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ABSTRACT: Since their invention silicoaluminophospates (SAPOs) have become by far the 

most researched class of aluminophosphates due to their commercial use as solid acid catalysts. 

Currently over 25 different SAPO frameworks have been synthesized, providing a diverse range 

of confined nanoporous topologies, with distinct acid sites. When combined with emerging 

synthetic techniques to further modulate these species, there are endless possibilities to tailor 

SAPO materials for specific catalytic applications. Herein this review focusses on developments, 

and possibilities, from the last decade in the field of SAPO research, with particular attention 

paid to synthesis, characterization, theoretical studies and case studies of their catalytic 
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applications. I aim to simultaneously educate and inspire readers at all stages of their career and 

hope that this review helps further interest and research into the exciting field of SAPOs. 

Introduction to SAPOs 

Silicon doped aluminophosphates (SAPOs),1 a subclass of aluminophosphates (AlPOs)2 

represent a large family of materials. Since SAPOs discovery in the 1980s by Union Carbide 

Corporation, they have widely been studied as heterogeneous Bronsted acid catalysts. This is 

partly due to their use in the methanol to olefin (MTO) process,3-6 but also due to the wider range 

of synthetic variables that allow careful tuning of catalytic behavior. 

AlPOs are microporous materials, with pore diameters spanning 3-12 Å. They are constructed 

by alternating AlO4 and PO4 tetrahedra, known primary building units (PBUs). These PBUs bind 

through Al-O-P bonds, forming simple shapes, known as secondary building units (SBUs), 

including hexagons (s6r), squares (s4r) or stacked hexagons (d6r). The SBUs then orientate and 

combine to create distinct frameworks, labelled with a unique number and a 3-letter code. AlPO-

18 (AEI) and AlPO-34 (CHA) show how slight differences in SBU alignment form different 

frameworks. Both species contain d6r, bound by s4r, though in AlPO-34 the d6r are all aligned 

(AAA, Figure 1) whereas the d6r layers alternate in AlPO-18 (ABA, Figure 1), though the 

change is subtle, this significantly influences the properties of the systems.7-10  
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Figure 1. Highlighting the subtle structural difference in AlPO-34 (CHA) and AlPO-18 (AEI) 

based on the orientation of d6r layers. 

Undoped AlPOs have limited catalytic potential, as the ever-present Al-OH and P-OH defect 

species are very weakly-acidic, and ineffective for many transformations.11-12 The interest in 

AlPOs comes from the ability to isomorphously substitute framework Al or P atoms with 

dopants, creating a range of possible active sites within the microporous framework.13 The nature 

of these sites depends on many parameters, including framework topology, dopant choice, 

dopant quantity and synthesis protocol. A variety of dopants have been isomorphously 

substituted into AlPOs, but not all elements can be substituted, as there are restrictions on size 

and charge.13-14 Dopants must be similar in size to the framework Al and P species to be included 

in the framework, as deviation from the ideal geometry distorts the local framework. Significant 

deviation comes with a greater energy cost, and therefore limits incorporation. Charge also plays 

a major role in framework substitution. M2+ or M3+ dopants will exclusively substitute the 

framework Al3+, known as Type I substitution.15 M+ species cannot isomorphously substitute, as 

the lower charge means weaker coulombic interactions with framework oxygen, which cannot 

justify the energy cost of distortion to accommodate it. Substituting an M3+ dopant for Al3+, is 

charge neutral. But M2+ substituting Al3+, creates a negative charge, which is balanced by a 
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proton binding to an oxygen atom, adjacent to the dopant, creating a M-O(H)-P Bronsted acid 

site, which is commonly stronger than the Al-OH and P-OH defects.16-18 Similarly, M4+ and M5+ 

dopants substitute framework P5+, via Type II substitution (Figure 2B). An isolated M4+ dopant 

substituting P5+ will also create a Bronsted acid species.19 M4+ dopants, primarily Si, can also 

undergo Type III substitution, where an adjacent Al3+ and P5+ are both substituted with a Si4+ 

species (Figure 2C). This is a neutral substitution, so no protons are generated. The existence of 

an isolated (AlO)3Si-O-Si(OP)3 species has not been reported in an AlPO, thus when Type III 

substitution occurs, it is accompanied by Type II substitution, leading to the formation of Si-

islands in SAPO materials (Figure 2D).19-21 

 

Figure 2. Si substitution mechanisms in SAPOs showing A) Bare undoped framework, B) Type 

II substitution, C) Type III substitution and D) The combination of type II and III substitution 

giving a 5-silicon island. 

Whether Si forms islands or isolated sites, is determined by many factors, though each 

framework has a preference. SAPO-34 and SAPO-37 favor isolated sites, whereas SAPO-5 often 

favors Si islands.19 The Si quantity also influences the mechanism, with smaller quantities favor 
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isolated sites, whereas greater quantities often lead to islanding. The reasons behind these factors 

are still unclear, likely it is affected by the energetics of silicon distorting the framework, which 

could be calculated computationally. However, this approach would prematurely dismiss the 

crystallization processes, and rate of Si-O-Si bond breaking versus framework formation. 

Specific investigation into this would require a combination of in-depth in situ and operando 

characterization and theoretical methods on the synthesis of SAPO materials. Therefore, despite 

significant interest in SAPOs, there are still many important fundamental questions to answer.  

Given that SAPOs are microporous solid acid species, they are naturally compared to zeolite 

materials, which are prevalent catalysts in industrial petrochemical processes. Despite, in 

principle, both species deriving from the same basic building blocks, there are few examples of 

SAPOs and zeolites forming identical frameworks. The most common examples being the CHA 

(SAPO-34 and Chabazite) and FAU (SAPO-37 and Faujasite) frameworks. Despite this there are 

countless examples of frameworks that are unique to zeolites such as FER, MFI and BEA. 

Similarly, there are also frameworks that are unique to SAPOs, with no analogous zeolite species 

including SAPO-31 (ATO), SAPO-39 (ATN) and SAPO-40 (AFO). There are several reasons 

for this disparity, perhaps the simplest of which is due to Lowensteins rule, which prohibits Al-

O-Al and P-O-P bonds. Thus SAPOs (and AlPOs in general) cannot form structures that include 

odd numbered rings, such as MFI (ZSM-5), which contains 5-membered rings. The preference 

for different frameworks also lies in the electronic structures of the different materials. While 

zeolites have been shown to possess more covalent character, AlPOs (and SAPOs) are more 

ionic, existing more as Al3+ and PO4
3- ions.22 This fundamental difference may lead to some 

frameworks being more energetically favourable than others. Finally the synthesis procedures are 

also different, as zeolites are predominantly formed under basic conditions, whereas SAPOs 
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form under more acidic conditions.23 This will influence the rates of formation of different 

building units, ultimately leading to different frameworks being formed.  

Focussing on acidity, the Bronsted acid sites in SAPOs (as discussed) derive from Si being 

doped into the Al, P and O framework. Whereas in zeolites it is the Al dopants being introduced 

into the Si and O lattice which creates the Bronsted acidity. The acid sites in SAPOs are typically 

weaker than in zeolites,24 while this may be unhelpful in some reactions, it can increase catalyst 

lifetime by limiting coking, which occurs primarily on stronger acid sites. While SAPO 

chemistry almost exclusively concerns Bronsted acidity, Lewis acidity is not uncommon in 

zeolites, deriving from extra framework aluminium. As such one could argue that it is more 

straightforward to form one uniform acid site in a SAPO, than a zeolite, which would help target 

one specific reaction and intermediate.  

While zeolites are more common industrial catalysts than SAPOs, the different frameworks 

offered by SAPO materials could provide unique options for tailoring the selectivity of processes 

towards desired products. Further the weaker acid sites in SAPOs have already been shown to be 

beneficial for some reactions.25 As such wherever zeolites are employed, SAPOs must always be 

considered as a viable alternative.   

 

The synthesis of SAPO materials 

Hydrothermal synthesis of SAPOs 

Traditionally SAPO materials are synthesized hydrothermally, where an aqueous gel is formed 

from aluminum, phosphorus and silicon precursors and a structure directing agent (SDA).3 The 
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initial acidity helps decompose the precursors into MO4 tetrahedra within the gel, which combine 

to give small oligomers, that later form the framework.26-28 The SDA, typically an amine or 

ammonium ion (though alternatives have been investigated29-33) serves as a template for the 

framework to form around, thus SDA choice helps dictate SAPO structure will be formed. One 

can rationalize that small SDAs, such as isopropylamine, form systems with small pores, while 

larger SDAs such as a tetrapropylammonium form larger pored systems. In some cases this idea 

holds, indeed elegant computational studies have focused on this idea,34-35 predicting the ideal 

SDA for a framework, by optimizing the fit for molecule within the pore space. However, in 

many cases this is an oversimplification, as it cannot account for the influence the SDA basicity 

has on framework choice. Nor can it consider interactions between SDA and reagents, or how 

this would influence the crystallization kinetics of different frameworks. Finally, and importantly 

for SAPO materials, it cannot investigate the role of dopants. In wider AlPO chemistry, SDA 

choice is a significant factor in whether a dopant is isomorphously substituted or not.36 

Computational techniques encompassing this would be highly valuable, it would require a multi-

scale approach to establish even a general case. This would realistically span crystallization 

kinetics, molecular dynamics to consider the arrangement of framework species around the SDA 

and finally quantum mechanical calculations looking at the interactions between the various 

species. A challenge for sure, but a worthwhile one. Many syntheses also use a ‘mixed-template’ 

approach, such as SAPO-37, the SAPO equivalent of faujasite.37-38 This species contains sodalite 

cages, linked together by d6r to form a supercage. This uses both tetramethyl and tetrapropyl 

ammonium ions as SDAs, as the tetramethyl ammonium ions encouraging formation of the 

sodalite cages, while the tetrapropyl ammonium ions reside in the supercages (Figure 3).  
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Figure 3. SAPO-37 FAU framework showing TPAOH residing in the supercage and TMAOH in 

the sodalite cages. White = Al, Blue = P, Red = C & Yellow = N. 

Many different nitrogen containing species have been used as SDAs (Table 1) for SAPOs, 

though few SDAs can be considered ‘structure specific’, meaning that they will target only one 

specific framework, regardless of the other synthetic parameters. Perhaps one of the few 

examples of this is N,N-methyldicyclohexylamine, which regardless of reaction conditions will 

almost exclusively form the AFI framework; SAPO-5. However, some SDAs such as 

dipropylamine, have been shown to form 8 different frameworks, showing its versatility as an 

SDA, and the influence of other synthetic factors.  

Table 1. Known SDAs for single templated hydrothermal synthesis of phase pure SAPOs.  

Template 
SAPO 

formed 
Ref Template 

SAPO 

formed 
Ref 

n-Propylamine 

 
47 39 iso-Propylamine 43 40 
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n-Butylamine 

 
34 41 

sec-Butylamine 

 

47 42 

Diethylamine 

 

5, 11, 34, 41, 

44, 47 
43-47 

TMAOH 

 

20,42 
48-

49 

Morpholine 

 

34, 47 50-51 

Piperidine 

 

34 52 

N-Methylbutylamine 

 

47 53 

ETMAOH 

 

59, 67, 69 

33, 

54-

55 

Methyldiethanolamine 

 
5, 35, 35, 44 56 

Triethylamine 

 
5, 34, 47 

46, 

49, 

51 

Dipropylamine 

 

5, 11, 31, 34, 

39, 41, 46, 

47 

46, 51, 

57-61 

Diisopropylamine 

 

5, 11, 34, 

41 

62-

64 

Cyclohexylamine 

 
 

17, 35, 44 65-67 

Hexamethyleneimine 

 
 

5, 16, 35, 

44 

68-

70 

Quinuclidine 

 

16, 17, 35 1 

DEDMAOH 

 

57, 79 
33, 

54 

TEAOH 

 
5, 18, 34 

46, 49, 

71 

Dibutylamine 

 

5, 11, 31, 

41 

57, 

72-

74 

Diisopropylethylamine 

 

18 7 
Tripropylamine 

 

5 59 

DMDMPOH 

 

18 75 

TEEDA 

 

5, 34 76 

Dipentylamine 

 

31 57 
Dihexylamine 

 
31 57 

TMHD 

 

17, 56 77-78 
TPAOH 

 
40 79 
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MDCHA 

 

5 16 

TMAdaOH 

 

34 80 

MTPQ 

 

42 81 

DDBQ 

 

42 81 

 

Once the synthesis gel is sufficiently homogenized with the SDA it is transferred to a closed 

system, typically a Teflon-lined steel autoclave, where it is heated above the boiling point of 

water, for either hours or weeks (Figure 4). Steam tables predicts that significant pressure is 

generated, 3.7 barG is formed at 150 oC, at 200 oC this rises to 14.5 barG, so care should always 

be taken! Systems designed to hold such pressures are typically heavily reinforced, meaning they 

are unlikely to instantly reach the desired temperature, creating a heating gradient across the 

vessel. Thus, it may take many minutes for the synthesis gel to equilibrate at the desired 

temperature, during which time, many different products could form, so it is important to 

minimize this length of time as much as possible. After crystallization step, the systems are 

cooled, again, this step should be minimized to quench all possible reactions. After the sample is 

typically washed and collected via filtration of centrifugation, and finally calcined by flowing air 

over the material at over 500 oC, to remove the SDA from the pores.  
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Figure 4. Typical protocol for a hydrothermal synthesis. 

Synthesizing a phase pure SAPO material without a known procedure is challenging, iterative, 

and repetitive, with many parameters to consider and harmonize, mainly because many variables 

influence multiple factors (Table 2). A recent example comes from Zhu et al who probed the 

influence of the Si/Al ratio, with triethylamine (TEA) as an SDA, on phase formation.82 A gel 

ratio of xAl2O3:1.0P2O5:4.5TEA:0.4SiO2:80H2O was used, where x varied to give Si/Al ratios of 

0.03, 0.08, 0.1, 0.2 and 0.4. All gels were heated at 200 oC for two days, so the only variable was 

the quantity of pseudoboehmite added. For the Si/Al ratio of 0.03 phase pure SAPO-5 was 

formed, whereas at 0.4 phase pure SAPO-34 was formed, with a progression from AFI to CHA 

seen in between.82 Such studies emphasize the need for careful design of the synthesis 

procedures, and highlight, in some cases, how little room for error there is, creating a unique 

synthesis protocol, typically requires an expansive ‘design of experiments’ approach. 

