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ABSTRACT: Silicoaluminophosphates, SAPO-5 and SAPO-34, differ not just in their pore-diameters 

and structural topology, but in their preferred mechanism of silicon substitution into the framework, 

which subsequently influences the nature of the acid sites for solid-acid catalyzed transformations. This 

study combines 
29

Si NMR, FTIR and DFT calculations for probing the nature of the isolated acid sites, 

thereby affording structure-property correlations, in the low-temperature catalytic dehydration of etha-

nol to ethylene. 
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1. INTRODUCTION 

Decreasing reserves of fossil fuels coupled with growing environmental concerns have increased 

demands from the plastics and polymer industry
1
 for a source of ethylene prepared via an affordable and 

benign process. Currently a significant quantity of the world’s ethylene is dependent on cracking hydro-

carbon liquids;
2
 however the declining interest in using ethanol as a motor fuel has resulted in a vast 

surplus of an alternative, sustainable feedstock, bio-ethanol.
3
 Conventionally the dehydration of ethanol 

to ethylene was performed using caustic mineral acids, the aggressive nature of which results in the 

co-production of inorganic waste. These effects can be elegantly negated through the use of a recyclable 

and recoverable solid-acid catalysts. 

The challenge of generating ethylene from ethanol using solid acid catalysts has been approached us-

ing a wide-range of materials such as metal-oxides,
4
 heteropolyacids

5
 and porous solids.

6
 Porous solids 

such as zeolites and their related zeotype analogues, aluminophosphates (AlPOs) are known for their 

ability to combine catalytically active, isolated metal sites with a variety of microporous frameworks.
7
 

Silicon is the most common dopant in AlPO materials, as the similarity in size between silicon and the 

framework atoms aids isomorphous substitution. However, both the size and charge of the Si
4+

 dopant 

ion lie between that of the Al
3+

 and P
5+

 framework ions, resulting in a range of possible substitution 

mechanisms and consequently a variety of silicon sites may be generated. One such mechanism is 

known as type II substitution; whereby silicon (Si
IV

) substitutes exclusively for phosphorus (P
V
). This 

substitution causes a charge imbalance within the neutral AlPO framework which results in the for-

mation of an isolated, catalytically active, Brønsted acid site. Alternatively, a type III substitution mech-

anism can also occur whereby two silicon (Si
IV

) ions substitute an adjacent aluminum (Al
III

) and phos-

phorus pair (P
V
). In this situation the charges are equal and as such no protons are required for charge-

compensation
8
 (See Figure S1).  The latter leads to the formation of silicon clusters or ‘islands’ whereby 

multiple silicon environments and acid sites are generated, and can be observed and rationalized using a 

range of physico-chemical spectroscopic characterization techniques. 



 

Much of the original interest in zeotype materials originated from the ability to selectively combine 

specific framework architectures with a well-defined catalytically active site. Through the use of target-

ed synthetic strategies it has been demonstrated that AlPOs can be designed for a range of industrially-

relevant transformations such as catalytic cracking,
9
 alkylation and isomerization reactions.

10
 In this 

study we employ a multi-technique characterization approach, to simultaneously explore the influence 

of framework selection and silicon loading on the nature and precise location of Brønsted acid sites in 

silicon-substituted AlPOs.
11

 This in-depth characterization investigation is subsequently complimented 

by theoretical findings, linking the specific nature of the acid sites observed to their catalytic efficacy. 

The catalytic potential of such species is then explored as they have proved effective in acid-catalyzed 

dehydration reactions, with an aim to further development of a low-temperature process for the dehydra-

tion of ethanol to ethylene. 

 

 

2. EXPERIMENTAL SECTION 

2.1.Materials 

SAPO-34 and SAPO-5 materials were prepared using reported literature procedures.
12-14

 Key ingre-

dients and synthesis conditions are reported in Tables 1 and S1. 

2.2. Characterization 

29
Si solid-state NMR measurements were performed on a Chemagnetics Infinity console with a 

Bruker 9.4 T magnet and a 4 mm double-resonance APEX probe. The resonance frequencies at this field 

strength were 79.6 (
29

Si) and 400.8 MHz (
1
H). For all samples, approximately 80 mg of the freshly cal-

cined material was transferred to a thin-wall zirconium oxide rotor, and spun at 8kHz using nitrogen gas 

for bearing and drive. The spectra were acquired using ramped cross polarization with a contact time of 

8 and 4ms for SAPO-5 and -34, respectively, with a 5% ramp and SPINAL64 decoupling with a nuta-

tion frequency of 63 kHz. The spectra are the results of 25000 and 15000 scans for SAPO-5 and SAPO-



 

34, respectively, with 4 s pulse delay. The 
29

Si chemical shift scale was referenced with respect to sili-

con rubber (–22.3 ppm).
15

 All spectra were recorded at room temperature under nitrogen. The data was 

processed using MatNMR.
16

 

FTIR spectra of self-supporting wafers of the samples (ca. 5 mg cm
-2

) were recorded with a Bruker 

IFS22 spectrometer at a resolution of 4 cm
-1

. All samples were re-calcined at 823 K in oxygen to clean 

the surface from pre-adsorbed species before the FTIR experiments. CO (initial pressure = 30 Torr) was 

adsorbed at 80 K on the calcined samples, using specially designed cells, which were permanently con-

nected to a vacuum line (ultimate pressure <10
-5

 Torr) to perform in situ adsorption-desorption meas-

urements. FTIR spectra were normalized with respect to the pellet thickness and are reported in differ-

ence mode by subtracting the spectrum of the sample in vacuo to the spectrum of the CO adsorbed mol-

ecules. Multi-peaks fit was performed by employing ORIGIN 6.1 Scientific Graphing and Analysis 

Software. Lorentzian functions were used and R
2
 values above 0.99173 were obtained for all curve fit-

tings. 

