded to oxygenates by
hydroformylation (wherein olefins are reacted with CO and
H2 to form aldehydes).5 Hydroformylation of olefins obtained
from the pyrolysis of waste plastics is reported,6 and could be
adopted to produce aldehydes in situ from alkenes derived by

bio-alcohol dehydration,7 fatty acid decarboxylation8 or MSW
pyrolysis.9

Hydroformylation is an atom-efficient commercial process
employing Rh or Co metal organometallic catalysts to
selectively produce carbonyl compounds on an industrial
scale;5 >10 M tons of aldehyde are produced annually by this
route for pharmaceutical and fragrance applications.10

However, such organometallic catalysts hinder product
separation and result in loss of the Rh precious metal
industrially favoured for its performance under milder
reaction conditions. Heterogenous catalysts for
hydroformylation are desirable to improve process
intensification, and examples include supported Rh single
atoms or nanoparticles, or tethered organometallic
complexes.11 Oxide (e.g. Al2O3,

12 SiO2,
13 ZnO,14 or CeO2 (ref.

15)), reduced graphene oxide,16 metal–organic framework,17

and hydrotalcite18 supports have been exploited for Rh
nanoparticles, and silica grafted 3-diphenyl-phosphinopropyl-
triethoxysilane (DPPPTS) tethers19 or porous organic
polymers functionalised with 1,2-bis-(diphenyl-phosphino)
ethane20 to immobilise Rh complexes or Xanthos21 ligands.
However, there are few studies exploring the impact of
support acidity: Rh/H3PW12O40 and alkali-exchanged
analogues are active for styrene hydroformylation at 80–120
°C and 20 bar CO/H2 with Cs variants most promising,22

while doping of Rh(DPPPTS)/SiO2 with AlOx (from wet
impregnation with Al(NO3)3·9H2O) increased activity for
ethylene hydroformylation four-fold by tuning the P-ligand
electron density.23 Although judicious ligand selection can
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improve the hydroformylation regioselectivity of
organometallic complexes, such catalysts are prone to
deactivation during thermal regeneration of spent catalysts.

Production of diesel and aviation fuel precursors requires
C15–C21 and C8–C16 hydrocarbons respectively, and hence
chain growth of aldehydes typically obtained by
hydroformylation. Chain growth strategies include aldol
condensation,24 hydroxyalkylation–alkylation (HAA),25 and
pinacol coupling.26 Various homogeneous and heterogeneous
Brønsted acid catalysts are also reported for producing
oxygenated fuel precursors by condensation of carbonyls with
biomass-derived furanics such as 2-methylfuran (2-MF),
including phosphotungstic acid,27 sulfonic acid
functionalised carbons,28–30 polymers,31 and doped
zirconias.32 Al-SBA-15 is a versatile mesoporous solid acid
that is active for HAA33 and readily doped with metal
nanoparticles to create bifunctional catalysts.34,35 Cascade
hydroformylation–acetalization of 1-hexene is reported over
weakly acidic Rh/SiO2,

13 but to our knowledge such
bifunctional catalysts have not been exploited in HAA
cascades.

We recently reported the cascade hydroformylation–HAA
of olefins and 2-MF (Scheme 1) catalysed by homogeneous
Rh complexes and solid acids to synthesise fuel
precursors.36 However, the use of soluble Rh species
hinders catalyst recycling and continuous operation. Here
we report a bifunctional, mesoporous solid acid supported
Rh catalyst for the one-pot hydroformylation of olefins
under a syngas atmosphere at 80 °C, followed by HAA of
the resulting aldehyde products with 2-MF under a N2

atmosphere at 60 °C.37 By using a one-pot, two step
approach with a gas purge to remove syngas mid-way
through the reaction, ∼60% oxygenated fuel range
precursors are obtained using fully heterogeneous a 2.6
wt% Rh/Al-SBA-15 catalyst.