Table 2. Influence of synthetic variables in SAPO synthesis.  
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While hydrothermal methods are the most established method for SAPO synthesis (Figure 4), 

there are flaws. Firstly, the need for specialist equipment that can withstand the pressure 

generated is costly, and on a lab-scale can only be done in batch, taking significant time to 

synthesis large quantities of material. Secondly the process is incredibly energy intensive, the 

heated crystallization step can last for days, and the calcination process typically runs for over 6 

hours. Finally, the requires costly SDAs which are rarely recovered. Therefore, inspiration has 

been taken from zeolite synthesis into SDA-free methods with some success. In many cases the 

necessity of the SDA can be reduced (though rarely completely removed), by using seed 

crystals.3, 83-85 Adding small quantities of the desired framework into the synthesis gel provides 

ready-made nucleation sites for the framework, this speeds up the crystallization kinetics for that 

species, as a blueprint has already been supplied.  

It is often desirable to also control particle size as porous materials typically benefit from 

smaller particles,86 as this improves diffusion through the pores, increasing access of active sites. 

Many approaches have been used to try to modulate particle size and shape. Work from Pham 

Thanh et al explored the influence of a mixed-template approach for SAPO-34 synthesis.87 
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Specifically focusing on triethylamine (TEA), tetraethylammonium hydroxide (TEAOH) and 

morpholine on a 48 hour, 200 oC hydrothermal synthesis. Despite different combinations all 

resulting in phase pure SAPO-34, the particles were found to have different properties (Figure 5). 

Morpholine alone produced larger 38 μm cubic particles, whereas tetraethylammonium 

hydroxide gave smaller cubic 5 μm particles. Combining the three SDA’s retained crystallinity, 

but reduced particle size further, with an average size of 3 μm (Figure 5). This suggests mixtures 

of SDAs can either promote nucleation, or hinder crystallization, causing smaller particles. 
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Figure 5. Showing the influence of templating agent, and combinations thereof, on the particle 

size of phase-pure SAPO-34. Adapted from reference 87, with permission from Hindawi 

publishing. 

Yang et al probed the influence of phase transfer on the formation of SAPO-31.88 

Conventional hydrothermal SAPO-31 formed with dihexylamine was found to give rod-like 

crystals 1-2 μm in length. Introducing toluene into the synthesis gel, drastically increased the 
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nucleation rate, producing 55 nm spheroids of SAPO-31 using a phase-transfer synthesis 

procedure. These smaller SAPO-31 particles were found to have superior selectivity and lifetime 

for the hydroisomerization of n-heptane compared to conventional SAPO-31, due to improved 

mass transfer. Others have included surfactants to control particle size, such as pluronic F127 in 

a SAPO-34 synthesis.89 Here an optimized amount of pluronic F127 lowered the particle size 

from 5 to 1.5 μm, which increased the MTO catalytic lifetime fourfold, as the larger external 

surface area prevented the build-up of coke precursors. Others have adopted an alternative 

approach by carefully controlling the crystallization temperature (Figure 6). Luo et al prepared a 

conventional SAPO-34 species by crystallizing at 200 oC for 24 hours.90 They modified the 

procedure by introducing two pre-heating steps, in the first step the sample was heated at 200 oC 

for 0.5, 1 or 2 hrs. In the second step the sample was heated for 2 hours at either 40, 70, 100 or 

130 oC, before finally being crystallized at 200 oC for 24 hours, as per the conventional sample. 

The rationale being that the sample would undergo rapid nucleation and then hindered 

crystallization to create smaller particles.90 

 

Figure 6. Three stage crystallization showing the influence on particle size of SAPO-34, adapted 

from reference 90 with permission from Wiley publishing. 
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This three-step approach successfully engineered smaller SAPO-34 particles than the 

conventional method, reducing the particle sizes from 10.7 μm to 2.9 μm (Figure 6).90 This 

greatly increased the number of weak acid sites in the SAPO-34 system, however had a limited 

effect on the stronger acid sites. Again, these systems were tested in the MTO reaction, showing 

the smaller particles had a longer catalytic lifetime and improved selectivity to ethylene and 

propylene. Overall, some degree of control on the particle size can be achieved with 

hydrothermal synthesis, however this often results in extra costly steps that may not be viable on 

a larger scale.  

 

The influence of microwave synthesis 

Microwave synthesis is expanding among the inorganic community, due to its energy efficient 

and shorter crystallization times, typically 5-10 times faster than conventional heating.91 

Microwave synthesis is not simply an alternative heating method, as it plays a major role on 

framework selection. Park et al showed the same gel, with triethylamine as an SDA, crystallized 

at 180 oC, gave different frameworks on microwave and conventional heating.92 Microwave 

heating prompted the kinetic SAPO-5 product, whereas conventional heating gave the 

thermodynamic SAPO-34. Microwaves controlling framework formation was further 

investigated, as other researchers demonstrated that for a synthesis gel containing a mixture of 

TEAOH and dipropylamine (DPA) SDAs, heated at 150 oC, SAPO-5 is the dominant product 

after 30 minutes (Figure 7).93 After 60 minutes SAPO-34 impurities form, with phase pure 

SAPO-34 achieved after 500 minutes, highlighting the time resolution achieved with microwave 

heating (Figure 7). 
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Figure 7. Showing the phase transition of SAPO-5 to SAPO-34 using a microwave assisted 

approach, modified from reference 93, with permission from RSC publishing. 

Reports on microwave SAPO synthesis concur it creates smaller particles with narrower size 

distributions.91, 94-96 This is attributed to more uniform heating of the synthesis gel, prompting 

faster nucleation. However, it is unclear how microwave heating influences crystallization 

kinetics. A study on SAPO-11 synthesis found the activation energy of microwave crystallization 

was 1.5 times larger than conventional heating.97 Despite this the microwave crystallization pre-

exponential factor was 8 orders of magnitude larger, accounting for the faster crystallization rate. 

This was attributed to more collisions between active sites, as microwave heating makes a much 

larger fraction of reacting surfaces active, leading to greater reactive sites. Particle size is not the 

only difference observed in SAPOs on conventional and microwave heating. Parallel studies on 

SAPO-5 and SAPO-34 found differences in acidity, despite identical silicon loadings, depending 

on whether microwave or conventional heating was used.98-99 Microwaved SAPO particles were 
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much smaller, resulting in higher external surface area and mesopore pore volume, however, 

conventional samples contained a greater number of stronger acid sites. This was attributed to 

the differing silicon distributions of the two species, as conventional heating favoring isolated 

active sites (type II substitution, Figure 2), with a 1:1 ratio between silicon and protons. 

Microwave synthesis formed larger silicon islands, with fewer acid sites due to increased type III 

substitution, increasing the silicon to proton ratio (Figure 8).98-99 This suggests rapid 

crystallization, from microwave heating, gives silicon less opportunity to enter the framework as 

isolated sites.98-99 Thus, as crystallization occurs there are fewer available AlO4 and PO4 species, 

encouraging Si-O-Si bond formation and silicon islands. This shows that silicon distribution, and 

acidic properties (Figure 8), can also be tailored by microwave heating time, with longer times 

required to form stronger acid sites, akin to those from conventional synthesis.  

 

Figure 8. Showing the NH3-TPD data comparing conventional SAPO-34, with microwave 

heated SAPO-34, both with a Si/Al ratio of 0.6, adapted from reference 99 with permission from 

RSC publishing.  
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Despite the seeming simplicity of microwave heating, this method has its own variables, 

including precursor volume, reactor size, applicator type and frequency (Table 3). A study on 

SAPO-11 and AlPO-11 considered the influence of these variables on the final products, 

showing that increasing the reaction volume decreased the crystallization rate.97 This was due to 

a lower surface area-to-volume ratio of the precursor solution, giving a less homogeneous 

temperature distribution, when over 15 g of solution was used, despite microwave heating. As a 

result, larger reaction volumes lead to longer times to achieve 1% crystallinity. To further probe 

the reactor configuration, 10 g of identical of precursor solution were heated to 160 oC in 

cylindrical reactor vessels, with diameters of 11 and 33 mm. The 33 mm reactor was found to 

give particles of 2.14 ± 0.76 μm in size, whereas the smaller 11 mm reactor gave smaller more 

uniform particles; 1.38 ± 0.18 μm in size (Table 3). This was attributed to a less homogeneous 

temperature distribution in the larger reaction, encouraging nucleation and crystallization to 

occur simultaneously. Whereas the smaller reactor lead to slower nucleation, separating the two 

processes. Therefore, giving smaller more uniform particles. The choice of microwave 

applicator, frequency and sweeping rate were also both shown to influence particle formation. 

Comparing crystallinity as a function of time at 2.45, 5.8, 8.7 and 10.5 GHz showed little 

difference between the three higher frequencies, but the rate of growth was noticeably slower for 

the 2.45 GHz frequency. This is likely due to 2.45 GHz not having enough penetration depth to 

uniformly heat the whole vessel (33 mm diameter), whereas 5.8 GHz is enough.  

 

Table 3. Comparing microwave heating variables, and their influence on particle size and 

crystallization rate in SAPO-11 synthesis, adapted from reference 97. 
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Precursor 

Mass (g) 

Reactor 

diameter 

(mm) 

Frequency 

(GHz) 

Nucleation 

time (min) 

Crystallization 

rate (min-1) 

Particle size 

(μm) 

10 33 2.45 4 0.035 2.14 ± 0.76 

15 33 2.45 10 0.035 3.50 ± 0.73 

30 33 2.45 25 0.010 2.35 ± 0.66 

10 11 2.45 10 0.060 1.38 ± 0.18 

15 33 2.45 17 0.015 3.77 ± 0.55 

15 33 5.8 15 0.025 3.68 ± 0.46 

15 33 8.7 15 0.025 2.63 ± 0.24 

15 33 10.5 15 0.025 2.70 ± 0.23 

Conditions: 160 oC crystallization temperature, gel ratio of 1.0 Pr2NH: 0.5 (TBA)2O: Al2O3: 

P2O5: 0.4SiO2: 50 H2O.  

To tailor particle size, two step protocols are being developed that combine microwave and 

conventional heating.100-101 Here a SAPO-11 gel was exposed to either 15 hrs conventional 

heating, 2 hrs microwave heating, and combinations thereof. Samples made purely from 

microwave heating were found to give small 2 μm crystals, with a narrow size distribution. 

Those from conventional heating gave larger particles, with less uniform shape and size 

distribution. Mixing microwave and conventional heating an intermediate particle size was 

achieved. Performing microwave heating first, then conventional heating, gave a more uniform 

particle size, due to the uniform nucleation rates of microwave synthesis. In contrast performing 

the conventional heating first lead to similar size particles, but with a much broader size and 

shape distribution, as conventional heating favors particle growth. This shows the possibilities 

for combined synthesis techniques.100-101  

Microwave synthesis has many possible advantages over conventional synthesis, not just in 

powder synthesis, but also in coatings and membrane formation.96, 102-103 While it is undoubtedly 

a more energy efficient route, maintaining that efficiency on a larger (industrial) scale may be 

challenging, especially given the still considerable pressure build up. Balancing these factors 

must surely be a goal for the future of sustainable microwave synthesis. 
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Inclusion of ionic liquids with ionothermal synthesis 

While many synthesis procedures utilize water (hydrothermal) or organic (solvothermal) 

solvents, their low (< 120 oC) boiling points create pressure during crystallization above 150 oC. 

In 2004 Morris et al devised a strategy to utilize ionic liquids as solvents, coining the term 

‘ionothermal’.104 Ionic liquids, typically substituted imidazoliums, have high boiling points and 

low vapor pressure, allowing zeolite and AlPO synthesis to be performed in open vessels. This 

approach has obvious safety benefits, avoiding pressure build up, and has the potential to be 

converted into a continuous process.  

One of the earlier reports of ionothermal SAPO synthesis comes from Xu et al, where SAPO-

11 was synthesized with microwave heating, using 1-ethyl-3-methylimidazolium bromide as 

both a solvent and SDA.105 It was found that HF was needed for phase purity, yet excessive 

amounts increased the crystallinity, but greatly lowered the product yield. This was attributed to 

the Al and Si precursors in the SAPO gel competing with one another to react with the fluoride 

ions in solution to form intermediate species.105 Contrasting microwave and conventional heating 

showed, as expected, microwave synthesis required significantly less time, to achieve more 

crystalline species.105  

The influence of ionothermal synthesis was recently investigating, comparing SAPO-5 

synthesized ionothermally with 1-ethyl-2,3-dimethylimidazolium bromide, with the conventional 

approach.106 Key differences were seen in the silicon distribution with conventional SAPO-5 

showing far more isolated (type II) Si sites than ionothermal SAPO-5, which primarily showed 

Si-O-Si bonds. This was also reflected in the total acidity, with hydrothermal SAPO-5 showing a 

greater number of total acid sites and stronger acid sites, allowing it to selectively form C2 to C4 
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alkenes in the MTO reaction. In contrast ionothermal SAPO-5 principally formed dimethyl 

ether.106 This has since been attributed to the excellent conductivity and high polarity of ionic 

liquids, allowing the temperature to be more effectively dispersed in the solution, speeding up 

the rate of growth. Again, allowing less time for the Si to substitute into the framework.  

Table 4. Ionic liquids used in the ionothermal of SAPO systems. 

