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The art of making hierarchical materials is
where to put the pores

ü Top-down vs bottom-up synthetic methods:
Top down: cheap & simple but produces a non-ordered
mesoporosity

Bottom-up: supramolecular templating is in general
economically prohibitive but induces an ordered mesoporosity

ü A integrated physico-chemical characterization is
essential to identify structure-performance
relationship.

ü Accessibility of the active sites is the main properties to
consider while studying hierarchical materials
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Bottom-up

Templating methods
• Soft templating:

Surfactant molecules self-
organized into
supramolecular micelles.

• Hard templating:
Solid materials such as
mesoporous carbons

Synthesis of hierarchical zeolites
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Silicoaluminophosphates(SAPOs)

SAPO-34	

4

Aluminophosphates…..…
……………….a	class	of	highly	tuneable,	microporous	catalysts

The small, 8-ring pore aperture (3.8x3.8 Å) and
large CHA cavity (9.4 Å in diameter) impose
severe diffusion limitations and expedite
catalyst deactivation through coke
formation/deposition

CHA	structure

Acid	catalyst	 in	methanol-to-olefin	(MTO)	reactions
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different bottom-up approach
SAPO-34 from a silica

(MCM-41) scaffold
SAPO-34 from saccharide

templates

HP-SAPO-34-CTAB

SDAmeso SDAmeso

HP- SAPO34-Saccharose

SDAmicro
Tetraethylammonium
hydroxide (TEAOH)

Hexadecyltrimethylammonium
bromide (CTAB)

encapsulated in MCM-41
Saccharose

SDAmicro
Tetraethylammonium
hydroxide (TEAOH)

Multi-techniques characterization: XRD, SEM, EDX, ICP, ss-NMR, FTIR with probe 
molecules. 

Synthesis gel composition: 
1Al: 0.58Si : 1P : 0.066CTAB : 1TEAOH : 50H2O

Synthesis gel composition: 
1Al: 0.6Si : 1P : 0.067Saccharose : 1TEAOH : 60H2O



This project has received funding from the European Union’s Horizon 2020 research and 
innovation programme under grant agreement No 720783

6

Bottom-up	approach to	synthesize
hierarchicalHP- SAPO-34

XRD

HP-SAPO-34-CTAB

MicroSAPO-34

I.Miletto,	S.	Chapman,	G.	Paul,	L.	Marchese,	R.	Raja,	E.	Gianotti,	Chem.	Eur.	J	2017, 23,	9952.
I.Miletto,	C.	Ivaldi,		G.	Paul	S.	Chapman,	L.	Marchese,	R.	Raja,	E.	Gianotti,	Chemistry	Open	2018, 7,	297

XRD

HP-SAPO34-
Saccharose

MicroSAPO34

HP- SAPO34-Saccharose

SEM
EDX

HP-SAPO-34-CTAB

EDX
SEM
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Catalyst SBET Smicro (m2 g-1)
Smeso

(m2 g-1)
Vtot DFT (cm3 g-1)

Vmicro

(cm3 g-1)

Vmeso

(cm3 g-1)

HP-SAPO34-CTAB 641 511 272 0.58 0.14 0.45

HP-SAPO34-
Saccharose 446 690 118 0.36 0.17 0.28

MicroSAPO-34 477 811 8 0.26 0.23 0.03

Pore size distributions determined by	QSDFT	 method

HP-SAPO34-
Saccharose

HP-SAPO34-
CTAB
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FTIR	+	1H	ss-NMR				- OH	population

Micro	SAPO-34

HP	SAPO-34-CTAB

Si
-O

H
P-

O
H

OHB

OHA

The presence of Brønsted acid sites in HP SAPO-34-CTAB
typical of microSAPO-34 confirms the dissolution of MCM-41
network and the Si incorporation into the CHA

Chapter 1. Hierarchical zeolites and zeotype materials 17

Figure 1.10. SAPO-34 structure with four different crystallographic oxygen atoms. Each
oxygen atom is shared between: O(1) 2 4-member ring(MR) and 1 8-MR, O(2) 1 4-MR,
6-MR and 8-MR, O(3) 2 4-MR and 1 6-MR and O(4) 1 4-MR and 2 8-MR. Reprinted
from [59].

The silicoaluminophosphate SAPO-34 with large cavities (9.4 Åin diameter) con-
nected by small 8-ring pore opening (3.8 Å x 3.8 Å) is one of the most excellent
industrial catalysts for the methanol-to-olefin reaction [47, 48, 49]. SAPO-34 may
also find application in the conversion of methyl halide to light olefins [60, 61, 62]
and in the removal of NOx from diesel vehicles [63] as well as membrane applica-
tions in carbon dioxide-methane separation in natural gas processing [64]. Since the
MTO process introduces a new way to produce light olefins from the abundant non-
petroleum sources such as natural gas, coal, and biomass, the synthesis of SAPO-34
catalysts with high catalytic performance has gained considerable attention in the past
decades. Despite SAPO-34 catalysts shows high selectivity of ethylene and propylene
in MTO reactions due to the topological structure as well as mild acidity, these nar-
row openings with small sizes of about 0.4 nm restrict intracrystalline diffusion and
transportation of bulky molecules like carbocations as intermediate products, which
presumably results in fast deactivation. Burning off the coke to regenerate the catalyst
is the standard solution that is an expensive time and energy consuming procedure.
Hence, overcoming the inherent diffusion limitations and reducing coke depositions
are significant to prolong the catalytic activity. So far, various approaches have been
developed to increase the catalytic activity by retarding the coke deposition, such as
optimizing the synthesis conditions, modifying the catalyst acidity and decreasing the
crystal size. Amongst all, the introduction of meso- or/and macropores into the micro-
porous SAPO-34 crystals, resulting in a hierarchical structure, has been turned out to
markedly enhance the MTO performance.