2. Experimental
2.1 Catalyst synthesis

Support synthesis. Al-SBA-15 with a 5 : 1 Si : Al ratio was
synthesized using tetraethyl orthosilicate (TEOS) and
aluminium nitrate nonahydrate (Al(NO3)3·9H2O) as silica and
aluminium precursors, respectively. In a typical procedure for
Al-SBA-15, 2 g of P123 triblock copolymer template was
dissolved in 12 mL of concentrated HCl and stirred in a 250
mL polypropylene bottle until a clear solution was formed.
1.455 g of Al(NO3)3·9H2O and 50 mL of deionized water were

added and stirred at 45 °C for 30 min (300 rpm). 4.2 mL of
TEOS was then added dropwise to the above solution which
was subsequently aged at 45 °C for 6 h in an oil bath.
Aqueous ammonia was added gradually to adjust the pH to
7, and aging was continued for a further 18 h. The resulting
material was aged at 80 °C for another 24 h under static
conditions in a hot air oven. The resultant solid was
centrifuged, washed, and dried at 70 °C overnight, after
which the white solid material was calcined at 550 °C for 5 h.
The weight of the solid material after calcination was
approximately 1.4 g and was denoted as Al-SBA-15. SBA-15
was synthesised using the same procedure, but with the
omission of Al(NO3)3·9H2O.

Synthesis of Rh/Al-SBA-15. Rh/Al-SBA-15 was prepared by
impregnating Rh (RhCl3·XH2O, 38–40% Rh) on the
mesoporous support using the deposition–precipitation
method. The typical synthesis procedures for the catalytic
materials are as follows: 0.2 g of Al-SBA-15 was added to 10
mL of deionized water under constant stirring at room
temperature. After stirring for 1 h, an appropriate amount of
RhCl3 with 0.2 mL of concentrated HCl (corresponding to
desired Rh loading of 2 wt%) was added to the mixture/
suspension and stirred overnight (12 h) at room temperature.
Next, 0.1 M NaOH was slowly added to the reaction mixture
to adjust pH of the solution to ∼ 9.5, and the resulting
mixture was stirred for 1 h. The resultant solid was
centrifuged, washed, and dried at 70 °C overnight. The light
yellowish solid material obtained was again calcined at 550
°C for 5 h. Rh/SBA-15 was prepared following the same
protocol, with the overall process for catalyst synthesis
summarised in Fig. S1.†

2.2 Catalyst characterisation

N2 porosimetry was conducted at 77 K using a Micromeritics
ASAP-2010 instrument to measure the N2 adsorption–
desorption isotherm and Brunauer–Emmett–Teller (BET)
surface area of the prepared materials. The samples were
degassed under vacuum at 200 °C for 3 h before
measurements to expel the interlayer water molecules. The
NLDFT adsorption model for cylindrical pores was applied to
calculate the pore-size distribution of the materials. High-
resolution Transmission Electron Microscopy (HR-TEM)
images were recorded on a JEOL JEM-2100 electron
microscope with an acceleration voltage of 200 kV. Samples
for TEM analysis were prepared by loading a small amount of
diluted dispersed material onto a lacey-carbon-coated copper
grid (300 mesh). Sample-loaded TEM grids were dried for 24
h before analysis. The bright field (BF) detector was applied
to capture the TEM micrographs at different magnification to
observe the morphology, crystal structure and arrangement
of silica and Rh nanoparticles. The morphology of the
synthesized catalyst was also obtained by Scanning Electron
Microscopy (SEM) which was recorded on a JEOL JSM 7100F
microscope, using an accelerating voltage of 18 kV and a
probe current of 102 A. Samples were prepared by dispersing

