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transport in hierarchically porous
catalysts†
Mark A. Isaacs, a Neil Robinson, b Brunella Barbero,c Lee J. Durndell,d

Jinesh C. Manayil,c Christopher M. A. Parlett, ef Carmine D'Agostino, *e

Karen Wilson g and Adam F. Lee *g

Bio-derived platform chemicals and fuels are important for the development of sustainable manufacturing.
However, their e�cient production from biomass necessitates new catalysts and processes optimised for
the selective transformation of large molecules. Mesoporous and hierarchically porous functional
materials are promising catalyst candidates for biomass valorisation, but quantitative relationships
between pore dimensions/connectivity, mass transport, and corresponding catalytic performance are
poorly de�ned. A family of hierarchical macroporous–mesoporous SBA-15 sulfonic acids were prepared
with tunable macropore diameters for carboxylic acid esteri�cation. Turnover frequencies for long-chain
(palmitic and erucic) acids were proportional to macropore diameter (#370 nm), whereas propanoic acid
esteri�cation was independent of macropore size. Pulsed �eld gradient NMR di�usion experiments
reveal that larger macropores enhance esteri�cation of bulky carboxylic acids by conferring superior
pore interconnectivity and associated mass transport.
Introduction
Porous solids �nd widespread practical application in catalysis,
sorption, and separation science wherein pore dimensions and
network connectivity control the attendant internal surface area
and accessibility.1,2 Micro- and mesopores (0.5–50 nm diameter)
confer high areas that can maximise the density of surface
chemical functions such as catalytically active sites, while
macropores (>50 nm) enhance the rate and extent of �uid
permeation through a pore network. Hierarchical porous solids,
typically comprising interpenetrating bimodal mesopore–
micropore or macropore–mesopore networks, extend control
over molecular transport, adsorption, and reaction.3 For
example, the introduction of mesoporosity into zeolites
improves their lifetime,4,5 and activity and selectivity for (bio)
fuels6,7 or �ne chemicals8 production, while macropores
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promote esteri�cation9 and selective alcohol oxidation10 over
sulfonic acid and Pd mesoporous SBA-15 silicas respectively,
CO2 hydrogenation over Cu alumina,11 and transesteri�cation
over Mg–Al hydrotalcites.12 This is conceptually akin to fractal
networks in Nature,13 wherein the transport of matter is opti-
mised by rapid convective �ow through large channels, that in
turn supply a network of smaller channels through which
di�usion is constrained. Although chemical transport through
hierarchical pore networks is extensively modelled, nature-
inspired design principles14 have yet to be implemented to
synthesise materials with architectures ‘tailored for purpose’.

Considering heterogeneous catalysis, simulations suggest
that in the Knudsen di�usion regime, where reactants/products
can enter/exit mesopores but experience attendant di�usion
limitation, hierarchical bimodal pore networks can signi�cantly
improve active site accessibility, with larger pores acting as
‘molecular superhighways’15 to accelerate transport from the
bulk media to mesopore domains.16–19 In practice, such
enhanced accessibility is also facilitated by truncation of mes-
opore channels in ordered hierarchical porous solids
(commonly prepared by dual-templating routes) compared with
their mesoporous counterparts;20,21 shorter mesopores may
mitigate any attendant di�usional resistance. The interdepen-
dence of pore hierarchy and individual pore dimensions in
experimental studies hampers validation of transport models
and necessitates direct measurement of di�usion and reaction
in systematically related families of hierarchical porous solids.

Routes to interpenetrating bimodal macro-mesopore networks
using microemulsion colloidal polystyrene microspheres or co-
J. Mater. Chem. A
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surfactant templating routes are particularly attractive for liquid
phase heterogeneous catalysis using bulky substrates. Hierar-
chical macroporous–mesoporous silicas o�er great �exibility in
pore size and connectivity through the choice of so�/hard
surfactant template, use of porogens, and hydrothermal process-
ing.20,22–25 However, in the context of catalysis, systematic studies of
porosity are largely con�ned to mesoporous silicas, wherein e.g.
pore-expansion increased the turnover frequency (TOF) of sulfonic
acid functionalised SBA-15 and KIT-6 for carboxylic acid esteri�-
cation,26 or hierarchically porous silicas in which only the meso-
pore diameter was varied for Fischer–Tropsch synthesis.27 In all
cases, improved mass transport is inferred from superior catalytic
performance. Nevertheless, very few experimental studies have
correlated molecular di�usion through mesopores and corre-
sponding reactivity,28,29 and to our knowledge di�usion has never
been experimentally measured for an ordered hierarchical porous
catalyst. The mechanism by which macropores improve reactivity
in hierarchically porous catalysts remains unclear, but is
amenable to interrogation by pulsed �eld gradient (PFG) NMR,
widely applied to elucidate transport phenomena within liquid-
saturated porous media.30–32