2.3.Catalysis 

The catalytic reactor (quartz) was packed with a thin layer of 1 mm glass beads on top of the frit fol-

lowed by the catalyst in pellet form up to a height of 40 mm (approximately 0.3 g), which was then 

topped with a 70 mm layer of glass beads to minimize the dead volume. A solution of 10 g heptane in 

ethanol was prepared in a 100 mL volumetric flask; this solution was pumped through the system to en-

sure that all dead volume was occupied with the solution. The helium carrier gas was started (50 mL 

min
-1

) and the reactor was heated to the desired reaction temperature. The syringe pump was loaded 

(WHSV = 4.38 h
-1

) and the system allowed to equilibrate for 1 hr prior to a gas chromatography sample 

(0.25 mL) being taken. Similarly samples were taken after 3 h, and no significant change was observed. 

Product analysis was carried out using a Perkin Elmer GC employing an Elite 5 column (Crossbond 5% 

diphenyl- 95% dimethyl polysiloxane, 30 m, 0.25 mm id) using an isothermal method program employ-

ing heptane as the internal standard. 



 

2.4.Computational data 

Computational ab initio calculations were performed on the University of Southampton Iridis3 super-

cluster with the CRYSTAL09 periodic DFT code
17

 using the B3LYP hybrid-exchange functional.
18-21

 

All atoms were described using a double valence plus polarization basis set. All basis sets employed 

were taken from the online library for the CRYSTAL code.
22

 The AFI structure was computed by initial-

ly modelling a unit cell containing 72 atoms (12 aluminium, 12 phosphorus and 48 oxygen atoms). Sim-

ilarly the CHA structure was computed by initially modelling a unit cell containing 108 atoms (18 alu-

minium, 18 phosphorus and 72 oxygen atoms). In the case of a charge imbalance (Si
4+

 substituting P
5+

) 

a proton was attached to an oxygen molecule adjacent to the divalent or tetravalent substituent. No ge-

ometric constraints were employed in the optimization procedure.  

The energy of substitution (ΔSub) was calculated for the 3 sites by using equations 1-3. 

(1) ∆𝑠𝑢𝑏,1= 𝐸[𝐻1𝑆𝑖1𝐴𝑙𝑥𝑃𝑥−1𝑂4𝑥] + 𝐸[𝑃(𝐻2𝑂)5(𝑂𝐻)4+] − 𝐸[𝐴𝑙𝑥𝑃𝑥𝑂4𝑥] − 𝐸[𝑆𝑖(𝐻2𝑂)6
4+] 

 

(2) ∆𝑠𝑢𝑏,2= 𝐸[𝑆𝑖2𝐴𝑙𝑥−1𝑃𝑥−1𝑂4𝑥] + 𝐸[𝑃(𝐻2𝑂)6
5+] + 𝐸[𝐴𝑙(𝐻2𝑂)6

3+] −  𝐸[𝐴𝑙𝑥𝑃𝑥𝑂4𝑥] − 2𝐸[𝑆𝑖(𝐻2𝑂)6
4+] 

 

(3) ∆𝑠𝑢𝑏,5= 𝐸[𝐻3𝑆𝑖5𝐴𝑙𝑥−1𝑃𝑥−4𝑂4𝑥] + 𝐸[𝑃(𝐻2𝑂)6
5+] + 𝐸[𝐴𝑙(𝐻2𝑂)6

3+] + 3𝐸[𝑃(𝐻2𝑂)5(𝑂𝐻)4+]

−  𝐸[𝐴𝑙𝑥𝑃𝑥𝑂4𝑥] − 5𝐸[𝑆𝑖(𝐻2𝑂)6
4+] 

 

It is to be noted that due to the use of semi-stable octahedral-coordinated ions it is not possible to 

draw comparisons between energy values of different sites; only the same sites in different frameworks 

are taken into consideration. 

Binding studies were also performed with NH3 and ethanol on the specific sites evidenced by 
29

Si 

NMR, to gain an insight into the acidic nature of the specific active sites and the mechanistic implica-

tions.  The following equation was used to quantify the degree of interaction with the probe molecules: 

(4)∆𝐵𝑖𝑛𝑑𝑖𝑛𝑔= 𝐸[𝑃𝑟𝑜𝑏𝑒 + 𝑆𝐴𝑃𝑂] − 𝐸[𝑃𝑟𝑜𝑏𝑒] − 𝐸[𝑆𝐴𝑃𝑂] 



 