Scheme 1 Synthesis of fuel precursors illustrated for styrene
hydroformylation and subsequent HAA of aldehyde intermediates with
2-methyl furan (2-MF).
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in isopropyl alcohol (IPA), and a drop of the suspension
added to the SEM copper grid. Thermogravimetric analysis
(TGA) was carried out in Mettler Toledo TGA/SDTA 851e,
using a temperature programming from 30 °C to 800 °C at a
heating rate of 10 °C min−1 in air flowing flow rate of 50 mL
min−1 and the data were processed using STARe software.
Powder X-ray diffraction (XRD) data was obtained using a
PANalytical Empyrean (PIXcel 3D detector) system equipped
with Cu Kα (λ = 1.54 Å) radiation. The operating voltage and
current were 40 kV and 30 mA, respectively. A step size of
0.04° with a step time of 2 seconds was used for data
collection. Small angle X-ray was performed on a Xenocs
Xeuss 2.0 system equipped with a Cu Kα X-ray source and
fixed Pilatus 100k detector, with measurements made over
the angular range 2θ = 0.05–5°. The unit cell parameter (a)
was calculated for the 100 Bragg peak using the following

equations: d ¼ 0:154

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p

2 sinθ
and a100 ¼ 2d100=

ffiffiffi
3

p
. FTIR

analysis of the samples was recorded on self-supporting
wafers prepared as KBr pellets using a Perkin-Elmer GX FTIR
spectrometer in the region of 400–4000 cm−1 with KBr in a
1 : 20 weight ratio. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a Thermo Fisher Nexsa
spectrometer equipped with monochromatic Al Kα radiation
of energy 1486.6 eV. The pass energy for survey spectra was
200 eV and for high-resolution spectra was set at 50 eV. Dual-
beam charge neutralization was used for both low-energy
electrons and ions. The sample was at 90° to the analyzer.
Core-level spectra were energy referenced to the C 1s binding
energy at 284.8 eV; spectral fitting was performed using CASA
XPS (v2.3.1.17).

2.3 Hydroformylation/hydroxyalkylation

Hydroformylation was initially performed using styrene as
a model substrate, followed by HAA using 2-methyl furan
(2-MF). The reaction was carried out in a 50 mL Parr
reactor equipped with a thermocouple and overhead
stirred. In a typical experiment, 2.4 mmol (0.25 g) of
styrene, the required mass of Rh/Al-SBA-15, and 0.25 mL
tetradecane internal standard, were added to the reactor
with 16 mL of solvent (typically toluene or 2-MF). The
reactor was charged, purged of air, and then filled with
CO/H2 (1 : 1 vol ratio) to the desired pressure. Finally, the
reactor was heated to the desired temperature under
stirring for between 6–9 h. Aliquots of the reaction
mixture were collected, diluted with solvent, and analysed
using a Shimadzu QP-2010 GC-MS, with a HP-5 (5%
diphenyl and 95% dimethyl polysiloxane capillary phase)
column, and He as the carrier gas. Conversion and
selectivity were determined by quantification of reactant
and product peak areas from GC-MS and 13C NMR. Errors
in catalytic results were assessed based on repeat
experiments (Table S1†) which were ±2%, evidencing a
high degree of reproducibility.

3. Results & discussion
3.1 Catalyst characterisation

Successful synthesis of Al-SBA-15 and Rh/Al-SBA-15 (by
deposition–precipitation of RhCl3 and subsequent 550 °C
calcination) was confirmed by bulk and surface analysis
(Fig. 1 and S2–S4†). FE-SEM of the parent Al-SBA-15 revealed
the expected alfalfa morphology with fused particles each ∼1
μm long and 0.3 μm diameter (Fig. S2†). Nitrogen
physisorption measurements were consistent with a type IV
isotherm and type I hysteresis loop (Fig. 1a) evidencing close-
packed cylindrical mesopores,38 with a BET surface area of
629 m2 g−1 (Table 1).