Here we assess the impact of macropore size on molecular
di�usion and carboxylic acid esteri�cation for propylsulfonic
acid functionalised, hierarchical macroporous–mesoporous
SBA-15 (PrSO3H/MM-SBA-15) catalysts. PFG NMR is used to
probe di�usive restriction and pore connectivity within these
catalyst frameworks. Larger macropores reduce pore network
tortuosity and increase di�usion through mesopore channels,
accounting for the >4-fold increase in TOF observed for palmitic
and erucic acid esteri�cation with methanol.
Experimental
Polystyrene nanosphere synthesis

A family of monodispersed polystyrene nanospheres (200, 300,
400, 500, and 600 nm diameter) were prepared using a modi�ed
literature protocol.33 Styrene (50 cm3 for 200 nm beads
increasing linearly to 150 cm3 for 600 nm, Aldrich 99%) was
washed �ve times with aqueous NaOH (0.1 M, 1 : 1 by volume)
and �ve times with deionized water (1 : 1 by volume) to remove
the 4-tert butylcatechol polymerisation inhibitor; larger styrene
volumes yielded larger beads (Fig. S1†). Washed styrene was
then added to N2 degassed, deionised water (1000 cm3) at 80 �C,
to which aqueous K2S2O8 (0.24 M, 50 cm3, Aldrich $99%) was
added dropwise with stirring (300 rpm). Reactions were stopped
a�er 22 h, the resulting solid products recovered by �ltration,
and colloidal crystal assembly induced by centrifugation (Her-
aeus Multifuge X1 with Thermo Fiberlite F15-8x50cy Fixed-
Angle Rotor, operated at 8000 rpm/7441 g for 1 h). The result-
ing highly ordered, polystyrene nanosphere crystalline matrices
were ground to �ne powders.
Hierarchically porous SBA-15

Hierarchically porous silicas were prepared by a modi�ed true
liquid crystal templating technique incorporating a range
of polystyrene nanospheres as macropore-directing hard
J. Mater. Chem. A
templates.34 Pluronic P123 (2 g, Aldrich average Mn � 5800) was
sonicated with HCl-acidi�ed deionised water (2 g, pH 2) at 40 �C
to form a homogeneous gel. Tetramethoxysilane (4.08 cm3,
Acros 99%) was added to the gel and rapidly stirred for 5 min
(800 rpm) until a homogeneous liquid formed. Immediately
following this phase change, polystyrene nanospheres of
a particular size (6 g, independent of bead diameter, as a �ne
powder) were added with agitation (100 rpm) for 1 min. The
resulting viscous, homogeneous mixtures were heated in vacuo
(100 mbar) at 40 �C for 2 h to remove reactively-formed meth-
anol. The solids thus obtained were exposed to air at room
temperature for 24 h to complete condensation of the silicate
precursor, and then calcined at 550 �C for 6 h (ramp rate
5 �C min�1) to remove organic templates.

Acid functionalisation

The preceding hierarchically porous silicas were functionalised
with propylsulfonic acid by an alkoxide gra�ing method. In
each case, silica (1 g) was added to a 100 mL round-bottomed
�ask with anhydrous toluene (30 mL) under N2 at 90 �C with
stirring (700 rpm). A (3-mercaptopropyl)trimethoxysilane thiol
precursor (1 mL) was subsequently added and the reaction
mixture stirred for 24 h. The resulting solid was �ltered, washed
with ethanol, and dried at 80 �C overnight. Surface thiols were
then oxidised to sulfonic acids (1 g solid in 20 mL of 30 vol%
H2O2) with stirring (400 rpm) overnight. Propylsulfonic acid
functionalised materials were recovered, washed with deionised
water and ethanol, and dried overnight at 80 �C.

Material characterisation

Powder XRD was performed on a Bruker D8 ADVANCE �tted
with a Cu Ka X-ray source with a Ni �lter and LynxEYE 192-
channel high speed strip detector. Wide angle scans were per-
formed between 10–80� with a step size of 0.02� and dwell time
of 0.6 s, and low angle scans between 0.5–8� with a step size of
0.01� and a dwell time of 1 s. Crystalline phases were deter-
mined by Rietveld re�nement using Profex v3.11.1, and crys-
tallite sizes determined using the Scherrer equation. N2