3. RESULTS AND DISCUSSIONS 

SAPO-5(1.38) and SAPO-34(2.66) were successfully synthesized according to the procedures de-

scribed in the Supporting Information (Tables 1 & S1). Powder X-ray diffraction (Figure S2 & S3) con-

firmed the structural integrity of the materials, with the unit cell parameters (Table S2) showing only 

subtle variations from the ideal values owing to the framework incorporation of relatively small quanti-

ties of silicon, as evidenced through ICP (Table 1). The morphology of the particles was examined using 

scanning electron microscopy (Figure S5 & S6), while BET measurements confirmed the porous nature 

of the materials (Table S3). The initial characterization of both catalysts revealed structural and physico-

chemical attributes, such as surface area and particle size (Tables S3 and S4) were in good agreement 

with reported literature values and each other (where appropriate).
23,24 

Given the disparity in silicon con-

tent between the phase-pure SAPO-5(1.38) and SAPO-34(2.66) samples, the gel compositions were 

modified such that both samples would possess comparable quantities of silicon, thus forming SAPO-

5(1.80) and SAPO-34(1.82). While the silicon loadings were indeed in good agreement, (Table 1) the 

minor phase impurities were present, with both powder XRD patterns showing signs of secondary phas-

es (Figure S4). This observation is a direct consequence of our employment of analogous synthetic tools  

 

Table 1: Gel compositions and ICP values of SAPO catalysts 

Catalyst Molar gel composition Al/wt% P/wt% Si/wt% 

SAPO-5(1.38) 1.0Al:1.0P:0.2Si:50TEA:18H2O 18.93 21.16 1.38 

SAPO-5(1.80) 1.0Al:1.0P:0.4Si:50TEA:18H2O 21.07 22.61 1.80 

SAPO-34(1.82) 1.0Al:1.0P:0.08Si:1.0TEAOH:50H2

O 

24.87 17.97 1.82 

SAPO-34(2.66) 1.0Al:1.0P:0.15Si:1.0TEAOH:50H2

O 

17.19 16.74 2.66 
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to form these catalytic species. As such the synthesis procedures for the two SAPO-34 (and SAPO-5) 

samples varied only by the silicon gel ratios used in the synthesis. This finding emphasizes the im-

portance of using the optimal gel compositions in synthetic protocols, thus even subtle modifications of 

a single parameter can expedite the formation of alternative phases, and thereby influence the nature and 

strength of the resulting active (acid) centers. 

The acid strength of the Brønsted sites in SAPO-34 (2.66 and 1.82) and SAPO-5 (1.38 and 1.80) cat-

alysts has been monitored by using FTIR spectroscopy employing CO as a molecular probe. In particu-

lar, the shift of the bands of the hydroxyl groups (OH) by the adsorption of small molecules (N2, CO, 

etc.), which act as weak bases forming OH


CO hydrogen-bonded adducts with the Brønsted sites, has 

been used to estimate the acidity of Brønsted sites.
25,26

  

SAPO-34 catalysts, in the OH stretching range (Figure 1A), display a feature at 3678 cm
-1

, due to P-

OH defects, and two intense bands with maxima at around 3630 and 3600 cm
-1

, (labeled as OHA and 

OHC) that have been assigned to Al(OH)Si Brønsted acid sites with different acid strengths in O4 and 

O2 structural configurations in the CHA framework, respectively.
27-29

 The presence of a third compo-

nent at 3610 cm
-1

, labeled as OHB, (Figure 1A) although weak, was clearly evident, and it has been pro-

posed
27,30

 that this component, characterized by a strong acid character comparable to that found in the 

aluminosilicate H-SSZ-13 homologue,
29,30

 cannot be simply interpreted in terms of structural configura-

tions (as proposed for the OHA and OHC) but, is more attributable to the local environment in the imme-

diate vicinity of the active site.
31-34

  

In contrast, the SAPO-5 catalysts exhibit two well separated bands at 3630 cm
-1

, labeled as OHA’ and 

3513 cm
-1

,
 
labeled as OHB’ (Figure 1B). Both bands are associated with the Al(OH)Si Brønsted acid 

sites in different positions inside the AFI framework. The high frequency band is due to sites located in 

the 12-ring channels, whilst the band at 3513 cm
-1

 can be attributed to bridging OH located in the 6-ring 

channels.
35-37

 No defects due to Si-OH (3745 cm
-1

) or P-OH (3678 cm
-1

) sites are present in the SAPO-5 

catalyst.  
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By comparing the intensity and the integrated area (A0) of the bands due to the Brønsted acid sites 

(Fig.1A and Table 2) for SAPO-34 catalysts we have observed that the SAPO-34 (2.66) has an higher 

fraction of Brønsted sites with respect the SAPO-34 (1.82), which is consistent with the higher Si con-

tent. On the contrary, SAPO-5 (1.38) has a higher fraction of Brønsted sites (Fig.1B and Table 2) when 

compared to the higher Si content SAPO-5 (1.80) catalyst, probably due to the different Si substitution 

mechanism in the SAPO-5 framework (Figure S1), that results in the formation of extra-framework spe-

cies and silicon islands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 FTIR spectra in the OH stretching region of calcined SAPO-34 (2.66) and SAPO-34 (1.82) cat-

alysts (A), and SAPO-5 (1.38) and SAPO-5 (1.80) catalysts (B). The different OH components are evi-

denced by the curve fitting – see Table 2. 
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TABLE 2: Position of the Maxima, Full-Width at Half Maximum (fwhm), and Integrated Area 

(A0) of the Peaks Obtained by Curve Fitting of the OH spectra of SAPO-34 and SAPO-5 sam-

ples reported in Fig.1. 