SAXS measurements and calculation of the pore size
distribution by NLDFT analysis of the N2 adsorption isotherm
(Fig. 1b and inset respectively) identified ordered mesopores.
Calculated values of d100 and a100 were 10 and 11.5 nm
respectively from the (100) Bragg reflection in SAXS, with a
mesopore diameter of 6.5 nm determined from NLDFT
analysis, in accordance with the ordered, hexagonal
mesostructure with 10 nm pore channel spacing seen by
HRTEM (Fig. 1c and S2b†) and literature reports.39 The Si : Al
atomic ratio was ∼5 from bulk and surface elemental
analysis (Fig. S2c†), resulting in an acid loading of 1.2
mmol g−1 from NH3 TPD (Table 1).

The morphology of Rh/Al-SBA-15 was identical to that of
the parent Al-SBA-15 (Fig. S3a–c† and Table 1) with solid
acidity unaffected by Rh modification and HRTEM revealing
ordered pores are retained. No crystalline Al2O3 phases were
observed by XRD in either Al-SBA-15 or Rh/Al-SBA-15 (Fig.

Fig. 1 a) N2 adsorption–desorption isotherm b) SAXS and (inset)
NLDFT pore size distribution from desorption branch of N2 isotherm
and c) TEM of Al-SBA-15(5); d) 27Al MAS-NMR of Al-SBA-15 and Rh
doped variant.
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S3d†), evidencing successful incorporation of the majority of
Al atoms into the silica framework.40 Although Fig. S3c†
shows some 10–20 nm features within the Al-SBA-15 pores
indicative of incorporated Rh, the absence of any crystalline
Rh phases in powder XRD suggests that most Rh is dispersed
in <2 nm particles throughout channels in the mixed oxide
support at a bulk loading of 2.6 wt% (by EDX). Tetra-, penta-,
and octahedral coordinated Al species were observed by 27Al-
MAS-NMR in both samples (Fig. 1d), attributed to framework
AlO4, AlO4(OH) and some extra framework AlO6,
respectively.41 This extra-framework AlO6 may arise from
some deposition of AlOx species which are not detected by
powder XRD due to small cluster size and low crystallinity. In
the case of Rh/Al-SBA-15, a significant increase in AlO4 versus
pentahedral and octahedral Al3+ species was observed
compared to the parent Al-SBA-15, suggesting perturbation of
surface Al species on Rh coordination.

The high resolution Rh 3d XP spectrum of Rh/Al-SBA-15
(Fig. S4a†) exhibited a broad spin–orbit split doublet with
3d5/2 binding energy (BE) of 308.2 eV. The fitted spectrum
of Rh/Al-SBA-15 exhibits ∼12% Rh0 (at 307.3 eV BE) and
∼88% Rh3+ (at 308.4 eV BE), the former consistent with a
metallic core and the latter to an encapsulating Rh2O3

layer.42–44 Quantitative analysis of the Rh metal attenuation
(assuming an inelastic mean free path of Rh 3d
photoelectrons of 0.6 nm) by an encapsulating oxide matrix
suggests a Rh2O3 layer of ∼0.73 nm (2 monolayers) thick.
Note that Rh2O3 reduction is facile (<1 min) at 50 °C
under a 1% H2/Ar atmosphere,45 hence we expect rapid
removal of this encapsulating oxide under our reaction
conditions. Corresponding Al and Si 2p XP spectra
(Fig. S4b and c†) revealed Al3+ and Si4+ species with 2p3/2
BEs of 74.7 eV and 103.1 eV, consistent with AlOx and SiOx

environments in aluminosilicates.46 The O 1s spectrum of
Rh/Al-SBA-15 (Fig. S4d†) exhibited two oxygen species at
532.4 and 531.4 eV, respectively assigned to Si–O–Si(Al) in
the aluminosilicate framework and surface hydroxyls.47

3.2 Hydroformylation/HAA catalyst activity

The catalytic performance of Rh/Al-SBA-15 and Al-SBA-15
were subsequently assessed for each step in the cascade
hydroformylation of styrene under a CO/H2 atmosphere was
first studied at 30–80 °C and 10–40 bar over 2.6 wt% Rh/Al-
SBA-15 in tetrahydrofuran (THF) or toluene solvents (Scheme
S1 and Table S2†). Toluene favoured higher (98%) conversion
and selectivity (90%) to 2-phenylpropanal (A) and

3-phenylpropanal (B) after 6 h reaction, with the latter
product typically dominant.