Ionic liquid Structure Co-SDA 
SAPO 

structure 
Ref 

[emim]Cl 
 

None SAPO-34 107 

[emim]Br 
 

None SAPO-11 105, 108-109  

TPAOH SAPO-42 110 

[allylmim]Br 
 

None SAPO-11 108 

[bmim]Cl 
 

None SAPO-5* 108 

[bmim]Br 
 

None SAPO-5 108 

1-

Methylimidazole 
SAPO-34 108 

TMAF SAPO-42 111 

[edmim]Br 

 

None SAPO-5 108 

TEA SAPO-5 106 

[allyldmim]Br 

 

None SAPO-5 108 

[bdmim]Br 

 

None SAPO-5 108 

[teim]OH 

 

None 
SAPO-5 

SAPO-34 

112 
112 

[etmim]OH 

 

None SAPO-34 112 

[temim]OH 

 

None SAPO-11 112 
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[epy]Br 
 

None  SAPO-5 108 

[bpy]Br 
 

None SAPO-5 108 

[bpy]Cl 
 

None SAPO-42 108 

Choline 

chloride + 

Pentaerythritol 

 
+ 

 

None SAPO-5* 113 

Choline 

chloride + 

Succinic acid 

 
+ 

 

TEABr SAPO-5 114 

* = Small impurity phases also detected. 

The choice of ionic liquid has a significant effect on the framework formed (Table 4). In 2018 

Azim and Stark performed a systematic study to investigate the effect of ionic liquid choice, 

synthesis times and gel ratio on the SAPO formed.108 Using 1-butyl-3-methylimidazolium 

bromide ([bmim]Br), showed that despite SAPO-5 readily converting to SAPO-34 under 

hydrothermal methods, SAPO-5 was stable on crystallization up to 24 hours using this 

ionothermal method. Likely this is due to the bulky ionic liquid limiting the formation of the 

smaller pored CHA phase. Varying the initial Si/Al ratio also controlled the phases formed, at a 

low Si/Al ratio (0.2) both AEL and AFI phases formed, however above 0.2 AFI was exclusively 

formed.108 Modifying the imidazolium substituents also influenced phase formation. While the 1-

butyl-3-methylimidazolium bromide ([bmim]Br) formed phase pure SAPO-5, it was shown that 

1-ethyl- and 1-allyl-3-methylimidazolium bromide ([emim]Br and [allylmim]Br, respectively) 

favored SAPO-11. Further, a combination of 1-butyl-3-methylimidazolium bromide ([bmim]Br) 
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and 1-methylimidazole formed SAPO-34. While the organic species clearly had a significant 

effect, the anions also had a structure directing property. Changing from bromide to chloride had 

little influence with the imidazolium species. However, changing from 1-butyl pyridinium 

bromide ([bpy]Br) to 1-butyl pyridinium chloride ([bpy]Cl) caused the SAPO material to change 

from phase pure SAPO-5, to phase pure SAPO-LTA. This was attributed to the anion’s 

involvement in during the crystallization with pyridinium species, whereas clearly this has less of 

an influence in imidazolium species.108 

Ionothermal synthesis is an elegant and simple way to avoid pressure build up, and closed batch 

synthesis. As with microwave synthesis, the faster crystallization times limit type II silicon 

substitution in the framework, which is key for acid catalysis, and is something that must be 

addressed moving forward. While questions remain over the economic effects of large-scale 

processes involving ionic liquids, such methods clearly have logistical merits. 

 

Solvent-free synthesis of SAPOs 

To limit issues of water consumption and wastewater generation, solvent-free methods have been 

investigated. The most common being dry-gel conversion (DGC), which has been successful for 

both SAPO-11 and SAPO-34 synthesis.115-117 In DGC, a regular aqueous synthesis gel is made, 

but before crystallization the water is evaporated, leaving a “dry-gel”. The dry-gel then 

undergoes crystallization at elevated temperatures, without pressure build up from solvent 

evaporation. As this gel is more concentrated, faster crystallization occurs. For SAPO-11, 

researchers focused on the influence of temperature at which the initial aqueous synthesis gel is 

formed, prior to evaporation, which varied between 5–30 oC, before crystallization at 200 oC 
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(Figure 9).117 Samples from gels synthesized at 5 and 30 oC showed no significant differences in 

particle size, all having irregular shaped particles. The 30 oC samples showed AEL framework 

after 2 hours of crystallizing, whereas those formed at 5 oC required 4 hours. Comparing the 

acidity of the systems showed a lower gel formation temperature (5 oC), gave greater framework 

silicon incorporation, leading to more stronger acid sites. Microscopy showed (Figure 9) that the 

30 oC system had an uneven distribution of silicon over the SAPO particles, due to silicon 

islanding. This shows the importance of the gel formation temperature, something commonly 

overlooked. However, such a method is not without flaws. Firstly, evaporation to form the dry-

gel, is energy intensive, further, irregular particle shapes are also likely to form due to an uneven 

distribution of reagents within the dry-gel. Few take steps to form a completely homogeneous 

mixture at this stage, and unlike microwave synthesis, there is a pronounced temperature 

gradient throughout the dry-gel. This will lead to notably different crystallization and nucleation 

rates, producing uneven particles. 
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Figure 9. STEM (scanning tunneling electron microscopy) mapping images of SAPO-11 species 

formed with different gel synthesis temperatures, showing that higher temperatures (30 oC) lead 

to a less homogeneous silicon distribution. Adapted from reference 117 with permission from 

Elsevier publishing. 

Collaborative efforts from China provided an alternative solvent-free method for SAPO (and 

AlPO) synthesis based on grinding.118 Here there is no need for a separate evaporation step, as no 

additional water is added, creating a paste that is ground for 10-15 minutes into a solid, which is 

transferred to an autoclave for crystallisation.83 This was shown to make particularly crystalline 

SAPO-34 species, which was easily followed as a function of crystallization time. Likely the 

more regular particles are due to the grinding, ensuring a homogeneous mixture of reagents. This 

method was also found to give impressive SAPO yields (94 %), making it a highly effective 

synthesis. The doped silicon was also found to be almost exclusively type II substituted, 

producing a large amount of strong acid sites. These species of SAPO-34 were found to have 

comparable activity to conventional SAPO-34, for the MTO reaction. To enhance the mixing of 

grinding methods, many have replaced the liquid SDA amines and H3PO4, with an ammonium 

phosphate salt, limiting the number of reagents to be evenly mixed while grinding.119 This 

approach resulted in a more subtle mesopore hysteresis from N2 physisorption, compared to 

traditional hydrothermal approaches. This was attributed to the faster grinding-based synthesis 

method, allowed rapid formation of the microporous material, with less time for mesopore 

incorporation. Further, grinding-based methods gave much smaller particles, with similar 

numbers of Bronsted acid sites to conventional synthesis. In 2018 Liu et al considered this 

approach, noting that ammonium phosphate salts, required significant purification with volatile 

solvents, which would be unfavorable for large scale processes.120 They also again highlighted 
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that while solvent-free methods had many advantages, they struggled to achieve the same 

proportion of type II substituted Si in the SAPO-11 framework as hydrothermal methods.  

 

Summary of synthetic methods 

While this review has only focused on just four techniques, many other methods are emerging, 

including the use of ultrasound,121-123 and developing composite materials.124-125 While newer 

techniques can provide excellent control over particle sizes and crystallization rates, less focus is 

being paid to tailoring silicon incorporation, which remains a key catalytic factor. An ideal 

synthesis procedure moving forward would make it possible to select both the particle shape and 

substitution methods towards an optimized catalyst, whilst still being safe, scalable and 

sustainable. 

 

Understanding SAPOs 

Use of X-ray diffraction in studying SAPOs  

Diffraction measurements are found in most works on SAPOs, as the primary technique for 

confirming phase purity, with each framework having its own unique powder X-ray diffraction 

(PXRD) pattern. Peak positions are based on lattice parameters and space group, whereas the 

peak intensities depend on the unit cell contents. Further in some cases, the particle size can be 

determined from the peak full width at half-maximum (FWHM). In many cases as synthesized 

and calcined pattern are collected only to confirm the desired framework has formed, but this 
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underrates the significant advances in diffraction technology, which can provide vast amounts of 

information.  

As the peak positions are a function of the six unit cell parameters (a, b, c, α, β and γ), they 

unit cell parameters, and unit cell volume, can be calculated from the positions of PXRD peaks 

through Reitveld refinement.126 Conversely, PXRD patterns can also be predicted for a given 

unit cell, to match the peak intensities to the unit cell contents. In practice synchrotron radiation 

is typically used, as the precision needed to differentiate between a hundredth of an angstrom 

demands excellent experimental resolution, which is not common among lab-based systems. 

XRD measurements have few demands on sample environment, so can accommodate a range of 

experimental parameters, including temperature and pressure.127-128 This lends itself well to in 

situ and operando studies, particularly as patterns can be collected in a matter of seconds, and 

simultaneously alongside other characterization techniques.9, 126, 129-132 One of the first in situ 

XRD studies with SAPOs focused on the formation of SAPO-34 in 2001.133 Researchers 

followed the crystallization, leading to the isolation of a layered SAPO-34 pre-phase, which 

decayed above 150 oC, to SAPO-34. Further, tracking the peak intensities in situ permits 

calculation of crystallization rates, here the activation energy for crystallization was 157 kJ/mol, 

which was larger than for undoped AlPO-34 (120 kJ/mol), due to the added energy for silica 

incorporation. Ex situ analysis of the XRD samples confirmed that silicon was only gradually 

introduced into the framework, again highlighting the need for extended synthesis times.133  

Slawinski et al expanded diffraction studies to understand the growth of competing phases, 

considering SAPO-34 and AlPO-18, with two main crystal faults; displacement and growth, 

considered (Figure 10).134-135 A displacement fault occurs when the ideal crystal pattern (in this 

case a continuous stack of layer A; AAAAAAA), makes a solitary error, which is then corrected; 
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AAABAAA. A growth fault occurs when this this error is not corrected, leading to the formation 

of an incorrect phase; AAABBBB. By calibrating their proposed methods, they modelled a series 

of cases starting with ‘perfect’ SAPO-34 and AlPO-18, observing the influence on introducing 

increasing numbers of either fault. This led to subtle differences in the patterns (Figure 10), 

based on the peak intensities and width, which when compared to experimental spectra of ‘real’ 

SAPO-34 samples, showed intergrowth of AlPO-18 in SAPO-34 was primarily through 

displacement. This led to a simple method for investigating defect levels in samples, based of 

simple XRD parameters, and has since evolved beyond this to incorporate atomic force 

microscopy and solid-state nuclear magnetic resonance (NMR).135 Thus, highlighting the precise 

mechanism (layer-by-layer growth) that the SAPO-34 and AlPO-18 phases intergrow.  

 

Figure 10. Showing the influence of incrementally introducing A) Displacement and B) Growth 

stacking defect faults into a pure SAPO-34 system (0.0), towards a pure AlPO-18 system (1.0), 

on the calculated XRD pattern. Adapted from reference 134 with permission from Elsevier 

publishing. 
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Calcination is a necessary step in most SAPO syntheses; so naturally researchers are curious 

about the transformations that occur during this process. Wragg et al focused on the calcination 

of SAPO-37, in situ at the BM01 beamline station at the European Synchrotron Radiation 

Facility.127 Combining XRD with Mass Spectrometry (MS), Thermogravimetric Analysis (TGA) 

and Differential Scanning Calorimetry (DSC) correlated changes in structure with the removal of 

TMAOH and TPAOH SDAs (Table 1). As SAPO-37 has a cubic unit cell, it is well-suited to 

such studies, as only one unit cell parameter; a, varies, linking directly to the unit-cell volume 

(a3). Initially no real change in unit cell parameter (or unit-cell volume) is seen on removal of 

water, below 375 K. However, the decomposition, and loss, of TPA+ (tetrapropylammonium) 

ions from the supercages (Figure 3) caused a spike in unit-cell volume from 15086 to 15110 Å3, 

between 600 and 660 K. After this the unit-cell volume decreased to 14939 Å3 at 1000 K, 

attributed to the TMA+ (tetramethylammonium) ions leaving the framework. It was concluded 

that TMA+ species could not leave the SOD (sodalite) cages until the TPA+ had mostly vacated 

the FAU (faujasite) supercages. The experimental data resolution allowed them to model the 

isotopic thermal parameters of both the oxygens and the collective T-atoms (Al/P/Si), 

representing the amount of motion of these species. It was shown that the thermal motion of the 

oxygen atoms increases on decomposition of TPA+ (550 K). Yet, the T-atoms thermal motion 

did not increase until 660 K, coinciding with the spike in unit-cell volume. Further analysis 

decoupled the behavior of the FAU supercage and SOD cages. This showed the initial increase in 

unit-cell volume was due to expansion of the FAU cage, whereas the subsequent shrinking was 

due to the SOD cages contracting. This was probed further with an in situ XRD study focused on 

the stability of SAPO-37. The framework was found to be completely stable under an inert Ar 

environment, however subtle changes were seen in the XRD patterns on exposure to air, 
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attributed to water (Figure 11).136 Combining XRD with DRIFTS (Diffuse Reflectance Infrared 

Fourier Transform Spectroscopy) and DFT (Density Functional Theory) it was shown that spaces 

within the SOD cages and d6r will hold trap molecules. This then puts strain on the rest of the 

framework, leading to the d6r breaking, triggering the decomposition of the framework (Figure 

11). This goes some way to explaining the stability of SAPO-37, relative to other SAPOs. 

 

Figure 11. Showing the framework strain on introducing water into the SAPO-37 faujasite 

framework. 

There is also interest in how the SDAs orientate within SAPO frameworks, as a guide for 

future template and catalyst design. Liu et al prepared CHA SAPOs (SAPO-34/44) from 

different SDAs.41 Combining PXRD with 13C NMR and DFT, showed that two cyclohexylamine 

or two n-butylamine molecules occupy a CHA cage, whereas just one diisopropylamine or 

dipropylamine would occupy the same cage. By creating this self-consistent model, there is 

scope for identifying the precise locations and binding modes of probe molecules within SAPOs. 

Beyond SDAs, the interactions between SAPOs and other molecules is of great interest, 

particularly methanol and water as vital components of the MTO process.9, 137-138 In situ powder 
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XRD of SAPO-34 was able to show that the adsorption of methanol lead to a 0.5 % expansion of 

the unit cell, primarily due to an expansion of the a-parameter. In contrast the cell volume 

contracted by 2 % when water was added.129 This difference shows that the SAPO-34 system has 

a stronger interaction with water, than methanol, with different adsorption mechanisms. 