 

 SAPO-34 (2.66) SAPO-34 (1.82) 

 OH      (cm
-1

) fwhm (cm
-1

) A0 OH… (cm
-1

) fwhm (cm
-1

) A0 

OHA 3630 16.54 2.46 3630 12.71 1.23 

OHB 3610 20.53 0.69 3608 18.07 0.35 

OHC 3600 26.84 1.89 3600 21.24 0.65 

 SAPO-5 (1.38) SAPO-5 (1.80) 

 OH      (cm
-1

) fwhm (cm
-1

) A0 OH… (cm
-1

) fwhm (cm
-1

) A0 

OHA’ 3630 22.50 0.87 3633 43.24 0.83 

OHB’ 3513 91.65 4.73 3513 59.22 1.63 

 

The acid strength of the Brønsted sites was elucidated by adsorbing CO at 80 K on all SAPO-34 and 

SAPO-5 samples (Figure S7 and Table 3). The SAPO-34 and SAPO-5 catalysts displayed an analogous 

behavior upon CO adsorption at 80K despite the different Si content, and the results for the SAPO-34 

(2.66) and SAPO-5 (1.38) catalysts, which possess the higher fraction of Brønsted acid sites (Fig.1) are 

rationalized below. Upon CO interaction at low temperature with  SAPO-34 and SAPO-5, the bands due 

to Si(OH)Al Brønsted acid sites present in the 3630-3600 cm
-1

 range are shifted downwards, forming a 

broad and intense absorption in the 3500-3200 cm
-1

 interval due to the OH


CO H-bonded adducts. On-

ly the band at 3513 cm
-1

, attributed to Si(OH)Al located in the 6-ring channels of SAPO-5 is not shifted 

and remains unperturbed, implying that these Brønsted acid sites are not accessible, even to small mole-

cules such as CO and therefore do not contribute to the acidity in the SAPO-5 catalyst. In Table 3 the 

position of the maxima of the Brønsted acid sites before and after CO perturbation and the resulting 
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OH shifts for both SAPO-34 and SAPO-5 are reported. The position of the OHA, OHB and OHC
….

CO 

adducts in SAPO-34 was obtained by a multi peak curve-fitting approach (Figure 3). Moreover, the 

shoulder at 3540 cm
-1

 visible upon CO adsorption (Figure 2) is due to CO interacting with a fraction of 

P-OH defects; and is consistent with the observation of the P-OH (3678 cm
-1

) feature that does not 

completely disappear upon CO interaction.
38

  

The OH is a measure of the acid strength: the stronger the Brønsted acidity, the larger is the OH. 

The OH arising from the band due to OHB sites in SAPO-34 is very large, with respect to the reported 

values for Brønsted acid sites in SAPO structures; which are normally less acidic than those of analo-

gous aluminosilicate structures, such as H-SSZ-13 (OH = 316 cm
-1

),
29,31

 where Si(OH)Al Brønsted 

sites are formed by the introduction of Al sites into the silicalite framework. It has been hypothesized 

that these types of strong Brønsted acid sites that can be influenced by a particular type of substitution 

mechanism (Figure S1)
39,40

 in SAPOs, resemble and mimic analogous sites in aluminosilicates.
27,30,34 

By 

comparing the ΔνOH values for the signals present in SAPO-5 and SAPO-34 it is clear that the overall 

acidity generated by the Brønsted sites in SAPO-34 is much stronger than that of the SAPO-5 species. 

This is exemplified by the fact that the OHA signal is marginally stronger than that of the OHA’, but 

more particularly to the presence of the highly acidic OHB species as well as to the additional presence 

of OHC groups in the SAPO-34 catalyst. It is highly likely that the advantageous combination of the 

OHA, OHB and OHC sites in the SAPO-34 catalyst could be directly responsible in modulating the de-

gree of acidity and play a pivotal role in enhancing the catalytic activity, when compared to its SAPO-5 

counterpart. 
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Figure 2 FTIR spectra in the OH stretching region of calcined SAPO-34 (2.66) in vacuo (black 

curve) and upon adsorption of CO (red curve) at 80 K. Spectra of the unperturbed hydroxyls with OHA, 

OHB and OHC components (grey and blue lines) and of OH
….

CO adducts are obtained by a curve fitting 

procedure. A good fit of the OH and OH
….

CO adduct bands can only be obtained using three compo-

nents. 

TABLE 3: Position of maxima of OH Brønsted sites and their shifts (OH) upon CO adsorption at 

80K on SAPO-34 and SAPO-5. 

Catalysts  OH      

(cm
-1

) 

OH…CO 

(cm
-1

) 

OH 

(cm
-1

) 

SAPO-

34 

OHA 3630 3350 280 

OHB 3610 3280 330 

OHC 3600 3430 170 

SAPO-5 OHA’ 3630 3370 260 

OHB’ 3513 - - 
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Figure 3 
29

Si MAS NMR spectra of SAPO-5(1.38) and SAPO-34(2.66) catalysts obtained at 9.4T us-

ing ramped cross polarization at 8 kHz. 