Temperatures >60 °C and pressures >20 bar offered the
highest aldehyde yields, with the linear aldehyde only
favoured at 10 bar. Similar pressure dependent selectivity
over Rh complexes is attributed branched alkyl–Rh
intermediates being stabilised by CO coordination at higher
pressure.48 The hydroformylation performance of 2.6 wt%
Rh-Al-SBA-15 compares favourably with 1 wt% Rh/Al2O3; the
latter requires elevated pressure of (80 bar) CO :H2 to achieve
near a near quantitative yield of aldehyde.12 Although <1.8
nm alumina supported Rh clusters are reportedly efficient for
hydroformylation, they are also prone to leaching.49

Hydroxyalkylation–alkylation of benzaldehyde with 2-MF
was negligible without a solid acid present or at 50 °C over
Al-SBA-15 (entries 3.1–3.2 Table S3†). In contrast, 65%
benzaldehyde conversion and a near quantitative yield
(>99% selectivity) of the 2-methyl-5-[(5-methylfuran-2-yl)-
phenylmethyl]furan (Scheme S2 and entry 3.3 Table S3†) HAA
product was obtained at 65 °C after 1.5 h reaction. The
turnover frequency (TOF) per acid site for Al-SBA-15 at 65 °C
after 1.5 h reaction was ∼24 h−1. This value compares
favourably with those reported for an acidic MOF50 and
Nafion-212 (ref. 51) of 8 h−1 and 25 h−1, respectively, under
similar reaction conditions. Rh/Al-SBA-15 was also active for
HAA, exhibiting a small increase in conversion at the expense
of selectivity to chain growth (entry 3.4 Table S3†), evidencing
that precious metals are not required for HAA step. HAA of
the crude product obtained from styrene hydroformylation
(Table S2,† entry 2.1) was also attempted at 65 °C (entry 3.5).
Complete conversion of both phenylpropanal isomers was
observed with 90% selectivity to desired products C and D,
confirming the effectiveness of Al-SBA-15 for step two of the
cascade.

One-pot hydroformylation–HAA of styrene with 2-MF as
reactant and solvent was then attempted at 80 °C and 30 bar
CO/H2. Without a catalyst, only 10% styrene conversion was
observed with 66% selectivity to [A + B] (Table 2, entry 1) and
no HAA products. In contrast, Rh/Al-SBA-15 achieved 98%
conversion and 10% selectivity to the desired fuel precursors
[C + D] (Table 2, entry 2). Negligible HAA occurred using
2-MF mixed with other solvents (Table S4†), consistent with
literature reports.52,53 However, longer reaction times
(Table 2, entry 3) of 9 h only marginally improved the HAA
product yield. As Al-SBA-15 was effective for HAA of the crude
reaction mix from styrene hydroformylation in the absence of
a CO/H2 atmosphere (Table S3,† entry 3.5), we speculated that

Table 1 Physical and textural properties of as Al-SBA-15(5) and Rh/AlSBA-15(5)

Catalyst
Bulk Rh
contenta/at%

Surface Rh
contentb/at%

Bulk Si :
Ala

Surface
Si : Alb

BET surface
areac/m2 g−1

Pore
volumec/cm3 g−1

Acid site
loadingd/mmol g−1

Al-SBA-15 — — 5.3 4 629 0.84 1.24
2.6 wt% Rh/AlSBA-15 0.49 1.2 5.1 4.9 274 1.2 1.22

a EDX. b XPS. c N2 porosimetry. d NH3 TPD.
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CO might chemisorb at Brønsted sites in the aluminosilicate
support,54 poisoning their HAA activity. A cascade reaction
was therefore performed in which the initial
hydroformylation reaction was allowed to proceed for 6 h
over Rh/Al-SBA-15, after which CO/H2 was purged from the
reactor by N2, and product analysis continued for a further 3
h. This protocol increased selectivity to [C + D] to 60%
(Table 2, entry 4), indicating that the rate of HAA under a
CO/H2 atmosphere is approximately 10 times slower than
under N2.