Collection of high-resolution powder diffraction (HRPD) predicted crystal structures of methanol 

within the CHA cages, confirming these weaker interactions.129 

In situ and operando XRD of SAPOs naturally lends itself to SAPO-34 and the MTO process. 

Impressive works by Wragg and co-workers have been dedicated to observing structural changes 

in rhombohedral SAPO-34 during the catalytic process, the build-up of coke and coke 

precursors, and the formation of methoxy intermediates.9, 126, 129-132, 139 These combined works 

showed that during the MTO process, at 450 oC, the unit cell volume of SAPO-34 increases, due 

to an increase in the c parameter.9, 126, 130-132, 139 This complemented with Fourier maps, showing 

the differences in electron density within the CHA cages, as the reaction progressed, were 

attributed to coke build-up, showing excellent correlation between coke build up and the c 

parameter expansion. These changes were found to be reversible on oxidation, showing the 

catalyst could be regenerated. They expanded these studies to identify the types of coke, and 

their production mechanisms. One notable study contrasted SAPO-18 and SAPO-34 under 

operando conditions for the MTO reaction.9 Despite being structurally similar, SAPO-18 has a 

longer catalytic lifetime than SAPO-34, albeit with less activity. It was shown that while coke 

deposits build up in SAPO-18, the unit cell volume only expands by 0.9 %, whereas for SAPO-

34 the expansion is around 3 %, despite similar Si loadings. It was suggested that the continued 

activity of SAPO-18 was due to the cage size, which allowed bulky aromatics to form, but not 



 34 

fill the cage. The smaller unit cell expansion was attributed to the more rigid d6r in SAPO-18, 

which translated to limited pore blockage.  

The above studies have significant merit, but only capture the average sample behavior, yet 

constant improvements in computing power allow the simultaneous processing of thousands of 

data sets. This facilitates spatially resolved experiments of SAPO-34, leading to multi-

dimensional mapping of structural parameters, during the MTO processes (Figure 12).126, 139 This 

study focused on the c-parameter, as a function of bed height and time on stream, over a range of 

methanol flow rates. This revealed that the formation of the hydrocarbon pool (HCP) of 

intermediates begins at a single point within the catalyst bed, who’s location depends on the flow 

rate. Eventually the HCP will begin a significant expansion of the c-parameter, at the top of the 

catalyst bed, leading to deactivation of the catalyst bed, while some areas remain coke free.139 

This allowed researchers to develop kinetic models, showing the build-up of coke, and the HCP 

independently, within the bed. This work was the expanded to incorporate XRD-computed 

tomography, with multiple 2D slices of the cylindrical reactor bed, from inlet to outlet (Figure 

12).139 The SAPO-34 systems were run under real conditions, and then quenched to room 

temperature, to collect data on the influence of coke deposits. Focusing on variations in time-on-

stream and silicon content (as a measure of acidity), showed that the SAPO-34 sample with the 

lowest silicon quantity (4 wt%), had little variation in the c-parameter, showing an even 

distribution down the bed. Whereas, the 8 wt% Si SAPO-34 sample showed areas with 

significant build-up of coke within the cages, which correlated well with expansions in the unit 

cell parameters. This led the researchers to suggest that lower Si loadings would lead to 

improved catalytic lifetime for SAPO-34 in the MTO process. 
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Figure 12. Showing the variation in the c-parameter of SAPO-34, across cross sections of an 

MTO bed after ~200 minutes on stream for the MTO process. The SAPO-34 (4% Si) system 

shows relative homogeneity, whereas uneven changes in the c-parameter are seen for the 8% Si 

SAPO-34. Figure adapted from reference 139 with permission from the International Union of 

Crystallography.   

The high intensity of even commercial benchtop diffractometers allows reasonable quality 

XRD patterns to be collected in minutes. However, XRD occurs due to interactions with photons 

and protons, thus, the more protons an element has, the stronger the interaction. This makes 

XRD useful for looking at the SAPO framework, but not so useful for looking at lighter 

elements, such as hydrogen, which are vital in acidic SAPOs. Unlike X-rays, the neutron cross 

section, does not follow a loosely linear trend with the atomic number. Instead a more random 

pattern occurs, notably with hydrogen having a large neutron cross section, making neutron 

techniques well suited to probing acid sites in SAPOs. Neutron diffraction has previously been 

used to probe the four possible acid sites in SAPO-37.140 Cheetham et al were able to calculate 
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the proton occupancies of each oxygen from neutron diffraction data, showing most (~ 75 %) 

protons are in the FAU supercage, but stronger acidic sites are from protons residing in SOD 

cages. This extended to observing the binding of d6-Benzene in SAPO-37, were it was shown the 

stronger SOD cage protons migrate to interact with the benzene molecule, in a similar fashion to 

zeolite analogues.8, 141 Similar studies were performed on partially deuterated SAPO-34, 

complemented with CO-probed FTIR. Again, four oxygen environments were considered, 

though only two were found at 15 K, corresponding to protons protruding from the 6 and 4 

membered rings. Such measurements however could not explain the appearance of three 

different acid sites seen in the CO-probed FTIR spectra, which is likely due to the differences in 

temperature for the two measurements (15 and 77 K). Therefore, neutrons diffraction can 

provide complementary data to XRD.8, 140-141 However, neutron diffraction will always be more 

of a niche technique for SAPOs, as it requires orders of magnitude more time, at a synchrotron, 

to collect data of the same quality as even benchtop X-ray diffractometers.  

A further benefit to diffraction is the ability to extract accurate experimental bond lengths from a 

range of species, including SAPOs, through the Pair Distribution Function (PDF); D(r).142-144 

D(r) represents the probability of finding any atom at a distance r, from the center of any other 

atom, and is obtained through a variety of data processing steps. While PDF analysis can be 

challenging, it is derived from the same information as neutron and X-ray diffraction, so all the 

above studies could still be interpreted with PDF. The advantage of PDF is it can look at locally 

disordered species, which diffraction cannot, thus it has potential to look at silicon substitution 

within SAPOs. Previous work on SAPO-18 and AlPO-18 from Sankar et al compared the PDF 

of the two species to extract data relevant to the dopant, however only subtle differences were 

found.143 In principle this approach is possible, but is complicated by low silicon quantities, and 
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the similarities in Al-O, P-O and Si-O bond lengths. PDF analysis is also highly dependent on 

computational models to explain changing bond distances, or similar variations, so a good 

understanding of the system is required. However, if known, PDF is an incredibly powerful 

technique for future studies, focusing on in situ crystallisation,144 catalysis142 or even determining 

dopant mechanisms and substitution. All of which would be of great benefit for the 

understanding of existing, and development of new, SAPO materials.  

 

Examining SAPOs with Solid State NMR 

Solid state nuclear magnetic resonance (ssNMR) is another technique that is widely used in 

probing the structure of SAPOs. The ability to selectively focus on Al, Si, P and H nuclei means 

one can probe the local environments of these elements. 31P and 27Al ssNMR are common in 

SAPO characterization, owing to large amounts of P and Al in the framework, further 31P is 

100% abundant and a dipolar nucleus (spin I = 1/2), making data collection relatively straight-

forward. While 27Al is quadrupolar (spin I = 5/2), its gyromagnetic ratio is large, meaning high 

quality data can be collected in a short space of time. In AlPOs, the data from 1D NMR spectra 

of 31P and 27Al is quite limited. 31P shows a signal at around -28 ppm, attributed to P(OAl)4, 

while 27Al shows a primary signal at around 40 ppm, corresponding to Al(OP)4, as expected.145 

In 27Al some secondary signals can also appear at -15 ppm, due to octahedral alumina, or a signal 

at 15 ppm due to hydrated (or five-coordinate) aluminum.145 These two measurements can 

confirm the correct formation of the intended AlPO framework, with some even explaining 

framework connectivity. However, 29Si NMR is more useful for predicting acidity and catalytic 

performance, despite it appearing in lower loadings, with a lower gyromagnetic ratio, meaning 
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data collection lasts for many hours. The position of the 29Si signal is sensitive to both its first 

and second coordination spheres (Table 5). This is incredibly fortunate, as in all cases we assume 

the silica will be tetrahedra, so SiO4, however being able to distinguish between the five possible 

Si(OAl)x(OSi)4-x species, where x is an integer from 0–4, provides a direct insight into the silicon 

substitution. 

Table 5. Common Si species found in calcined, phase pure SAPO materials. 

Species Framework Chemical shift (ppm) Reference 

Si(OAl)4 SAPO-11 -90 145 

 SAPO-31 -90 145 

 SAPO-34 -90 to -92 146-147 

 SAPO-35 -89 to -90 148 

 SAPO-37 -91 to -93 147, 149 

 DNL-6 -92 150 

    

Si(OAl)3(OSi) SAPO-18 -95 to -96 145, 151 

 SAPO-34 -96 146 

 SAPO-35 -96 148 

 SAPO-37 -98 149 

    

Si(OAl)2(OSi)2 SAPO-18 -100 151 

 SAPO-34 -101 146 

 SAPO-37 -103 149 

    

Si(OAl)(OSi)3 SAPO-18 -106 145 

 SAPO-34 -105 146 

    

Si(OSi)4 SAPO-11 -110 145 

 SAPO-18 -112 151 

 SAPO-31 -110 145 

 SAPO-34 -115 146 

 SAPO-37 -108 149 

 

If type II substitution exclusively occurs one expects a single peak at -89 to -93 ppm, attributed 

to Si(OAl)4. This, as discussed previously, would have a 1:1 relationship between Si dopants and 

acid sites (Figure 2). The degree of silicon islanding can be seen in the distribution of 29Si NMR 
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signals and may also be quantified. Increasingly researchers use 2D 29Si NMR to resolve 

individual signals, despite significantly longer acquisition times, this is a useful method for 

determining the true number of species in a sample.149 To directly probe the acidity of a sample 

many have used solid state 1H NMR, for this to occur the sample must be exceptionally dry, to 

remove signals from physisorbed water or other adsorbed species.145-147, 151-153 However, in doing 

so this then makes cross-polarization measurements of other nuclei less effective. Investigations 

on the 1H NMR of dry SAPO-34 and SAPO-37, by Hunger et al, showed that SAPO-34 only 

possessed one type of acid site (at 3.6 ppm), attributed to Si-OH-Al species.147 However, SAPO-

37 showed three different signals at 4.2, 3.6 and 1.7 ppm, which were assigned as protons in the 

sodalite cages, supercage and weak silanols respectively. It was later shown that SAPO-34 also 

possess two shoulder peaks at 2.6 and 1.6 ppm. Through the use of 1H-27Al TRAPDOR (Transfer 

of populations in double resonance) and 1H-29Si REDOR (Rotational double echo resonance) 

measurements these were assigned as Al-OH and Si-OH species respectively.146 Further, more 

recent studies on SAPO-34, have shown the primary peak at 3.6 ppm can be deconvoluted into 

two peaks at 3.6 and 4.0 ppm. Both signals relate to Bronsted acid Si-OH-Al species, from the 

proton occupying the O2 and O4 positions of the CHA framework.154 Aside from more routine 

measurements, SAPO ssNMR work can mostly be grouped into crystallization, catalysis, 

accessibility and acidity studies.  

ssNMR has the benefit that it doesn’t require crystallinity to produce a signal, elements only 

need to be present, making it a powerful tool for monitoring SAPO crystallization. Primarily 

ssNMR has been used ex situ, as multiple elements are of interest (Al, P and Si), which cannot be 

measured in a timely fashion simultaneously. Especially as good quality 29Si NMR data takes 

many hours to collect, severely limiting the time resolution of an in situ approach. As such ex 
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situ methods have been used to explore a range of frameworks,155-156 including SAPO-3426-28, 157-

161 and SAPO-37.162 Tan et al tracked the hydrothermal synthesis of SAPO-34 over the course of 

26 hours, with a silica sol, pseudoboehmite, triethylamine and phosphoric acid as precursors.158 

Solid samples were collected at a range of time points, collecting 27Al, 31P and 29Si CP spectra on 

appropriate samples. After 30 minutes of crystallization the 27Al NMR spectra showed primarily 

octahedral species, with a well-defined peak at 8 ppm, corresponding to hydrated alumina. 

Similarly the 31P spectra showed a very broad peak centered at roughly -10 ppm, suggesting a 

wide range of disordered P states in the gel, with a shoulder, at -27.3 ppm assigned to P(OAl)4.
158 

The analogous 29Si signal was also broad, centered at -85 ppm, with no discernible shoulder 

peaks. Associated XRD data showed framework formation after an hour, which prompted 

changes in all three NMR spectra. In the 27Al spectra a peak at 28 ppm; Al(OP)4, emerged, with 

the 31P NMR signal becoming dominated by the sharp feature at -27.6 pp; P(OAl)4, confirming 

framework formation. After one hour the 29Si NMR shows a single signal at -90.9 ppm, due to 

Si(OAl)4, suggesting Si exclusively underwent type II substitution to form isolated sites. Beyond 

1 hour the 29Si and 31P spectra showed little change, though 27Al showed a transition, as the 38 

ppm signal increased, while the octahedral alumina species (12 ppm) diminished into a small 

shoulder. After 26 hours of crystallization some smaller features, due to Si-O-Si bond formation 

emerged, suggesting that type II substitution occurs during the crystallization step, and more 

rapidly than type III substitution in this case.158  

Huang et al used a similar approach to monitor the hydrothermal synthesis of SAPO-37 

(Figure 13).162 The associated XRD shows the crystallization kinetics of SAPO-37 were much 

slower than SAPO-34,158 with SAPO-37 Bragg peaks only appearing after crystallizing for 16 

hrs at 200 oC.162 The 27Al and 31P ssNMR spectra agreed with the SAPO-34 findings, with 27Al 
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initially showing a signal at 7 ppm, with a second peak at 41 ppm evolving on crystallization. 