adsorption isotherms were measured using a Quantachrome
4000 surface area analyser. Surface areas and pore size distri-
butions were determined through application of the BET and
BJH equations respectively to the recorded isotherms. XPS
analysis was performed using a Kratos Axis HSi spectrometer
equipped with a monochromated Al Ka (1486.8 eV) X-ray source
and charge neutraliser, operating <10�9 Torr. Survey spectra
were recorded with a pass energy of 160 eV, and high-resolution
spectra with a pass energy of 40 eV. Spectra were Shirley
background-subtracted, calibrated to adventitious carbon
(284.8 eV), and �tted using Casa v2.3.15. S 2p peaks were �tted
using a Gaussian–Lorentzian (70 : 30) lineshape and a doublet
separation of 1.16 eV. Sulfur loadings were determined by CHNS
analysis using a Thermo Flash 2000 organic elemental analyser
calibrated against a sulphanilamide standard. SEM was per-
formed using a JEOL 7800F Prime FEG SEM �tted with a BSE
and SE detector. Samples were a�xed to carbon tape, and
images recorded at a probe current of 3 mA and an accelerating
This journal is © The Royal Society of Chemistry 2019
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voltage between 1–15 kV. STEM images were recorded using an
aberration-corrected JEOL 2100F STEM with an accelerating
voltage of 200 kV, a HAADF detector and Gatan bright �eld
camera. Electron micrographs were processed with ImageJ
1.46r, and particle sizes determined from samples of >200
particles.
Catalytic testing

Esteri�cation reactions were performed in a 50 mL round-
bottomed �ask at 90 �C with stirring (700 rpm). 25 mg of cata-
lyst was tested with 5 mmol of propanoic acid, palmitic acid, or
erucic acid, and 12.5 mL methanol with 0.1 mmol dihexylether
as an internal standard. 0.25 mL aliquots were periodically
removed, diluted with methanol, and analysed using a Varian
450 GC with 8400 autosampler �tted with a ZB-50 column.
Fig. 1 NMR di�usion pulse sequence diagrams for (a) PGSTE and (b)
APGSTE experiments. Radiofrequency (RF axis) pulses are indicated by
vertical bars; thin and thick bars represent 90� and 180� RF pulses
respectively. Gradient pulse timings (g axis) are speci�ed according to
the notation of Tanner.38 Trapezoidal gradient pulses of incremental
magnitude g are shown with e�ective pulse durations d and d/2 for the
PGSTE and APGSTE sequences, respectively. Homospoil gradients are
also shown and are applied during the longitudinal storage period T
to remove any residual transverse magnetisation. The observation
time is D.

Table 1 Summary of typical PFG NMR acquisition parameters

PFG NMR parameters
Unrestricted
liquids

Liquids in
hierarchical
catalysts

Pulse sequence PGSTE APGSTE
Observation time, D/ms 50 25–200
E�ective gradient pulse duration, d/ms 1 1
Maximum gradient strength/G cm�1 140 900
Spin echo time, se/ms 3.2 2.7
Homospoil gradient duration/ms 10 5
No. of gradient steps 16 32
No. of scans 16 64
PFG NMR

Pulsed-�eld gradient (PFG) NMR di�usion measurements were
performed to assess the di�usive behaviour of liquids in the
unrestricted bulk and within PrSO3H/MM-SBA-15 catalysts.
Samples for NMR analysis were prepared according to the
following procedure: PrSO3H/MM-SBA-15 exhibiting 150 nm
and 430 nm macropores were pressed into 1 cm diameter
pellets. The pellets were broken apart into approximately 4 mm
� 4 mm � 2 mm pieces and dried at 105 �C for 12 h. The
catalysts were soaked in excess cyclohexane (Sigma Aldrich,
$99.5%) or dodecane (Fischer Scienti�c, $99%) for at least 48 h
under ambient conditions, with each liquid absorbed through
capillary imbibition. Prior to NMR analysis the saturated
materials were removed from the liquids and rolled over pre-
soaked �lter paper; this process removed any excess liquid on
the outer surface of the pellets without drawing liquid from the
pores. The saturated materials were then transferred to sealed
5 mm NMR tubes to a sample depth of �10 mm.