Lower CO pressures led to decreased styrene conversion,
but improved the selectivity for HAA (Table 2, entries 5–6),
although this increase may also reflect suppressed styrene
hydrogenation to ethyl benzene during the first step of the

cascade. However, higher reaction temperature (Table 2, entry
7) led to poor HAA product yields, with dehydration of the
monoalkylated intermediate favoured, producing 2-methyl-5-
(3-phenylprop-1-en-1-yl)furan (Scheme S3†). Note that neither
hydroformylation nor HAA products were observed in the
absence of CO/H2. Performing the tandem reaction with a
physical mixture of Rh/SBA-15 and Al-SBA-15 (Table 2, entry
8) only led to byproducts of styrene oligomerisation and 2-MF
alkylation. We attribute this observation to the poor
hydroformylation activity of Rh/SBA-15 as previously reported
in the literature where <20% aldehyde yield was obtained
even at 100 °C.55 We propose the excellent hydroformylation
activity observed for Rh/Al-SBA-15 results from a strong
synergy between the metal and support, potentially leading to

Table 2 Cascade hydroformylation–HAA of styrene with 2-MF over Rh/Al-SBA-15

Entry Solvent CO/H2/bar
Styrene
conversion/%

Selectivity/%

A + B C + D Othersg

1a 2-MF 30 10 66 — 34
2b 2-MF 30 98 80 10 10
3c 2-MF 30 100 60 15 25
4d 2-MF 30 100 04 60 36
5d 2-MF 20 82 08 67 25
6d 2-MF 10 25 12 63 25
7e 2-MF 30 91 05 09 86h

8 f 2-MF 30 71 — — 100i

Reaction conditions: a Blank. b 2.4 mmol styrene, 0.025 g 2.6 wt% Rh/Al-SBA-15, 16 mL 2-MF, 80 °C, 6 h. c As (b) but run for 9 h. d 2.4 mmol
styrene, 0.025 g 2.6 wt% Rh/Al-SBA-15, 16 mL 2-MF, 80 °C, 6 h, then cooled to 60 °C and purged with N2 prior to additional 3 h reaction. e As
in (d) but cooled to 80 °C before N2 purge.

f Physical mixture of 0.025 g 2.6 wt% Rh/SBA-15 and 0.025 g Al-SBA-15, conditions as in (d). g Others
mainly alkylbenzene and alkylation products. h Others mainly 2-methyl-5-(3-phenylprop-1-en-1-yl)furan. i Others mainly alkylated products. 13C
NMR of products C and D shown and mass spectrum of 2-methyl-5-(3-phenylprop-1-en-1-yl)furan formed in entry 7 are shown in Fig. S8.†

Table 3 Cascade hydroformylation–HAA of olefins with 2-MF over 2.6 wt% Rh/Al-SBA-15a

Entry Substrate Temperature/°C Time/h Conversion/% Selectivity to fuel precursors (C + D)/% Yield (C + D)/% Other/%

1 80 9 >99 60 56 40

2b 80 9 100 80 79 20

3 80 9 94 13 11 87

4 120 13 >99 23 20 77

5 80 9 50 40 38 60

6 80 9 86 26 25 74

7 80 9 75 25 19 75

8 80 9 73 25 18 75

a Reaction conditions: 2.4 mmol of substrate and 10 wt% of catalyst to substrate dissolved in 16 mL of 2-methylfuran with CO/H2 (1 : 1). After 6
h the reaction is cooled to 60 °C and purged with N2 then pressurised to 20 bar and reaction continued for 3 h. b 5 bar propylene gas and 25
mg of catalyst dissolved in 16 mL of 2-methylfuran with 20 bar CO/H2. Reaction cooled to 60 °C and CO/H2 purged with N2 after 6 h, then the
reaction is carried out for 3 h under 20 bar N2.