Similarly, the 31P shows a broad signal at -10 ppm, which transitions to a sharp signal at -26 

ppm. The 29Si spectra showed no noticeable signal before 22 hours, after which a peak at -90 

ppm appears, with a shoulder at -94 ppm developing after 24 hours (Figure 13A). In this study 

the 13C NMR was used to probe the templating agents (TMAOH and TPAOH). The initial gel 

showed four features, attributed to a range of TPA+ environments, while no TMA+ species were 

seen. On crystallization the peak positions shifted, showing TPA+ becoming trapped in the 

supercage, and TMA+ was now inside the sodalite cages (Figure 3). Huang et al also compared 

the conventional synthesis (above) of SAPO-37 to the DGC method.162 XRD showed the 

formation of an intermediate phase at 6 o after 0.5 hr, using the DGC method. This grew after 1 

hr, but diminished once the SAPO-37 framework formed after just 5.5 hrs. This faster 

crystallization was also seen with ssNMR where the tetrahedral Al(OP)4 signal; 41 ppm, is as 

intense as the octahedral species (6 ppm) in the initial gel.162 Interestingly the 29Si ssNMR dry-

gel method (Figure 13B) showed the Si(OAl)4 species at -90 ppm evolve from the broader 

Si(OSi)4 signal at -112 ppm, suggesting that synthesis protocols significantly affect the silicon 

incorporation and crystallization times.162 
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Figure 13. 29Si NMR studies showing the variation in conventional (A) and dry-gel (B) synthesis 

methods for SAPO-37. The conventional hydrothermal method (A) shows a -90 ppm signal 

emerging from the baseline, whereas in the dry-gel method (B), this signal evolves from a 

silicate environment at -112 ppm. Adapted from reference 162 with permission from Elsevier 

publishing. 

These studies have added significant insight into the crystallization mechanisms behind SAPO 

synthesis, laying the foundation for more advanced studies. More recently groups have been 

exploring isotopic doping, including measuring 17O ssNMR,26, 163 which is an emerging field in 
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microporous materials. Here a custom-made autoclave rehydrated dry-gel SAPO-34 with 17O-

enriched water. 17O is sensitive to different environments, with peak position a function of its 

nearest neighbors. Using this approach, a wide range of 17O sites were observed during the 

crystallization process.26 Such studies exemplify how isotopes drastically enhance the resolution 

and information from ssNMR, paving the way for further studies. As 27Al and 31P are already 

close to 100% abundance, enriched 29Si sources would be able to produce stronger signals, 

improving resolution in the spectra, and speeding up collection time, akin to the zeolite world.164  

While challenging, in situ ssNMR synthesis have been developed, primarily with hydrothermal 

approaches, which requires tubes that contain the significant pressure build up. Taulelle et al 

showed one of the earliest studies of this kind,165 focusing on SAPO-34 crystallization, with 27Al, 

31P and 19F ssNMR spectra. The 27Al spectra shows the initial broad aluminum peak splits into 

two signals at 2 and -10 ppm, assigned to different hexacoordinated fluoroaluminophosphates. 

This signals then evolve and split into the expected tetrahedral Al(OP)4 species and a broad peak 

due to hydrated octahedral aluminum oxide species.165 Tracking the spectra as a function of time 

the team were able to show the influence of heating the gel (prior to crystallization), and the 

transition as a function of time. This led to the conclusion that bond-formation was not the 

determining step for framework formation but was for the activation energy of crystallization.  

Given the importance of SAPOs in the MTO process, ssNMR has repeatedly been used for 

identifying coke precursors and reaction intermediates from the HCP.166-168 One of the earliest 

examples introduced 13CH3OH, CD3OH or ethene to SAPO-34,169 while being heated in a closed 

system, with samples analyzed as a function of reaction temperature. 13C and 2H NMR confirmed 

the formation of surface methoxy groups, which at low temperatures (< 473 K), are stable and 

involved in all hydrocarbon transformations.169 It was noted that isobutane was among the initial 
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products observed, attributed to alkene methylation of these surface methoxy groups. Similarly, 

isopentane is also observed early in the reaction, likely due to the subsequent methylation of 

isobutane from the surface methoxy groups.169 This work has been developed over the years 

primarily by Weckhuysen170-171 and Hunger,151-152, 172-174 who focused on early reaction products 

and coke precursors, respectively. Weckhuysen et al employed 2D 13C-13C and 1H-13C ssNMR to 

confirm the identity of a range of hydrocarbon intermediates and products with exceptional 

clarity (Figure 14), ultimately providing fundamental insights on the MTO mechanism.170-171 

This confirmed that the surface methoxy species indeed play a major role in the MTO process, as 

they react with CO to form acetate species, that initiate C-C- bond formation, a significant 

mechanistic finding.170-171 Hunger et al employed an in situ approach, flowing nitrogen and 

13CH3OH over a SAPO-34 packed rotor, whilst collecting 13C ssNMR.152, 172, 174 This study 

compared the spectra from a continuous flow and stopped flow systems, the latter purges the 

system, mid-reaction, to probe surface methoxy species. Focusing on SAPO-34 showed the 

formation of C6-C12 intermediates within the pores. To gain further insight the reagent flow was 

switched from 13CH3OH to 12CH3OH, to observe the influence this would have on the products 

formed. This resulted in a decrease in the 13C abundance in the coke molecules, showing that 

methanol is continually contributing to the HCP. 
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Figure 14. 2D 13C-13C solid state NMR correlation experiments probing the mobile molecules in 

the MTO process with SAPO-34. Adapted from reference 170 with permission from Wiley 

publishing. 

129Xe is an unlikely nucleus to explore for SAPO characterization, but a significant body of 

work, over many materials, describes how it can be used to probe accessibility and diffusion in 

microporous frameworks.175-177 Here the 129Xe peak positions, line shapes and shielding tensors 

are used to calculate Xe-Xe interactions, which are correlated to confinement of Xe molecules. 

Jokisaari et al confirmed theoretical findings on the change in line shape for Xe residing in 

circular or elliptical channels for a range of SAPO and AlPO materials.176-177 Further this showed 

the acidic sites did not influence the diffusion. This was also applied to the MTO reaction with 

SAPO-34, which had been on stream for 0, 5, 10, 18 and 49 minutes, at 673 K.178 The samples 

were then exposed to gaseous Xe and the 129Xe spectra collected at 293, 233 and 193 K (Figure 

15). Gaseous Xe could be seen at 0 ppm, though a second peak could at 84 – 134 ppm was 

attributed to Xe in the CHA (chabazite) cages. The peak position shifted significantly depending 

on the measurement temperature, but not with time-on-stream.178 It was concluded this signal 
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corresponded to Xe in empty CHA cages only, showing that coke formation is not uniform 

across all areas of the catalyst. The peak intensity was also monitored, confirming that pores get 

rapidly blocked after 10 minutes, from coke build-up, reducing accessibility.178 Recently this 

work has been developed further to probe the variation in Xe interactions across a large 15 μm 

cubic crystal of SAPO-34.179 This revealed an inhomogeneous distribution of Xe throughout the 

particle, where the outer layers were readily accessible, but the inner layer was not. This again 

highlights the importance of controlling both mass-transfer and internal diffusion in microporous 

materials. 

 

Figure 15. Showing the variations with MTO time on stream and temperature for the 129Xe 

NMR spectra of Xe-loaded SAPO-34. Adapted from reference 178 with permission from Elsevier 

publishing. 

A further NMR technique that has been utilized to probe diffusion is pulsed field gradient 

(PFG) NMR.180 PFG NMR directly measures the self-diffusivity constants (D) of organic 

molecules, which, combined with observation time, determines the molecular displacement of 

these molecules. Varying the temperature of these measurements, thus varying D, means the 
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diffusion activation energy can then be calculated.180 One can then observe the variation in 

diffusion activation energy from a fresh sample to a spent one. Hunger et al compared the 

diffusivity of ethane and ethene in fresh and used SAPO-34.181 Diffusivity of both ethene and 

ethane drastically decreased in used species, confirming coking has a significant effect on 

diffusion, which has since been repeatedly observed.178, 181  

ssNMR can also probe the acidity of different supports, primarily by comparing peak positions 

attributed to probe molecules before and after adsorption onto a support.182 Here the strength of 

the acid site, in principle, relates to the strength of the acid site-probe interactions, which are 

measured by ssNMR. In theory, the 1H ssNMR could be used, but the narrow chemical shift 

range and large 1H-1H dipole interactions makes it a challenge to resolve,183 instead 13C NMR of 

the hydrocarbon probes is typically used.146, 182 Acetone is a common probe, with 13C signals at 

207 and 30 ppm from carbonyl and methyl carbons respectively. The carbonyl oxygen can 

hydrogen bond with Bronsted sites or interact with Lewis sites. Both interactions shift the carbon 

signal downfield, the extent of which relates to acid strength.146, 182 Acetone was adsorbed onto 

two SAPO-34 species with different silicon loadings (8.7 and 3.6 wt%, Figure 16). The high 

loading SAPO-34 (8.7 wt% Si) showed two signals at 217 and 225 ppm, attributed to a 

moderately-strong and strong acid site respectively.146 However, the lower loading species (3.6 

wt% Si) showed a third signal at 240 ppm, showing Lewis acid sites were also present (Figure 

16). Ammonia has also been used as an acid site probe for SAPO-34 and SAPO-37, following 

the 27Al and 1H signals as a function of ammonia loading, showed the different ammonium 

locations within the two frameworks, giving insights into acid site location.147 
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Figure 16. 13C NMR of acetone bound to different Si loadings of SAPO-34. Adapted from 

reference 146 with permission form Elsevier publishing. 

Overall NMR has immense possibility for studying SAPOs. The versatility of this technique 

can be increased further by isotopically labelled studies, especially 29Si, allowing better 

resolution data to be collected. Using NMR to measure acidity is also an interesting prospect. 

While a range of techniques already exist to measure acidity, the strong influence of atomic 

proximity in NMR means that it may in future be able to expand on typical acid characterization 

techniques, to acidity, and the local geometry of the site, simultaneously.  

 

Porosity, elemental analysis and microscopy techniques 

A range of other techniques are vital for confirming the structural and textural integrity of 

SAPOs. Porosity is a key feature of SAPO, each framework will have a characteristic 

microporous surface area ranging from around 100 – 600 m2/g, that depends on the framework 
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topology. Typically, these measurements are performed through nitrogen physisorption at 77 K, 

as nitrogen is added to a known quantity of SAPO, quantifying the amount of nitrogen adsorbed 

as a function of pressure to build an adsorption isotherm. This continues until atmospheric 

pressure is reached, at which point the pressure then decreases back down to vacuum to construct 

the desorption isotherm. The surface area is typically calculated from the low-pressure regime 

using the BET (Brunauer-Emmett-Teller) model,184 while total pore volume is calculated from 

the total nitrogen uptake at atmospheric pressure. A range of different isotherm shapes can occur, 

depending on the porosity of the system.185 Typically, microporous species show a rapid uptake 

at low pressures, with minimal uptake beyond, known as a type I isotherm. However, variations 

occur when larger pores are introduced into the system to make hierarchical analogues. In this 

case the meso- and macropore width can be estimated using many different functions, with 

NLDFT (Non-linear density functional theory)186-187 and BJH (Barrett, Joyner and Halenda)188 

among the most common. This can be used to investigate pore-blockage, for example researchers 

have calculated the surface areas and pore volumes of SAPO-34, at various times on stream for 

the MTO process, showing a decrease in both as time on stream increases.189  

Elemental analysis of SAPOs is necessary for all samples, as the Si loading is required to 

calculate the catalytic efficiency, through turnover numbers or frequency. Beyond simply 

quantifying the amount of Si in a SAPO, the relative amounts of Si, Al and P can reveal which 

silicon substitution mechanisms have occurred (Figure 2). If silicon exclusively substitutes 

phosphorus (type II), then the sum of the moles of silicon and phosphorus should equal the moles 

of aluminum; SixAl1P1-xO4. Commonly, researchers calculate some variation of: X = (nP + 

nSi)/nAl, where X should be close to unity, if type II has exclusively occurred. Deviation from 

unity suggests either extra framework Al is present, or type III substitution has occurred. Again, 
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in the other extreme, where type III substitution exclusively occurs the formula would be: 

Si2xAl1-xP1-xO4, thus the moles of alumina and phosphorus would be equal. As such it is possible 

to estimate the proportion of type II v type III Si substitution from the elemental analysis, which 

can guide 29Si NMR interpretation.  

Microscopy plays an essential role in measuring particle size and shape, particularly scanning 

electron microscopy (SEM). This is highly relevant for recent work on minimizing particle size 

to improve MTO performance, but also for assessing crystallinity, surface roughness and particle 

shape. Potentially this can be combined with synthetic studies to observe any macroscopic 

changes during synthesis. While this is important for all catalytic systems, SEMs use beyond this 

is limited, especially as the similarity between Al, P and Si, limits contrast techniques. SEM can 

of course be combined with EDX (Energy dispersive X-ray spectroscopy) to give elemental 

analysis, discussed above. Similarly, TEM (Transmission electron microscopy) can probe 

particle size, shape and roughness in greater detail, but if a material is truly microporous and 

crystalline, this will give limited information. EDX mapping is a useful feature, and if the 

resolution is suitably high can be used to identify areas where Si has built up, potentially even Si 

islands perhaps even isolated silicon sites. Microscopy has also been combined with other 

techniques, such as UV/Vis spectroscopy to identify the build-up of aromatic coke precursors 

within SAPOs under in situ and operando MTO reactions. The combination of microscopy with 

other techniques can provide vital spatially resolved information, as discussed in the MTO 

section.46, 190-192 

Overall a wide range of techniques are routinely used to confirm the correct SAPO framework 

has formed. However, some techniques, specifically diffraction and NMR, can reveal finer 

details about SAPOs, and their use in catalysis. With NMR spectrometers, and synchrotron 
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facilities, constantly improving this will hopefully lead to more advanced techniques becoming 

commonplace, spurring the development of more complex and informative experiments. 

However, it is becoming increasingly likely that characterization methods will soon surpass our 

synthetic capabilities. Therefore, novel, and unique synthesis methods, with the potential to tune 

materials on an atomic level will always be in demand. 