OHA
OHB

G.	Paul,	C.	Bisio,	I.	Braschi,	M.	Cossi,	G.	Gatti,	E.	Gianotti,	L.	Marchese,	ChemSoc Rev.,	2018,	47,	
5684-5739

Si
-O

H

FTIR																																									1H	ss-NMR	
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Si(OH)Al POH
AlOH

SiOH
HP-SAPO34-Saccharose

MicroSAPO34

HP-SAPO34-CTAB

Brønsted Acid Sites

All the samples were outgassed at 300°C for 1h 30 min

1H Chemical shift 
(δ) /ppm Assignments

1H Species (%)
HP- SAPO34-

Saccharose
HP-SAPO34-

CTAB MicroSAPO34

1.8-2.0 Si-OH 5 20 -
2.6 P-OH 20 10 4

3.6 Brønsted acid sites (OHA) 
O(4) 29 23 42

3.9 Brønsted acid sites (OHB) 
O(2) 16 17 27
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How can we discriminate between Brønsted acid
sites located inside the micropores and those
present on the mesoporessurface?

XRD: micro andmeso structures

SEM & EDX: homogeneous distribution of Al, P and Si, with no
evidenceof MCM-41-typeparticles.

Volumetric analysis: the coexistence of multiple levels of
porositywithin the samematerial.

FTIR + 1H ss NMR: in hierarchical SAPO-34, the Brønsted acid
sites have similar strengthandnature of micro SAPO-34.

…..but whereare located the Brønstedacidsites?

Adsorption	of	bulky	probe	molecules	is	required		
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Adsorptionof	probe	molecules to	elucidate	
strengthand	accessibilityof	acid	sites

NH3

N

N

N 1.05 

0.53

0.26

0.74

nm
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Collidinewill	not	enter	in	the	micropores and	
can	interact	with	active	sites	located	in	

mesopores	or	in	the	pore	mouth

Collidine
2,4,6-trimethylpyridine	(2,4,6-TMP)

SAPO-34
micropore channel
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Only	a	fraction	of	Brønsted	
acid	sites	are	accessible	to	the	

2,4,6-TMP	molecules
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Collidine	 adsorption	at	298K	- FTIR

Lambert-Beer law A= εNρ
A= integrated area of νC-C band, ε= molar extinction 
coefficient (cm mmol-1) , N= concentration of the oscillators 
(mmol g-1),ρ= density of the disk (mg cm-2)

νC-C ring modes

*K.	Mlekodaj et	al.,	Micropor.	Mesopor.	Mater.	2014,		183,	54.

Micro	SAPO-34

HP SAPO-34-CTAB 
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50A

NH3 Pyridine 2,6-di-tert-butylpyridine

AF	=	accessibility	factor	 NalkylpyridineH+ /	NNH4+

HP-SAPO-34-CTAB 

Probe	
molecule

Protonated
species

IR	band	of	protonated
species

N
(µmol g-1)

AF

NH3 NH4
+ 1450	(δasym) 59 1

Pyridine PyH+ 1545	(ν19b) 6.3 0.107
2,4,6-TMP 2,4,6-TMPH+ 1638	(ν8a) 2.2 0.038
2,6-dTBP 2,6-dTBPH+ 1618	(ν8a) 2.1 0.037

FTIR

Outg.	@	rt

δasymNH4
+

ν19b ν8a
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HP-SAPO34-Saccharose
NH3

FTIR
Collidine

Outg.	@	rt

Probe	
molecule

Protonated
species

IR	band	 of	
protonated species

N
µmol g-1

AF

HP-
SAPO34-
CTAB

NH3 NH4
+ 1450	(δasym) 59 1

2,4,6-TMP 2,4,6-TMPH+ 1638	(ν8a) 2 0.038

HP-
SAPO34-
Saccharose

NH3 NH4
+ 1450	(δasym) 41 1

2,4,6-TMP 2,4,6-TMPH+ 1638	(ν8a) 3 0.072
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Ø Mesoporous ordered silica (MCM-41) containing CTAB and
saccarose have been used as precursor to drive the synthesis of
hierarchical acid SAPO-34 catalyst, avoiding the use of
sophisticated surfactants.

Ø This method benefits from superior retention of the desirable
acid properties of the microporous parent framework, whilst
simultaneously enhancing its mass transport capabilities.

Ø An integrated physico-chemical characterization is essential to
elucidate the nature, the strength and the accessibility of the
active acid sites and to identify structure-properties
relationship

Ø The superior catalytic activity can be rationalized on the basis
of the enhanced diffusion, through the interconnected
hierarchical network, and to a higher accessibility of a fraction
of the Brønsted acid sites with respect the microporous
catalysts.