13C and 1H NMR for entry 1 and 6 shown in Fig. S9 and S10.† GC-MS for products shown in Fig.
S11–S18.†
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cooperative catalysis as reported for Rh/WOx/Al2O3 (ref. 56)
and Rh/siliceous MFI zeolite57 catalysts wherein reaction
proceeds by olefin adsorption on the support and spillover to
metal sites. As discussed above, perturbation of the 27Al MAS-
NMR signal for Rh/Al-SBA-15 (Fig. 1d) may evidence a strong
interaction between Rh and Al centres in Al-SBA-15 that
facilitates such a synergy.

The versatility of Rh/Al-SBA-15 for the cascade
hydroformylation–HAA of aliphatic and cyclic olefins was
subsequently explored (Table 3). High olefin conversion was
observed for propylene, 1-hexene and 1-octene, however only
propylene delivered high selectivity (80%) to the desired long
chain products (Table 3, entry 2). The low selectivity for
1-hexene and 1-octene reflects their isomerisation in
competition with hydroformylation. Cyclohexene was less
reactive (50% conversion) but afforded 40% selectivity to fuel
range precursors (Table 3, entry 5), whereas <73% conversion
was observed for allyl benzene, (bio-derived) eugenol and
isoeugenol but with only 25% selectivity to desired products
(Table 3, entries 6–8). For eugenol, the hydrogenated product
was also observed whereas isoeugenol was stable to
hydrogenation.

To our knowledge, the cascade hydroformylation–HAA of
olefins is only previously reported for propene, 1-hexene
and 1-octene using a Rh(CO)2(acac) homogeneous catalyst
in conjunction with an AlOOH/C solid acid.36 The present
entirely heterogeneous catalyst system achieves a
comparable yield of fuel precursor (79%) to that in our
previous work (87%, for a combination of homogeneous
and heterogeneous catalysts in addition to phosphine
ligands).

Stability of the 2.6 wt% Rh/Al-SBA-15 catalyst was
investigated through recycling reactions for the cascade
hydroformylation–HAA of styrene with 2-MF at 80 °C and
20 bar (Fig. S5†). Styrene conversion fell to 49% on the
first recycle, accompanied by a halving of selectivity to [C
+ D]. However, 550 °C calcination of the post-reaction
catalyst to remove organic residues almost fully restored
the initial activity and selectivity to their values for the
parent catalyst (Table 2, entry 5). This regeneration
protocol enabled the catalyst to be reused four times with
only a 16% loss in conversion and 7% loss in selectivity
relative to the as-prepared catalyst; equating to a decrease
in the [C + D] yield from 56% to 40%. Surface analysis of
the as-prepared catalyst and that recovered after four
recycles confirmed a large increase in carbon (from 6.7 to
15 atom%, Table S5†) and the appearance of IR bands at
1465 and 1374 cm−1 assigned to –CH2 and –CH3 stretches,
respectively (Fig. S6†),57 accounting for the slight loss in
reactivity. The apparent loss of Rh from XPS is attributed
to the presence of carbonaceous residues capping the
surface of the metal nanoparticles, and concomitant
attenuation of the Rh XP signal. TGA of the as-prepared
catalyst under flowing air revealed a ∼5 wt% loss between
25–100 °C (Fig. S19†) attributed to physisorbed water, and
a further ∼8 wt% loss due to dehydration of geminal and

vicinal silanols (to siloxanes) between 100–250 °C. Post-
reaction (after one reaction cycle under the optimum
conditions) revealed a significant mass loss >310 °C
associated with combustion of organic residues that
accounted for ∼15–20 wt% of the catalyst mass.