 

The precise nature and behavior of the silicon acid sites was investigated using a combination of 
29

Si  

MAS NMR to confirm the location and coordination geometry of the silicon species, and probe-based 

FTIR spectroscopy (discussed above) was used to rationalize the intrinsic behavior of the catalytically 

active acid sites. The main peak observed through 
29

Si NMR for the SAPO-34 catalyst (-89 ppm, Figure 

3 & Figure S8) was assigned, based on peak position, as an isolated, acidic Si(OAl)4 site, formed 

through type II substitution.
41

 The SAPO-5 catalyst shows a broad signal spanning a range of -90 to -

110 ppm (Figure 3 & Figure S9), this is characteristic of silicon substituting in a range of sites, with 

varying amounts of aluminum and silicon neighbors. The maximum intensity is at -99 ppm, suggesting 

the Si(OSi)(OAl)3 environment is dominant.
42

 It is to be noted that Si-O-P bonds are not seen in the 

SAPO cata-lysts.
43

 The contrasting silicon incorporation mechanisms between the AlPO-34 and AlPO-5 

frameworks suggest that the specific nature of the active site formed is intrinsically dependent on the 

specific framework host architecture. 

On establishing the link between the nature of the active site and specific AlPO frameworks, theoret-

ical methods can be used to further augment the inherent nature of the site-selective frameworks. To ful-

-200-150-100-500
ppm

SAPO-34 SAPO-5-89 ppm
Si(OAl)4

Type II substitution

-99 ppm
Si(OAl)3(OSi)

Type III substitution
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ly understand this phenomenon it is necessary to gain insights on an electronic level using ab initio cal-

culations, thereby affording structure-property correlations to be established, which can facilitate the 

proficient design of tailor-made catalysts for a range of sustainable acid-catalyzed processes.  

We have found that despite the energy of forming an isolated silicon site by type II substitution 

(ΔSub,1) being congruent in both the SAPO-5 (AFI) and SAPO-34 (CHA) architectures, the preferred 

orientation of the proton is very different. The SAPO-5 proton species maximizes hydrogen bonding in-

teractions by residing inside the inaccessible 6-membered rings of the microporous architecture. In stark 

contrast, the proton species in SAPO-34 points into the pore of the three-dimensional channel architec-

ture, and is accessible to both probe molecules and reactants, as substantiated by FTIR results earlier. In 

light of this, the energy of forming a silicon site through type III substitution (ΔSub,2) is subtly lower (and 

therefore more favorable) in the AFI framework when compared to the chabazite SAPO-34 framework 

(Table 4). It is important to note that such a species ((PO)3-Si-O-Si-(AlO)3) is highly unlikely to form.
11 

As type III substitution facilitates the formation of silicon islands and siliceous phases within the SAPO 

framework, it is highly likely that the CHA structure would enable the generation of isolated sites, 

whereas the silicon in AFI would tend to cluster. Whilst this form of isolated, strict type III substitution 

site is unlikely to occur, the more realistic 5-silicon island has been modeled and the calculations con-

firm that silicon clustering more readily occurs in the SAPO-5 system than the SAPO-34. Given the 

smaller ΔSub,5 value of SAPO-5 compared to SAPO-34, as corroborated by the 
29

Si NMR findings (Fig-

ure 1). This is again attributed to the ease with which Si-O-Si bonds can be formed within the AFI archi-

tecture, facilitating the formation of silicon islands. However, in the CHA architecture, Si-O-Si bonds 

are less favored, forcing the formation of isolated silicon and Brønsted acid sites. This finding further 

reinforces the notion that framework architectures and silicon substitution mechanisms are intrinsically 

linked. 



S14 

 

TABLE 4: Energies of formation of silicon sites in SAPO-34 and SAPO-5 frameworks. 

System SAPO-5 /  

eV (Unit Cell)
-1

 

SAPO-34 / 

eV (Unit Cell)
-1

 

ΔSub,1 5.4 ± 0.05 5.4 ± 0.05 

ΔSub,2 8.8 ± 0.05 8.9 ± 0.05 

ΔSub,5 23.6 ± 0.05 24.0 ± 0.05 

 

The specific acid sites observed through 
29

Si NMR (Si(OAl)4 in SAPO-34, and Si(OSi)4 in SAPO-5) 

were explored in greater detail through a theoretical probe-based binding study with ammonia and etha-

nol. It was found that ammonia bound most strongly to the isolated SAPO-34 silicon site, suggesting 

that the acid sites are stronger than the available protons in the 5-silicon SAPO-5 site. Ethanol was 

found to behave in an analogous fashion, showing a greater propensity for SAPO-34 (Figure 4) than the 

SAPO-5 catalyst (Figures S10-S14, Table 5).  These observations are concurrent with reported literature 

findings,
44,45

 and further vindicated by our characterization and catalysis results (see below).  

 

Figure 4 Optimized geometry of the isolated silicon sites in SAPO-34 binding to ethanol. 
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TABLE 5: Binding energies of silicon sites in SAPO-34 and SAPO-5 frameworks for different 

probe molecules. 

Probe ΔBinding / kJ mol
-1

 

(5-silicon) 

SAPO-5 

(1-silicon) 

SAPO-34 

Ammonia -100.2 ± 0.1 -121.9 ±0.1 

Ethanol -73.3 ± 0.1 -89.5 ± 0.1 

 

The variations in both the nature of the acid site and silicon substitution pathways between the 

SAPO-34 and SAPO-5 frameworks are further accentuated by the contrasting behavior of the two archi-

tectures for ethanol dehydration. Whilst all catalysts afforded high conversions over the studied temper-

ature range, distinct differences in selectivity (to ethylene) are apparent. The SAPO-5 catalysts, whilst 

still active at lower temperatures (conventional heterogeneous catalysts have proved effective only at 

temperatures >350 C),
45

 begins to favor the production of the diethyl ether by-product at lower temper-

atures (<300 C), thereby having a profound influence on the ethylene selectivity, with no other prod-

ucts detected. In stark contrast, both the SAPO-34 catalysts consistently display a strong preference for 

the formation of ethylene, even at lower temperatures (SAPO-34(2.66) achieves 76 % selectivity at 

250 °C, Figure 5, Table S5).  