1H PFG NMR experiments were performed using a Bruker
DMX 300 NMR spectrometer equipped with a 7.1 T magnet
(300.13 MHz for 1H) and a Bruker Di�30 di�usion probe
capable of producing pulsed magnetic �eld gradients up to 11.6
T m�1. Samples were placed at the centre of the radiofrequency
coil and le� for at least 15 minutes to thermally equilibrate.
Di�usion of unrestricted liquids was analysed using the pulsed
gradient stimulated echo (PGSTE) sequence (Fig. 1a).35 To
minimise the e�ects of background magnetic �eld gradients
(so-called internal gradients36) the di�usion of liquids con�ned
to the porous catalysts was analysed using the alternating
pulsed gradient stimulated echo (APGSTE) pulse sequence
(Fig. 1b).37 In each case, measurements were performed by
holding the gradient pulse duration d constant and linearly
varying the magnetic �eld gradient strength g. Trapezoidal
gradient pulses were used to ensure reproducible pulse shapes
across all values of g. The recycle time was 2T1 (as measured
using the inversion recovery method) and 2 dummy scans were
used to equilibrate the sample magnetisation before the
acquisition of each data point. All measurements were per-
formed at 20 � 0.1 �C and under ambient pressure. A summary
This journal is © The Royal Society of Chemistry 2019
of the typical PFG NMR acquisition parameters used is reported
in Table 1.
Results and discussion
Synthesis of macroporous SBA-15

Macropore size control was achieved through the synthesis of
monodispersed polystyrene nanospheres of tunable diameter
(200 to 580 nm) as sacri�cial hard templates and their subse-
quent compaction into a colloidal crystal assembly. Ordered,
hexagonal close-packed mesoporous SBA-15 silica networks
were subsequently formed throughout the crystal assembly by
a true liquid crystal templating method.34 Calcination resulted
in hierarchically macroporous–mesoporous silicas (MM-SBA-
15) with uniform macropore diameters of 150 to 430 nm
J. Mater. Chem. A
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(proportional to template size) shown in Fig. 2; macropore
shrinkage relative to the polystyrene template was consistent
with previous reports for hierarchically porous alumina.39 N2

porosimetry of the as-prepared porous frameworks revealed
a common type-IV isotherm with H1 hysteresis indicative of
mesoporous SBA-15, with common BJH mesopore diameters of
4 nm (Fig. S2†). Low angle XRD con�rmed the d10 re�ection
characteristic of p6mm SBA-15 was present for all materials
(Fig. S3†).

The preceding silica frameworks were functionalised with
a common, and uniformly distributed, propylsulfonic acid
(PrSO3H) loading (�1 wt% S, Table S1†) to yield a family of
hierarchically porous solid acid catalysts (PrSO3H/MM-SBA-15).
S 2p XP spectra (Fig. S4†) con�rmed complete oxidation of the
thiol precursor, and N2 porosimetry con�rmed retention of the
parent mesopore networks following PrSO3H functionalisation
(Fig. S5†). The density of sulfonic acid groups was approxi-
mately independent of macropore diameter (0.69 nm�2 � 0.05),
and in a regime where the strongest acidity obtains due to
lateral interactions between neighbouring sulfonic acid head
groups.40 HAADF-STEM showed that mesopores were highly
ordered in all cases, with a common mesopore diameter and
macropore/mesopore interface (Fig. S6†).

Catalytic enhancement through macropore tuning

The impact of macropore diameter on the activity of PrSO3H/
MM-SBA-15 catalysts was studied for free fatty acid (FFA)
Fig. 2 Hierarchically porous SBA-15 frameworks of tunable macropor
diameters, and representative SEM images.

J. Mater. Chem. A
esteri�cation with methanol as a function of chain length. In
the case of propanoic acid, turnover frequencies (TOFs) per
sulfonic acid site were independent of macropore size (and
similar to that reported for mesoporous PrSO3H/SBA-15),26

whereas those for bulky palmitic (C16:0) and erucic (C22:1) acids
both signi�cantly increased with macropore size (Fig. 3). For
palmitic acid, per site activities increased four-fold as the
macropores expanded from 150 to 430 nm, while negligible
activity was observed for the unsaturated, bent erucic acid for
150 nm macropores. Although erucic acid can readily access
150 nm macropores, only 2–8% of all active sites reside in the
macropores (Table S1†) and hence negligible catalysis occurs
within them. The question arises as to why increasing the
macropore size promotes erucic acid esteri�cation. A plausible
explanation is that the increased pore connectivity for larger
macropores (observed by PFG NMR below) is at least partially
associated with break-up of the mesopore channel network,20,21

which in turn increases the number of mesopore openings and
opportunities for the carboxylate group to react over active sites
at mesopore entrances. This is akin to the mechanism invoked
for the oxidation of n-alkanes (up to C12) over molecular sieves,
in which an end-on approach into small pore entrances favours
terminal methyl attack.41

The maximum TOFs for propanoic and palmitic acids are in
accordance with those reported for PrSO3H/SBA-15 and PrSO3H/
MM-SBA-15 with 340 nm macropores and a similar acid
loading.21,26 The in�uence of macropore diameter on
e diameter: relationship between macropore and polymer template

This journal is © The Royal Society of Chemistry 2019


