 

Methods to probe the acid strength of SAPOs 

Framework topology has a significant influence on the catalytic behavior of SAPOs, though 

often it is overshadowed by the acid strength, quantity of acid sites and acid site location, which 

play a major role in the reactivity of the SAPO species.193-195 The strength of an acid site 

influences which mechanistic pathways occur, and thus the product distribution. The number of 

acid sites will influence the reaction rate, as more sites initiate more reactions, further, acid site 

location determine the accessibility of acid sites to the reagents. SAPOs are generally well-

defined materials, but often have multiple acid sites, which must be resolved to understand their 

individual behaviours.196 Infrared (IR) spectroscopy is a commonly used technique for probing 

acid sites, specifically DRIFTS (Diffuse Reflectance Infrared Spectroscopy), as little sample 

preparation is needed, to focus on surface interactions.16, 138, 154, 197-198 As the energy of a signal is 

a function of the bonds force constant and the atoms involved, one can resolve different O-H 

stretches, loosely based on the acid strength. The hydroxyl region of SAPO materials (4000-3000 

cm-1) commonly shows many features, with ever-present defect hydroxyl sites, Si-OH and P-OH, 

occurring at 3750 and 3680 cm-1 respectively.12, 199 However, Bronsted acid sites associated with 

Si substitution (Al-OH-Si) occur at 3650-3500 cm-1. Aside from resolving signals at different 
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wavenumbers, DRIFTS of the bare material provide limited information on accessibility, acid 

strength or acid quantity. The latter is particularly challenging, as quantification requires an 

absorption coefficient of that exact signal, which necessitates thorough calibration for that 

precise signal. As a result, probe based in situ IR experiments have been widely used.11, 16, 195, 200-

203  

IR probes are carefully selected, so that the molecule has distinct stretches in an unoccupied 

region, which are influenced by acid strength.204 CO is a classic example, as the C-O stretch 

occurs between 2250-2100 cm-1, which is empty for SAPOs. CO, as a weakly basic molecule, 

will interact with Bronsted acid sites, with the C-O stretch being sensitive to acid site strength.25, 

154, 195-196 Further, the C-O stretch has a high absorption coefficient, producing intense signals, 

thus CO probed IR has been widely used to examine acidity in SAPOs. Commonly spectra are 

collected of the bare SAPO which has been outgassed at high temperatures to remove any 

residual water or other impurities. Known pressures of CO are then added to the system, 

repeating multiple times to saturate the system. Spectra are typically shown as difference spectra, 

where the original dried SAPO spectrum is subtracted from each other spectra, to focus on the 

effects of CO interactions.19, 195, 201, 204-206 The hydroxyl signals shift to 3500-3100 cm-1 when 

binding to CO, due to the hydrogen bonding, with a greater energy shift meaning a stronger 

interaction, and a stronger acid site (Figure 17). Comparing the difference spectra as a function 

of CO pressure one can match the disappearance and appearance of different signals to calculate 

the energy shift, which is compared to other systems for qualitative comparison (Figure 17). As 

CO binds to the system signals emerge in the CO region, with Bronsted acid-CO adducts 

occurring at 2190 – 2150 cm-1, while Lewis acid sites are higher. As the system becomes 

saturated with CO it will form liquid-like physiosorbed species on surfaces and in pores, 
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producing a signal at 2140 cm-1. While an effective method for determining the acid strength, it 

is challenging to quantify the total number of acid sites with CO IR due to the range of 

absorption coefficients for these species, though useful comparisons and trends can be made.195, 

201, 204-207  

 

Figure 17. Difference FTIR spectra of SAPO-34 on adsorption of CO, showing the decline of O-

H signals and the emergence of OH-CO bonded species, resolving two signals with distinct 

acidities.  

To quantify the number of acid sites, probes such as pyridine, lutidine (dimethyl pyridine) and 

collidine (trimethyl pyridine) are often used.16, 19, 200 These can have a range of interactions with 

the SAPO protons, including a full proton transfer to the probe molecule. This leads new signals 

appearing in the 3500-3000 cm-1 region, and the deviation from the original OH signal, as with 

CO, can be related to acid site strength. The C-C ν8a, ν19a and ν19b frequencies in these molecules, 

at 1595, 1485 and 1445 cm-1 respectively, and are highly sensitive to Bronsted and Lewis acids 

(Figure 18). More importantly the absorption coefficients have been determined for the 19a and 

19b stretches, thus the peak areas can be used to determine the total acidity of the system. The 8a 

stretch on methyl substituted pyridines (lutidine and collidine) can also be used to measure acid 
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strength. Similarly, the extinction coefficients of these probes have also been determined, so can 

also be used to quantify the number of acid sites. Given the lower vapor pressures of these 

molecules, quantitative dosing is challenging. Typically, spectra of these molecules are collected 

by first saturating the SAPO with the probe, then collecting spectra after heating under vacuum. 

The difference spectra are reported on desorption at a range of temperatures, thus signals to 

weakly bound probes diminish first, leaving strongly bound probes (stronger acid sites) at high 

temperatures (Figure 18).15-16, 19, 200, 207 In order to confidently deconvolute signals due to similar 

Bronsted acid sites it is important to show not just the variation in the FTIR spectra with respect 

to temperature,208 but also quantify the absorption/desorption of the probe molecules as a 

function of temperature to differentiate between different strength acid sites.209 

 

Figure 18. Collidine-probed FTIR of SAPO-37 and SAPO-5, showing the variation in 

accessibility and variations with desorption temperature from 150 oC (bold) and 450 oC (light). 

Adapted from reference 19 with permission from RSC publishing. 

Accessibility is key to reactivity, especially for microporous species. With different probe 

molecules available, it is useful to compare larger and smaller probes, for a qualitative 

understanding of accessibility. This is particularly important when dealing with larger substrates, 
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there is little point in studying sites that cannot contribute to the reaction. As such there is often 

merit to using CO to probe the total acidity, then using a probe which resembles the reactant (or 

even the reactant itself) to develop a more realistic view of the accessible sites.19, 25 

Probe molecules are often used in other techniques, and is fundamental to Temperature 

Programmed Desorption (TPD)210-211. Here a probe molecule, typically ammonia, saturates a 

dried SAPO, which is then heated, with a known temperature profile, measuring the desorption 

of ammonia as a function of temperature. This gives two useful quantifiable properties, the area 

under a signal corresponds to the total acid quantity.19, 72 Further the temperature of the peak 

maxima refers to the strength of the acid site, with a higher temperature meaning a stronger acid 

site. This provides useful quantitative data that readily complements the IR findings. In isolation, 

TPD findings must be interpreted with care. Unless there is a noticeable difference in desorption 

temperatures it can be challenging to resolve individual TPD signals, also it cannot provide much 

information on accessibility of the active sites.  

Thus far the TPD and IR systems discussed have only been able to provide qualitative trends 

on acid strength.212 There are clear benefits to quantifying acid strength, such as predicting rates 

of reactions, mechanistic pathways, or validating theoretical findings. NH3-TPD experiments can 

be carefully designed to give these energetic values, however this requires some simplifications 

and assumptions. This is also true with adsorption isotherms. One technique which can directly 

measure the enthalpy of adsorption is NH3-calorimetry, here a dry, bare SAPO system is placed 

under vacuum, with ammonia gradually being introduced.11, 194, 213 The heat exuded from the 

system, on ammonia binding, is measured as a function of the ammonia pressure. Such 

techniques provide valuable insight, though the strongest acid sites are often the most interesting 
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in a system, they bind first, therefore only a fraction of the data, in the initial stages, corresponds 

to these interesting sites.  

All these techniques have their own advantages and disadvantages, which can be overcome by 

piecing the information together. An elegant solution from the zeolite world is IRMS-TPD 

(Infrared mass spectrometry – temperature programmed desorption),214-217 which combines many 

techniques. Here ammonia-doped solid acid materials undergo TPD-MS (temperature 

programmed desorption – mass spectrometry), whilst the IR spectra is recorded every 10 oC. In 

doing so one can resolve features due to each distinct active site and quantify the ammonia 

desorption enthalpy for each. Though this technique has only been applied to SAPO-34 it surely 

will provide a wealth of information on a wide range of systems.214-217 

 

Theoretical studies on SAPOs 

SAPOs have attracted much attention from the theoretical community, and as computing 

power exponentially increases, increasingly intricate and complex calculations can be performed. 

Some of the earliest works on SAPOs, from 1996 onwards, come from the groups of Gale,24 

Catlow,20, 218 Angyan21, 219 and Sauer.220 These earlier works sought to understand the reasons 

behind silicon islanding and the nature of these active sites. Catlow et al used the molecular 

dynamics code GULP to compare the energetics of 5-silicon and 8-silicon islands in SAPO-5 and 

SAPO-34.20, 218 This suggested the additional strain required to accommodate a 5-silicon island 

in AlPO-34, lead to SAPO-34 favoring isolated Si sites more than SAPO-5. These calculations 

also reproduced experimental findings that acid sites on the edge of silicon islands were stronger 
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than isolated sites, for SAPO-34, due to silicon having a lower electrostatic potential in islands.20, 

218 

Many groups working on zeolite materials sought to include the entire framework for 

reproducible ab initio calculations, as confinement and dispersion are key to zeolite reactivity, 

thus periodic boundary conditions became popular.21 Sauer et al showed that a completely ‘dry’ 

system could not reproduce experimental findings.220 Water was added in the pores of SAPO-34, 

to probe H3O
+, with periodic boundary conditions, to model the whole framework. By 

considering combinations of Si loading and water probe molecules, they concluded that both Si 

loading and partially protonated water clusters dictated the acidic behavior. This became a 

common theme for many groups, who combined diffraction techniques with theoretical 

calculations to explore protonated water species. Gale et al expanded this study to compare the 

behavior of SAPO-34 and chabazite with methanol, as SAPO-34 cannot protonate methanol, 

whereas chabazite can.24 Considering the four possible Bronsted acid sites in SAPO-34 they 

showed that two were favored, as per experimental findings, though neither could fully protonate 

methanol. Another earlier study focused on why SAPO-34 was more weakly acidic than it’s 

zeolite counterpart; chabazite.21 This began a surge of interest in computational calculations on 

the MTO process, which will be discussed in a later section.  

Currently a significant body of theoretical SAPO work is still dedicated to unravelling silicon 

substitution,221-225 acidity17, 217, 226-229 and interactions with water,230-232 showing the complexity 

of these problems. Fischer has investigated the influence of SAPO frameworks on the adsorption 

of water,230-231 for their potential use in heat transformation applications (Table 6).232 In doing so 

the interactions of six different SAPO frameworks, and their undoped AlPO counterparts, with 

water (> 20 molecules of water per unit cell) was calculated.230 On saturation the SAPOs had a 
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stronger interaction with water than undoped AlPOs, as expected due, to hydrogen bonding from 

the acid site. Though there was little difference in the adsorption energy between SAPO 

frameworks, all six lying between -69 and -73 kJ/mol (Table 6). This suggested that topology, 

and the precise acid site, had little influence on water binding at saturation. Despite similar 

adsorption energies the framework response differed significantly between the topologies.230 It 

was found that frameworks containing d6r, such as SAPO-18 and SAPO-34, had a moderate 

contraction of < 1.5 % of the cell volume (Table 6).230 Whereas other frameworks were showed 

strong aluminum-water interactions that significantly deformed the unit cell, something which 

has been seen experimentally when contrasting SAPO-34 with the less stable SAPO-37.136 

Table 6. Comparing the properties of water saturation on different SAPOs and unit cell 

distortion, adapted from reference 230. 

SAPO 

framework 
Interaction 

energy 

(kJ/mol) 

Dispersion 

energy 

(kJ/mol) 

Water 

molecules (per 

unit cell) 

ΔVolume (%) 

SAPO-17 -72 -24 30 -1.2 

SAPO-18 -73 -24 25 -1.5 

SAPO-34 -73 -25 40 -1.2 

SAPO-43 -71 -28 32 -0.3 

SAPO-56 -69 -24 50 -1.3 

SAPO-RHO -71 -22 25 -2.8 

 

Beyond adsorbed water there is, as discussed previously, interest in understanding the 

orientation of SDAs within a SAPO pore, mimicking as-synthesized systems.233-234 A good 

understanding of SDA orientations and framework interactions naturally feeds into the design of 

new synthesis protocols for existing and suggested frameworks. Previous work utilized a Monte-

Carlo approach to consider the possible orientations of a common SDA, dipropylamine (DPA), 

within AlPO-11, AlPO-31, AlPO-41 and SAPO-34.234 This showed that protonated DPA bound 
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far less to SAPO-34, compared to the other AlPO systems, as the SAPO-34 cage is much larger 

than a single DPA molecule, requiring other DPA molecules to reside within the cage to stabilize 

it. More recent work compared the interaction energy of SAPO-34 with dipropylamine, 

diisopropylamine (DIPA) and triethylamine (TEA).233 This showed that DIPA was able to 

stabilize the SAPO-34 framework more than TEA and DPA, due to the stronger interaction 

energy. However, this study could not probe the influence of the acid-base interactions between 

the Bronsted sites and the SDAs. Instead the acid sites were incorporated as an ‘uniform 

background charge’ evenly distributed across the framework. While this provides a good basis, 

to progress further an accurate model must surely include individual acid sites. 

Controlling acid strength in SAPOs has been sought for many decades, yet still uncertainty 

remains on which factors determine acid site strength. Many researchers have postulated theories 

relating to the Si—O bond length, electron density on the adjacent oxygen atoms, the framework 

bond angles etc. Most have reproduced experimental trends of acid strength changing as the 

dopant varies, for a single framework, but no single for this trend exists.17-18, 22, 229, 235 This is 

unsurprising, considering the vast number of variables a metal substituent facilitates. Studies 

comparing the acidity of SAPO-5, TiAlPO-5 and ZrAlPO-5 by calculating ammonia interactions 

have been performed.229 This confirmed that SAPO-5 produced the strongest acid sites of the 

three species, correlating the acid strength to the M—O—Al bond angle for these three 

species.229 Similar approaches have also been used, considering the frequency of the acidic O-H 

bond stretch, where a lower frequency corresponds to a weaker bond, and stronger acid site.18, 22 

Researchers have also utilized the intrinsic link between catalytic activity and acid strength to 

benchmark calculations. Work by Studt et al on substituted AlPOs elegantly correlated the 

experimental activity for the methanol-propene step of the MTO reaction, to the calculated 
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ammonia adsorption energy (Figure 19).17 The strong correlation then justified the use of 

ammonia adsorption as a measure for acid strength, and thus catalytic activity. 