Contrasting the different silicon loadings within the same framework again emphasizes the need to 

optimize synthetic protocols for adroit catalyst design. The different SAPO-5 frameworks further em-

phasize and accentuate the importance of site-isolation and the catalytic potential of discrete single-sites. 

Whilst the SAPO-5(1.80) catalyst (Figure 5A) has a higher amount of silicon than the SAPO-5(1.38) 

catalyst (Figure 5C), this has not resulted in the generation of a greater fraction acid sites (Figure 1B, 

Table 2). 
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Figure 5 Ethanol conversion and ethylene selectivity observed with SAPO-5 and SAPO-34 frameworks 

with different silicon content; 0.3 g catalyst, He carrier gas = 50 mL min
-1

, WHSV = 4.38 h
-1

. The only 

other product observed was diethyl ether and mass-balances were close to 99.5%.  

 

The increased silicon loading in the SAPO-5(1.80) has instead facilitated silicon-islanding, through 

increased type III substitution (Scheme S1), resulting in the formation of siliceous phases, instead of the 

desired isolated Brønsted acid species. Consequently, this has a marked effect on the catalytic perfor-

mance of the two materials: the higher loading SAPO-5(1.80) catalyst produces significantly more di-
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ethyl ether (rather than ethylene) when compared to the lower loading SAPO-5(1.38) catalyst. The low-

er silicon loadings, within the SAPO-5 architecture, clearly facilitate the formation of ethylene.  

In stark contrast, reducing the silicon loading in the SAPO-34 catalyst has a negative effect on the 

catalytic performance. The SAPO-34 catalyst effectively facilitates the formation of isolated Brønsted 

acid centers within the framework, even at higher silicon loadings (Figure 1B, Table 2), leading to the 

generation of a significant fraction of isolated Brønsted acid sites. By restricting the quantity of silicon 

dopant, the site-isolation is still maintained, but the total number of Brønsted acid sites is greatly re-

duced (Figure 1A), which has a marked effect on the catalytic performance of the SAPO-34(1.82) cata-

lyst (Figure 5B) – this phenomenon is particularly accentuated when considering the ethylene selectivity 

at temperatures < 300 
o
C. On the other hand, the SAPO-34(2.66) catalyst (Figure 5D), which despite 

having a greater quantity of Si active centers, retained its propensity for isolated active sites, thus dis-

playing enhanced conversion and ethylene selectivities, even at temperatures as low as 250
o
C. Thus the 

disparate behavior between the two frameworks confirms the delicacy and subtleties involved in achiev-

ing optimal catalyst design. While both SAPO-34(1.82) and SAPO-5(1.80) species do also possess 

phase-impurities (Figure S4) it should be emphasized that such impurities are in very low quantities, 

however their influence cannot (at this stage) be distinguished from that of the primary phase. The key 

factor, in both cases, is the (isolated) nature of the active Si center, and not the overall quantity present, 

that is the crucial determinant in the catalytic activity and selectivity.  

By modifying the catalytic conditions (such as the WHSV, see Figure 6) it is possible to further in-

crease the ethylene selectivity (> 90%) when operating at low reaction temperatures (~250 °C), offering 

potential scope to optimize the production of ethylene at low-temperatures, thereby affording considera-

ble advantages in energy-efficiency from a commercial perspective.
12-14

 It should be stressed that when 

an optimal catalyst is used (SAPO-34(2.66) or SAPO-5(1.38)) then this modification can improve the 

overall ethylene yield, though this has little effect on non-optimal systems, such as SAPO-34(1.82) and 

SAPO-5(1.80), which due to their comparatively inferior activity and selectivity (resulting from silicon-

islands or lower fraction of acid sites), would not be ideal candidates for full optimization.  
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Figure 6 Influence of WHSV on ethanol conversion (A) and ethylene selectivity (B) with SAPO-34 and 

SAPO-5 catalysts at 250 °C, 0.3 g catalyst, He carrier gas = 50 mL min
-1

.  The only other product ob-

served was diethyl ether and mass-balances were close to 99.5%.  

 

The propensity of the catalysts to selectively produce ethylene from the by-product, diethyl ether, 

was also investigated (Figure 7). In this example, we wish to particularly highlight the most striking dif-

ference between the two frameworks, their reactivity. This observation implies that superior ethylene 

yields of the SAPO-34 catalysts (when ethanol is employed as a feedstock) derive not from an enhanced 

ability to activate ethanol, but from the ability to efficiently transform diethyl ether into ethylene, thus 

lowering the quantity of by-products and improving the overall efficiency of the reaction. Whilst it is 

evident from Figure 5, that both the SAPO-5 and SAPO-34 frameworks are all capable of activating 

ethanol to a reasonable degree (high conversions), it is apparent that only the SAPO-34 catalysts effec-

0

20

40

60

80

100

2 2.5 3 3.5 4 4.5
C

o
n

ve
rs

io
n

/m
o

l%
 

WHSV/hr-1 

SAPO-34(2.66) SAPO-5(1.38)

SAPO-34(1.82) SAPO-5(1.80)

0

20

40

60

80

100

2 2.5 3 3.5 4 4.5

Se
le

ct
iv

it
y/

m
o

l%
 

WHSV/hr-1 

SAPO-34(2.66) SAPO-5(1.38)

SAPO-34(1.82) SAPO-5(1.80)

A 

B 



S19 

 

tively catalyze the formation of ethylene (Figure 7), further elucidating the contrasting behavior when 

diethyl ether and ethanol are used as feedstocks.  