Many ligand-free nanoparticulate Rh catalysts suffer
severe deactivation after one reaction cycle due to metal
leaching.12 The reusability of Rh/Al-SBA-15 thus meets an
important requirement for the present one-pot, two-step
hydroformylation and HAA of olefins. Furthermore, the
thermal stability of Al-SBA-15 offers advantages over organic
solid acids often used for HAA such as sulfonic acid
functionalised carbon29 and silica,58 acidic MOFs50 or
polymer based catalysts e.g. Nafion59 or sulfonated resins60

that are difficult to thermally regenerate to remove reaction
residues. The strong synergy between Rh and Al-SBA-15
promotes hydroformylation compared to Rh/SBA-15,55,61 and
will require future mechanistic and operando studies to
identify the nature of the active Rh species. Increasing the
metal dispersion to the limit of single atoms could yield
further improvements as Rh single atom catalysts are highly
active for hydroformylation, e.g. 0.006 wt% Rh/ZnO
nanowires exhibit a quantitative yield of aldehydes and high
TON at 100 °C.62 Further studies will also explore the loading
dependence of Rh-Al-SBA-15 to determine whether highly
active single atom Rh centres can be stabilised in the
defective Al-SBA-15 surface as was previously observed for Pd
catalysts.63

Considering commercial application, the relatively low
value and volume demand of sustainable aviation fuel
compared to specialty chemicals will necessitate a
continuous process to be economically viable, as for other
global scale acid-metal bifunctional catalytic processes.64

Cascading hydroformylation and HAA reactions in a single
continuous reactor over Rh/Al-SBA-15 may prove
uneconomic due to inhibition of the latter by syngas; this
would necessitate frequent reactor (de)pressurisation/
purging cycles. A three unit continuous process in which
the two reactions are decoupled may thus be envisaged
involving: (i) three-phase hydroformylation of alkenes over
Rh/Al-SBA-15, possibly in a continuous stirred-tank reactor;
(ii) transfer of the liquid aldehyde product and unreacted
syngas to a gas–liquid separation unit; and (ii) mixing of
the liquid aldehyde stream with 2-MF and transfer into a
second continuous stirred-tank reactor containing an Al-
SBA-15 catalyst. Periodic catalyst regeneration (through
calcination) could be achieved by adopting a chemical
looping approach in which the alkene/syngas feed is
temporarily switched for an oxygen/air stream.65 We note
that multifunctional catalysts that permit one-pot reactions
are not always advantageous versus separate catalysts in
multiple connected reactors, e.g. the cascade conversion of
lauric acid to tricosane (as a route to renewable diesel)66

and the cascade selective oxidation of cinnamyl alcohol to
cinnamic acid67 are more efficient using contiguous, dual-
catalyst packed beds.
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Conclusions

In summary, Rh/Al-SBA-15 is an effective catalyst for the
one-pot batchwise synthesis of jet and diesel fuel precursors
from olefins and 2-MF through a hydroformylation–HAA
cascade. Use of an entirely heterogeneous catalyst obviates
the need for costly P- or N-organic ligands, previously
required to drive the cascade with homogeneous Rh
catalysts, and minimises precious metal losses. A range of
aliphatic and cyclic olefins are amenable to this cascade,
which for styrene yields 56% of the desired fuel precursors
under relatively mild conditions of 80 °C and 30 bar CO/H2

in 9 h. Although the HAA step is poisoned by high
pressures of CO, this issue is readily addressed by purging
syngas from the reactor after the initial hydroformylation is
completed. Unreacted syngas could be recovered and
reused. Rh/Al-SBA-15 is susceptible to gradual poisoning by
the accumulation organic residues but can be repeatedly
regenerated by calcination for at least five reaction cycles.
Future research will explore continuous processing for
reaction optimisation, permitting the hydroformylation and
hydroxyalkylation steps to run simultaneously in separate
metal and acid catalyst beds at different temperatures, with
the continuous recovery and reuse of unreacted syngas.
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