 

Figure 19. DFT findings correlating ammonia binding interactions with transition state enthalpy 

for key MTO reactions. Adapted from reference 17 with permission from ACS publishing. 

The different acidity between SAPOs and zeolites is still of great interest to the community.199 

A combined ammonia IRMS-TPD and DFT study sought to compare analogous SAPOs and 

zeolites using Dmol3 with periodic boundary conditions.227 The study showed excellent 

agreement between experimental and theoretical values, which were within 10 kJ/mol of one 

another. This again highlighted that SAPOs acid strength is notably lower than zeolites. It was 

suggested this due to the Al-O-P bond angle would changing more on dopant substitution than a 

Si-O-Si angle. Thus, the greater flexibility allows the SAPO framework to better accommodate a 



 61 

proton, increasing the bond strength, whereas the rigid zeolite does not bond as strongly.227 This 

results in a weaker acidic OH bond in zeolites, which makes it a stronger acid site, compared to 

SAPOs. Similar studies where the computational findings can be ‘benchmarked’ against 

experimental findings are vital for meaningful comparisons within the SAPO community, adding 

significant weight to theoretical findings.  

The distribution of silicon sites and the influence on acidity remains an active area of SAPO 

research. As the two are strongly intertwined, and the distribution of silicon sites can, to some 

extent, be controlled synthetically, then an improved understanding will benefit catalyst design. 

Investigations on SAPO-11,225 -31,236 -3428, 206, 217, 221, 223, 237 and STA-7224 have evolved to focus 

on the relative probabilities of silicon and proton locations, building a more accurate 

representation of the structure, closing in on reproducing experimental values. While such 

calculations have merit, they can only focus on the final configurations, they cannot, for 

example, account for kinetics products formed in the crystallization process. Swang et al have 

investigated the synthesis process, comparing P(OAl)4 and Si(OAl)4 formation rates.221, 237 

Considering activation and reaction energies they concluded that Si(OH)4 and H3PO4 will insert 

into a (AlOH)3(AlOH2) nest at similar rates, with activation energies of 51 and 60 kJ/mol 

respectively. However, the final reaction energies were significantly different at -94 and -163 

kJ/mol respectively. Thus, the likelihood of Si leaving the framework again is much higher, 

whereas P insertion is less reversible. It was then proposed that the formation of 5-silicon islands 

occurs in two stages (Figure 20). The initial stage involves the sequential replacement of 

framework P atoms with Si, such that Al(OP)4 transitions to Al(OSi)4.
221 The second stage 

involves the central Al atom being replaced by Si, either through direct substitution, or by 

dealumination, leaving a defect which is subsequently ‘healed’ by a further Si(OH)4 species. In a 
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further paper Swang et al investigated the possibility of Si being mobile and redistributed in a 

framework, concluding that desilication of the framework was indeed possible, leading to the 

redistribution of Si in the SAPO-34 species.221, 237  

 

Figure 20. Stepwise mechanism of 5-silicon island formation, showing A) Isolated silicon sites 

desilicating from the framework B) being replaced by phosphorus to form framework species. C) 

Subsequent P/Si exchange leading to a Al(OSi)4 site, which then undergoes D) Al/Si exchange to 

form a stable 5-silicon island, adapted from reference 221 with permission from ACS publishing. 

A developing area of computational chemistry is the prediction of hypothetical frameworks.238-

240 Many potential new frameworks have been proposed, with their feasibility and chemical 

stability, still being assessed. One noteworthy example comes from Fischer, who proposed the 

existence of ECR-40.241 a unique SAPO which may violate Lowensteins rule, the fundamental 

rule that prohibits Al-O-Al and P-O-P links in AlPOs. This example shows that the distortion 

created through introducing silicon (and protons) into specific positions in the framework, would 

lead to Al-O-Al bonds becoming feasible. Thus far this has not been achieved experimentally, 

though computational phenomenon such as this, can help provide inspiration for synthesis 

procedures for many decades. 
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Computational calculations on fundamental questions in SAPO chemistry such as active site 

location, acidity and silicon substitution still prove to be incredibly complex, even with improved 

computational tools. However, there is still significant scope for synergistic combined 

computational and experimental ventures, where either may guide the other towards improved 

catalyst understanding, catalyst design and unique synthesis approaches.  

 

Catalytic case studies of SAPOs 

SAPO-34 in the MTO process 

SAPO-34 has been a fundamental part of the MTO process since its commercialization in the 

1980s by Union Carbide.4-5, 242 The moderate acid sites and small pore architecture of SAPO-34 

allow methanol to be efficiently transformed into light olefins ethene and propene, through the 

shape-selective chabazite cages. A staggering amount of research is published on the MTO 

processes every year, making it an excellent topic for many reviews. Thus, I will not go into 

significant detail on the topic, though I refer interested readers to reviews that have come 

before.3-4, 6, 242-244 Instead I will focus on recent advances in the field of SAPO research, and their 

influence on the MTO process.  

As a more mature technology the operating conditions of the MTO process have been 

individually optimized by many different workers, resulting in seven different pilot or 

commercial-scale plants since 2000.4 Most of these operate between 400-550 oC, with pressures 

up to 5 atmospheres, achieving quantitative conversion, and 80-85 % selectivity to C2 and C3 

olefins.4 The current research focus on extending the catalyst lifetime and understanding the 
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reaction mechanism, with emphasis on the formation of initial C-C bonds and coke precursors. 

The former has inspired many advances in SAPO synthesis, as many of the synthetic techniques 

discussed before, were explored with the notion that smaller particle size can extend the lifetime 

of SAPO-34.85-86, 89-90 Most recently this has resulted in hierarchical SAPOs, a notion inspired by 

work on zeolites.245-247 The micropores in SAPOs are responsible for numerous catalytic 

benefits, including selectivity control and confined active sites. However, small channels can 

hinder diffusion, preventing reactants to reach the active sites, hindering activity. Worse still it 

can stop products leaving the active site, triggering further reactions, leading to by-products, and 

ultimately coke.248-250 Many researchers sought to overcome this by incorporating mesopores 

into the microporous networks, therefore having different pore sizes over multiple length scales, 

creating hierarchically porous (hierarchical) systems.15, 144, 154, 197-198, 207, 251 Such systems have 

improved catalyst lifetime for a range of reactions, as mesopores aid product diffusion away 

from the active site, and act as a sacrificial site for coke build up, protecting the micropores.252 A 

variety of methods have been used to incorporate mesopores into SAPOs, which can be divided 

into two categories. Top-down methods create mesopores post-synthetically into a microporous 

SAPO, typically focusing on acid or base treatments, partially eroding the microporous network 

to create the mesopores.253-254 In contrast bottom-up methods form mesopores alongside the 

microporous framework, during synthesis, typically through a mesopore template, that is 

included in the synthesis gel. ‘Soft’ templates are hydrocarbons that can be removed on 

calcination, along with the microporous SDA, leaving larger pores behind (Figure 21).255-256 

Examples include surfactants and micellar agents such as Cetyltrimethylammonium bromide 

(CTAB), Dimethyloctadecyl[(3-(trimethoxysilyl)propyl] ammonium chloride (DMOD) or [3-

(trimethoxysilyl)propyl]-octa-decyldimethylammonium chloride (TPOAC).15, 207, 251 ‘Hard’ 
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templates typically require a separate removal step, though have the benefit of having well-

defined sizes, leading to a narrow mesopore range. Carbon nanotubes,115 nanofibers257 and 

polystyrene spheres258 have been used to excellent effect for this, with different templates 

influencing the mesopore location and accessibility. Hierarchical materials are very much a 

developing field in SAPO research, with a range of other shapes being considered,259 including 

nanosheets.260-263 While the hierarchical materials improve the catalysts MTO lifetime (Figure 

21), few characterization techniques can provide quantitative information about mesopore 

accessibility, size, shape and links with the microporous network. As such these materials have 

significant potential in the MTO process, if, these factors can be controlled synthetically and 

quantitatively characterised.3, 256, 264  

 

Figure 21. Comparing the MTO catalytic lifetime of conventional SAPO-34 (Con-SAPO-34) 

with a hierarchical ‘hollow’ SAPO-34 (Hier-SAPO-0.4) created with a dual template approach. 

Adapted from reference 255 with permission from Wiley publishing.  

Theoretical studies, often combined with characterisation,265-266 have probed the mechanism of 

the MTO reaction, towards an improved understanding of the process.267-269 Given the wide 
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range of MTO products and intermediates, this is not trivial.5, 270 It is generally accepted that 

there are four stages to the MTO process.5 1) Equilibration, where methanol transitions into 

dimethyl ether, water and surface methoxy species.271-273 2) Induction, these products then form 

C2 and C3 olefins alongside a growing hydrocarbon pool.274-275 3) Primary product formation, 

where the process tends towards light olefins (C2 – C4)
267 and finally, 4) Secondary product 

formation, where larger, aromatic products form,276-282 leading to deactivation by either acid site 

leaching or pore blockage. Plessow and Studt investigated the influence of the framework on 

first two steps of the MTO process, using DFT calculations on both SAPO-34 and zeolite 

analogue SSZ-13.283-284 This study suggests that C-C bond formation proceeds through a CO 

intermediate, with methanol being dehydrogenated to formaldehyde prior to CO formation, in 

line with many experimentally observed species. This further identified the highest energy 

barrier as the formation of CO, prior to C-C coupling. This study encompassed a range of 

frameworks, concluding that the CO pathway was favored in all cases, regardless of confinement 

effects.283-284 This has since been incorporated into the work of Ding et al, who postulated that 

via the CO pathway, the first species with a stable C-C bond that should be observed 

experimentally was ketene, CH2CO, with an energy barrier of 109 kJ/mol.274 Despite CO 

formation being scarcely influenced by the framework, the framework was found to have a 

significant influence on the stability of C3-C6 carbonium ions, which play a major role in 

dictating product selectivity in the MTO process.279 Recent research has focused on the 

formation of the dimethyl ether intermediate, and the influence of isolated or silicon islands on 

the mechanism.271 It was found that while surface methoxy species more readily form on acid 

sites from silicon islands, the subsequent activation energy to form dimethyl ether was much 
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higher. This is likely due to the stronger acid sites on silicon islands creating too stable a species, 

rendering them more inert.271  

In all cases molecular simulations and diffusion is known to play a key role in the MTO 

process.285-288 This has led to Van Speybroeck et al carefully probing the diffusion of propene 

and ethene through the SAPO-34 cage, using ab initio molecular dynamics (Figure 22).289 

Specifically, the influence of Bronsted acid site density, diffusion temperature and the presence 

of other molecules was explored. Curiously, it was found that the diffusion of propene and 

ethene through the 8-membered rings is improved by the presence of Bronsted acid sites. 

Diffusion of ethene through an 8-membered ring with no acid sites had a 30 kJ/mol energy 

barrier, which was lowered to just 15 kJ/mol in the presence of acid sites.289 This was attributed 

to the π-interaction between the alkene and the acid site, aiding ‘hopping’ between cages, which 

is observed over a wide temperature range (450–600 K). The presence of methanol and bulkier 

aromatic molecules from the hydrocarbon pool was also considered in this study (Figure 22). 

The starting cage contained one propene and four methanol molecules, whereas the adjacent cage 

contained four methanol and one aromatic molecules (either toluene or hexamethylbenzene). 

This showed that any propene (or ethene) formed within a cage, that also contained a bulky 

aromatic compound would be readily expelled into a neighboring cage. However, if the species 

became trapped (no available neighboring cages) then this would lead to rapid deactivation of the 

active site.289 These insights reinforce the importance of acid site density and framework 

topology in catalyst design.  
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Figure 22. Energy profile of propene diffusing from one SAPO-34 cage (ζ < 0), through the pore 

window (ζ = 0), into an adjacent cage (ζ > 0), containing different aromatic hydrocarbons. 

Adapted from reference 289 with permission from ACS publishing. 

A significant contribution to the current understanding of the MTO process, its initiation, and 

subsequent deactivation comes from Weckhuysen and co-workers. Many of their published 

works have been dedicated to the development and commissioning of an array of 

characterization techniques and protocols, applied to the MTO process.170, 190, 192, 290-293 Particular 

emphasis has been placed on microscopy and microspectroscopy, to understand spatial variations 

within a catalyst.190, 265, 292, 294-295 While some of these techniques initially focused on zeolite 

species, many have since proven invaluable for analogous characterization of SAPO materials. 