 

 

 

Figure 7 Conversion of diethyl ether (A) and selectivity to ethylene (B) with SAPO-34 and SAPO-5 

catalysts, 0.3 g catalyst, He carrier gas = 50 mL min
-1

, WHSV = 4.38 h
-1

. The only other product ob-

served was ethanol and mass-balances were close to 99.5%. 

 

The combined ethanol and diethyl ether dehydration studies highlight some interesting mechanistic 

implications. Dehydration of ethanol to the olefin may be postulated (Scheme 1) to occur via direct de-

hydration of ethanol to ethylene (intramolecular pathway, Scheme 1A) or involving formation of diethyl 

ether which can then react further to form ethylene (intermolecular pathway, Scheme 1B & 1C).  
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Scheme 1  Three plausible mechanistic pathways (A, B & C) and the suggested mechanistic pathway 

operating with the SAPO catalysts (D). 

 

The formation and subsequent reactivity of diethyl ether from our studies (Figure 7) suggests the 

plausibility of Scheme 1C, the dehydration of ether to ethylene either via an SN2 mechanism with wa-

ter
46

 or an E1 reaction mechanism.
47

 To further investigate the mechanistic significance, a preliminary 

catalytic study was performed using the (most active and selective) SAPO-34(2.66) catalyst, employing 

both ethanol and diethyl ether as feedstocks (Figure 8). When the reaction was carried out with ethanol 

as the feedstock at low contact times (fast flow-rates), there is very little ethanol present in the product 

stream. This suggests that under these conditions the activation of ethanol is not the crucial determinant 

with the SAPO catalysts; as it can be achieved facilely even at low contact times. However, looking 

closely at the product composition, it is clear that, at low contact times, diethyl ether is the principal 

product, with only minor quantities of ethylene being formed. This supports our hypothesis that, ethanol 

is rapidly converted to diethyl ether in the first step (Scheme 1A), even at low contact times. Ethylene is 

produced in minor quantities, though at this stage, it is not clear if this is formed from diethyl ether or 

ethanol. Increasing the contact time has very little effect on the ethanol composition, though interesting-

ly, the yields of diethyl ether and ethylene are now inversely correlated. Given the above and the fact 

that ethanol primarily forms diethyl ether and not ethylene in the first stage, we can hypothesize that 

A)

B)

C)

D)
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ethylene is primarily produced from diethyl ether and not ethanol. These results are further vindicated 

by using diethyl ether as the feedstock (Figure 8B). Similarly there were small quantities of ethanol pro-

duced, however the ethylene and diethyl ether compositions are again inversely related. This is again 

consistent with the more rapid formation of diethyl ether and the slower subsequent dehydration to form 

ethylene. 

 

 

Figure 8 Contrasting the reactivity of the SAPO-34(2.66) catalyst with ethanol (A) and diethyl ether 

(B) as feedstocks at varying contact times. Conditions: 200
o
C, Helium flow of 25 mL/min, 0.3 g of cata-

lyst. 

 

From our initial kinetic studies, it is highly likely that the rate of reaction (k2) for pathway B (see 

Scheme 1)
48

 is greater than pathway C (k3). Nevertheless, the experimental evidence does not allow the 

direct dehydration route (pathway k1) to be discounted. In fact, Phillips and Datta
6
 described the dehy-

dration of ethanol leading to the simultaneous formation of diethyl ether and ethylene with H-ZSM-5.
6
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Whilst more detailed mechanistic studies are currently in progress, our preliminary experimental evi-

dence suggests that these catalysts (especially the SAPO-34) are of sufficiently high acid strength to fa-

cilitate the formation of ethylene via diethyl ether (Scheme 1). Indeed, the significant differences in eth-

anol conversion and associated ethylene selectivity with temperature, compared to diethyl ether conver-

sion and associated ethylene selectivity, suggests it is the reactivity of diethyl ether, rather than ethanol, 

which is a significant factor in achieving high selectivity to ethylene, though a more thorough catalytic 

investigation is necessary to confirm that this is the case over a wider range of temperatures. 

The variation in catalytic activity between the two SAPO frameworks, with various silicon loadings 

is a direct response facilitated by the two different frameworks and the two distinct catalytic species pre-

sent therein. Through the combination of NMR, probe-based FTIR and periodic DFT calculations it has 

been demonstrated that the differences in catalytic activity and selectivity between the two framework 

architectures are not just limited to size- and orientation of the pore apertures. The comparatively unex-

plored energetics of active site incorporation confirms that an explicit relationship exists between active 

sites and associated frameworks. To this extent, it becomes somewhat possible to target the formation of 

a specific active site by selectively directing the formation a certain framework topology. It is observed 

that the nature of the silicon substitution in SAPO-34 generates stronger Brønsted acid sites, akin to 

those observed in analogous chabazitic zeolites. Further similarities between the zeolitic framework and 

the silicoaluminophosphate are further evidenced by the presence of defect sites; such as silanols in the 

former
49

 and P-OH in the latter,
50

 as observed by the probe-based FTIR measurements in this study. The 

acid sites present in SAPO-34 are highly active for the acid-catalyzed dehydration of ethanol to ethylene 

and, as such the SAPO-34 catalyst, which exclusively forms isolated silicon sites, is a good candidate 

for efficiently performing this reaction.   