One example is X-ray mapping, initially particles of conventional, and steamed, ZSM-5 were 

investigated,296 but this has since expanded to focus on conventional and steamed SAPO-34.290 

Here the Al and Si K-edge were mapped using scanning transmission X-ray microscopy (STXM) 

to distinguish between different phases. Interestingly silicon deposits were found in both 
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systems, with the conventional system showing a more defined silicon environment (through 

XAS; X-ray absorption spectroscopy), suggesting degradation of the SAPO-34 species on 

steaming.290 Similarly, the distribution and variations in carbon deposits were also examined 

tracking the C K-edge with STXM of the particles, as a function of time on stream. Conventional 

SAPO-34 showed different XAS spectra for the inner and outer areas of the particle. This 

revealed that the inner regions had a higher fraction of sp2 carbons, due to more intense peaks at 

286 and 287 eV, associated with coke precursors. In comparison the outer regions showed fewer 

coke precursors, suggesting these originate from the interior of the particle. In contrast the 

steamed SAPO-34 species showed little differences between the outer and inner regions, 

explaining its shorter induction period, but also its faster deactivation, compared to conventional 

SAPO-34.290 These findings contrasted their earlier work on ZSM-5 which showed that for the 

zeolite species the coke precursors preferentially formed on the outer regions of the particles.290, 

296 

In many cases more information can be gained from pooling information from multiple 

characterization techniques. Weckhuysen et al have often combined in situ UV/Vis 

microspectroscopy, confocal fluorescence microscopy and in situ infra-red 

microspectroscopy.292, 295 Focusing on the evaluate the build-up of the HCP and coke precursors 

across particles of SAPO-34 during the MTO process, comparing with the zeolite analogue SSZ-

13.297 This showed that the two species were similar in their behavior, both forming poly-

alkylated benzenes initially, aiding the reaction, before these were converted to deactivating 

polyaromatic species. The use of UV-vis in this case allowed the researchers to quantify the 

kinetics of polyalkylated benzene (HCP species), showing that the weaker acid sites in SAPO-34 

resulted in a higher activation energy compared to SSZ-13.297 
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Due to combined theoretical and experimental efforts UV/Vis spectroscopy has become a 

routine measurement for probing coke build-up in MTO catalysts.265-266 This allowed distinct 

groups of aromatic molecules to be determined, based on characteristic UV/Vis signals. This has 

recently been utilized to probe both the active HCP species, and deactivating molecules on 

SAPO-34 as a function of time on stream and reaction temperature (Figure 23).291, 298 Following 

the UV spectra as a function of time,  under operando conditions, meant species appearing in the 

induction step could be linked to activity, whereas species growing as conversion decreased were 

associated with deactivation. At 573 K monoenyl and highly methylated benzene carbocations 

appeared (34000 and 26000 cm-1 respectively), forming the basis for the active HCP.291 

Deactivation was accompanied by signals occurring at 30000 and 24500 cm-1 due to low 

methylated benzene and methylated naphthalene carbocations, linking them to catalytic decline 

(Figure 23). However, at the higher temperature of 623 K, initial signals at 36000 and 24500 cm-

1 corresponded to neutral aromatics and methylated naphthalene carbocations, suggesting the 

activation procedure had changed. Further deactivation was accompanied by signals at 20000 

and 16700 cm-1 due to neutral polyaromatics and anthracene/phenanthrecene species forming, 

prompting deactivation (Figure 23).291 The combination of these studies has strengthened our 

understanding of the MTO process, and will help guide future catalyst design towards a cleaner 

process. 
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Figure 23. Showing the operando UV/Vis spectra of SAPO-34 during the MTO process at 

different temperatures. Solid lines correspond to experimental data with Green = Induction 

period, Red = Full conversion, Blue = Deactivation period, Black = Spent catalyst. Dashed 

vertical lines represent species formed during different phases, as discussed in the text. Black-

dashed lines = Activating species, Orange-dashed lines = Deactivating species. Figure adapted 

from reference 291 with permission from ACS publishing. 

 

Beckmann rearrangement of cyclohexanone oxime to ε-caprolactam 
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ε-Caprolactam is a vital precursor in the formation of Nylon-6, a recyclable form of Nylon.207, 

299-301 Currently the majority of caprolactam is formed through a variation of the Raschig 

process, where cyclohexane is converted to caprolactam with a series of metal salts and caustic 

reagents, creating significant amounts of ammonium sulfate waste.301 Specifically, the formation 

of caprolactam is achieved using fuming sulfuric acid, which poses significant logistical and 

safety challenges. Given this step is acid catalyzed there is significant interest in using a 

recyclable solid-acid catalyst to negate waste production. Indeed, processes have been 

commercialized with this philosophy, most using a silicate-1 zeolite catalyst.299-300 The preferred 

industrial approach has been a vapor phase process. Here the reagents are taken above their 

boiling points, typically > 300 oC with a solvent, which is continually passed over a bed of solid 

catalyst.16, 200 Here the conversion, and to some extent the selectivity, can be influenced by the 

reaction temperature, giving firm control over the activity and product distribution. The vapor-

phase Beckmann rearrangement is known to require moderate strength acid sites, with stronger 

sites promoting deactivation and cyclohexanone formation.16, 200 As such there was interest in 

utilizing SAPO catalysts, with tunable acidity and framework topology for this reaction. 

Framework topology is of significant interest for this process, as there is fierce debate over 

whether the ‘bulky’ cyclohexanone oxime can diffuse into the pores of the MFI silicate-1 

framework.25, 207 This has led to many studies probing the true location of the active sites. As 

such a range of SAPO species have been tested with different pore apertures and shapes. 

Specifically, SAPO-5, -34, -37 and -41 were investigated, representing different combinations of 

large pore, small pore, 1D and 3D channels (Figure 24).19 The total acidity of these materials was 

determined using NH3-TPD and was contrasted with the number of ‘accessible active sites’ 

found from collidine-probed FTIR. As expected, this showed that the larger pored SAPO-37 
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(FAU) with a pore diameter of 7.4 Å had the highest proportion of accessible active sites, but the 

similar sized SAPO-5 (AFI) systems, 7.3 Å pore diameter, had fewer accessible sites.19 This was 

attributed to SAPO-37 being a 3D cage structure, with improved accessibility, whereas SAPO-5, 

as a 1D channel structure, with cylindrical pores could be easily blocked at either end. Further 

the framework had a significant influence on the substitution of Si, with SAPO-34 and -37 

favoring isolated active sites, as seen by 29Si NMR, whereas SAPO-5 and -41 formed silicon 

islands.19 This has influenced the amount of Si that could be incorporated into the frameworks, 

and therefore the total acidity of the materials. These materials were tested for the vapor phase 

Beckmann rearrangement between 300 and 400 oC. At 300 and 325 oC SAPO-37 gave the 

highest caprolactam yield, followed by SAPO-5 and -41, with the smaller pored SAPO-34 

producing by far the lowest lactam yield.19 This trend roughly mirrors the pore size of the 

materials, suggesting at the lower temperatures, diffusion and accessibility is a key metric. 

However, at 400 oC SAPO-5, -34 and -41 all gave similar lactam yields (94 – 97 mol%), whereas 

SAPO-37 dropped to 76 mol% due to poor conversion (Figure 24).19 While there is debate about 

whether cyclohexanone oxime can diffuse into silicate-1, it is clear it cannot access the 3.8 Å 

pores of SAPO-34. Therefore, at these higher temperatures (400 oC) it is suggested that 

framework topology plays less of a role in the Beckmann rearrangement, with surface sites 

becoming heavily involved.  
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Figure 24. Contrasting liquid and vapor phase catalytic performance of different SAPO 

topologies for the Beckmann rearrangement of Cyclohexanone oxime to ε-Caprolactam. Adapted 

from reference 19 with permission from RSC publishing. 

More recently interest has grown in performing the Beckmann rearrangement in the liquid 

phase.19, 25, 149 While this method requires greater quantities of expensive solvent, it can be 

performed at significantly lower temperatures (< 150 oC), resulting in significant energy savings. 

Comparing SAPO-5, -34, -37 and -41 in the liquid phase process showed that the activity 

correlated with the pore size, like the low temperature (300 and 325 oC) vapor-phase process 

(Figure 24).19 SAPO-37, achieved lactam yields of 92 mol%, due to the accessibility of the 

framework, warranting further investigation. The performance of SAPO-37 was found to be 

strongly linked to the silicon loading.149 2D ssNMR showed that increased silicon loading 

prompted silicon islanding. This then lowered the total number of acid sites, but increasing the 

number of strong acid sites, leading to lower lactam yields, showing that the weaker, isolated 

silicon sites in SAPO-37 were the active site for this reaction.149 To confirm the efficacy of 

SAPO-37 was due to the combination of framework topology and specific active site, an 

optimized SAPO-37 system was compared with a faujasite zeolite analogue.25 Despite these two 

materials possessing the same framework, they showed markedly different catalytic behavior. 
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Both achieved high conversions (both > 95 mol%), however the higher proportion of stronger 

acid sites in faujasite produced a much lower lactam selectivity of < 30 mol%, compared to > 95 

mol% for SAPO-37.25 The framework interaction with cyclohexanone oxime was also 

investigated through neutron scattering (Figure 25). This showed that the oxime diffused through 

SAPO-37 via ‘Jump diffusion’, hopping between active sites, whereas it diffused more freely 

through the faujasite system.25 

 

 

Figure 25. Differing diffusion modes identified in SAPO-37 and Zeolite-Y from reference 25 in a 

9:1 mixture of catalyst to cyclohexanone oxime. 

SAPO-37 has since been found to be stable and recyclable for this process, showing the benefit 

of combining the appropriate framework and active site within a SAPO. Further, this example 
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also demonstrates the importance of combining multiple characterization techniques. In this 

work a wide range of techniques were used to select and optimize the SAPO catalyst, which 

shows industrial potential.19, 25, 149, 207  

 

Ethanol dehydration with SAPO-34 

Ethylene is one of the most widely produced organic compounds, as it is a vital chemical in a 

wide range of industries, as a precursor for polymers, plastics and pharmaceuticals.302-305 

Currently ethylene is produced by steam cracking of petrochemical hydrocarbons, at 

temperatures above 700 oC. It can also, in some cases, be achieved by cracking larger aromatic 

molecules. Few of these processes can be considered green, due to the high temperatures and 

reliance on crude-oil feedstocks. A proposed alternative pathway utilized ethanol, specifically 

fermented from bio-based feedstocks, to create a more sustainable process.302, 305 Unlike the 

Beckmann rearrangement discussed above, a standout zeolite catalyst does not yet exist for 

ethanol dehydration. From extensive work on the MTO process, it is known that very strong acid 

sites promote dimerization of alkenes, leading to coking. This makes SAPOs excellent 

candidates for such a reaction. A study comparing the activity of large pore SAPO-5, and smaller 

pore SAPO-34 showed that SAPO-34 had exceptional activity for this process.206 This was 

initially attributed to the acidity of the species, where the isolated Si sites in SAPO-34 were more 

strongly acidic than the Si islands in SAPO-5. While both species could achieve conversions > 

80 mol% at 250 oC, there were significant differences in selectivity with SAPO-34 favoring 

ethylene, but SAPO-5 favoring diethyl ether.206 This led to more recent work probing the 

mechanism of ethanol dehydration where it was postulated diethyl ether was either a competing 
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by-product, or an intermediate towards ethylene formation.205 The distinction is vital, in the 

former case diethyl ether production should be suppressed, whereas if it is indeed an 

intermediate, it’s production (and subsequent activation) should be encouraged. To investigate 

this a mechanistic study using SAPO-34 was pursued over a range of temperatures and flow 

rates, conclusively showing that diethyl ether was indeed an intermediate in the process, and the 

formation of ethylene from diethyl ether was the rate determining step.205 The experimental 

kinetic data then formed the basis of a computational fluid dynamics (CFD) study, showing that 

reaction temperature and bed height could play a huge role in optimizing ethylene formation.205  

This work was also complemented by a neutron scattering (Quasi-elastic Neutron Scattering; 

QENS) study, probing the diffusion of the reagent (ethanol), intermediate (diethyl ether) and 

product (ethylene) through the SAPO-34 pore.306 Despite the smaller pore width (3.8 Å) ethanol 

and ethylene readily diffused through the system. However, the ‘larger’ diethyl ether molecule 

diffused far more slowly through the pores, suggesting that once formed, diethyl ether is 

confined to the pores, struggling to leave the active site, forcing it to react further. This in turn 

goes some way to explaining the difference between SAPO-5 and SAPO-34, in the former any 

diethyl ether formed could readily diffuse through the larger 7.3 Å pores. In the latter it would be 

trapped and forced to react further.306 In this case it is challenging to decouple the influence of 

the framework and the acidity, however both clearly play a key role in the process. One way this 

can be achieved is by modifying the acidity of the framework through the inclusion of a 

secondary dopant.307 Thus far this review has purposefully limited itself to pure SAPO materials, 

however countless examples exist of metal-doped SAPOs. Here the inclusion of a second metal 

has helped modify the catalytic behavior of the system. Magnesium is known to produce stronger 

Bronsted acid sites than silicon.16, 200 Therefore, including controlled quantities of magnesium 
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into a SAPO framework can tune the selectivity of a system. In this vein MgSAPO-34 was also 

tested, containing just 0.1 wt% Mg and 3.0 wt% Si. The inclusion of magnesium was found to 

increase the overall acidity of the system, leading to an increase in ‘stronger’ acid sites, 

compared to the regular SAPO-34.307 This lowered the activation barrier of diethyl ether 

formation, increasing the rate of formation (Figure 26). The inclusion of magnesium was found 

to have less of an influence on the ethylene formation step (Figure 26). However, the overall 

ethylene yield was still increased due to improved intermediate formation.307 Thus, there is 

significant potential in using multiple framework dopants to tailoring the acid site, towards 

sustainable processes with bio-based feedstocks. 

 

Figure 26. Showing the variation in reaction rates for ethanol dehydration to ethylene, via 

diethyl ether, emphasizing the influence of a secondary Mg dopant, adapted from references 205, 

307. 

 

Concluding remarks 
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Over the last few decades SAPOs have been a constant feature in both applied and 

fundamental research for academics and industrialists alike. Since their invention SAPOs have 

intrigued researchers in many fields including catalysis, synthesis, characterization and 

theoretical chemistry. As discussed, each of these fields is constantly evolving and improving 

with increasingly elegant techniques, protocols and tools. However, it is only when these fields 

work in combination can complex challenges be solved, and significant advances be made. This 

field is of course fortunate that many ideas from the zeolite world can be translated to SAPOs, 

though these systems have repeatedly earned their vital place in society.  

Some of the fundamental questions about SAPOs still remain unanswered. Why do some 

frameworks form islands and some form isolated sites? How can we accurately predict the 

acidity of these materials? How do we achieve atomic level control of the system? Can 

microscopy show us silicon substitution on an atomic level? These are still vital questions that 

will undoubtedly improve our understanding of catalyst design. Ultimately, we must aim to focus 

our knowledge of these materials to increasingly challenging sustainable problems such as clean 

energy generation and greener industrial processes for the future. 
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Since their discovery, SAPOs have been a highly active area of research. This review discusses 

recent developments in synthesis, characterisation, theoretical studies and catalysis in the field of 

SAPO research.  

 