The role of the individual acid site (isolated vs. islands) can also be linked directly to the framework 

architecture and topology.  Through a combination of probe-based FTIR and periodic DFT studies we 

show that the inaccessible 6-membered rings of the SAPO-5 framework limit the catalytic potential of 

the material. While such sites are large enough to accommodate protons, even the smallest molecular 
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probes (such as CO and NO) are unable to access them, thereby lowering the total number of available 

protons (and acid sites) to perform the catalytic reaction. In contrast, the three-dimensional channel-

structure of the SAPO-34 catalyst provides an accessible path to the internal protons, thereby providing 

a higher fraction of available active sites for the ensuing catalysis. The relatively few accessible acid 

sites in the SAPO-5 catalyst are shown to have a proclivity primarily for the dehydration of ethanol to 

the diethyl ether (k2, Scheme 1), but have been found to be less acidic than their counterparts in the 

SAPO-34 catalyst, which hinders the further conversion of the diethyl ether to ethylene (k3, Scheme 1).  

On the other hand, the widely accessible strong acid sites in the SAPO-34 catalyst are able to effectively 

promote the formation of ethylene from the diethyl ether by-product (k3, Scheme 1), thereby increasing 

the total ethylene yield at temperatures as low as 250 °C. It is a combination of these factors that makes 

the smaller pore SAPO-34 system a superior catalyst when compared to the larger-pore SAPO-5 cata-

lyst. In light of this, SAPO-34 has emerged as a superior catalyst for the continuous production of eth-

ylene from ethanol and becomes a viable candidate for potential industrial implementation.
12-14 

  

4. CONCLUSION 

Preliminary structure-property correlations originating from this study have proved invaluable in the 

design of an effective catalyst for the low-temperature dehydration of ethanol, using tailored SAPO ar-

chitectures. The pronounced effect of the framework topology has been investigated with respect to sili-

con substitution mechanisms that lead to the creation and modulation of discrete, isolated solid-acid ac-

tive sites.  The predisposition of these designed active sites for influencing intrinsic catalytic outcomes 

has been probed using a combined 
29

Si NMR, probe-based FTIR and periodic DFT study, with a view to 

understanding the mechanistic features in greater detail. The synthetic protocol adopted for the 

SAPO-34 catalyst was found to promote the formation of accessible, strong Brønsted acid sites, via the 

creation of isolated silicon species, which were highly selective for the formation of ethylene. The find-

ings from this study have afforded adequate scope for design of more versatile heterogeneous catalysts
51

 

and their potential exploitation
12-14 

in industrially significant, acid-catalyzed transformations. 
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Experimental details 

Catalysis synthesis 

The SAPO-34 and SAPO-5 synthesis were prepared according to references 1-3. Key ingredients and synthetic 
conditions are listed below in Table S1.  

In both cases the as-prepared samples were calcined in a tube furnace under a flow of air at 575 oC for 16 hours 
yielding a white solid.  

 SAPO-5 SAPO-34 

Aluminium source Aluminium hydroxide hydrate (Al-

drich) 

Aluminium isopropoxide  (Aldrich) 

Silicon source Silica sol (40 wt% in H2O, Aldrich) Fumed silica (Aldrich) 

Structure directing agent Triethylamine (Fisher) Tetraethylammonium hydroxide (35 

wt% in H2O, Aldrich) 

Crystallization temperature/ °C 180 200 

Crystallization time/ h 24 60 

Table S1: Summary of synthetic conditions. 

Characterisation 

ICP-OES measurements were performed by Medac. 

Phase purity and crystallinity of materials was confirmed by powder X-ray diffraction. Powder X-ray diffraction 
(PXD) was carried out using a Bruker D2 Phaser diffractometer using Cu Kα1/Kα2 radiation λ = 1.5418 Å, PXD pat-
terns were run over a 2θ rage of 5-45° with a scan speed of 3° min-1 and increment of 0.01°. 

Scanning electron microscopy was carried out using a Jeol JSM-5910. 

 
Catalysis 
Catalysis was performed using a custom build flow reactor provided by Cambridge Reactor Design. The reactor 
comprised of a syringe pump, laptop computer, two mass flow controllers, reactor with heater and control box. 
A 224 mm quartz reactor tube (4 mm id, 6 mm od) with a 4 mm high frit 80 mm from the base of the tube and a 
gas inlet 25.8 mm from the top was placed inside the heater jacket. Liquid and gas flows were controlled using a 
Harvard Apparatus Model 33 MA1-55-3333 syringe pump and Brooks IOM585OS mass flow controller respec-
tively and flow rates were input via computer interface. 
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Silicon substitution mechanisms 

 

Figure S1: Possible silicon substitution methods into an AlPO framework.  

 

Textural characterization results 

Powder X-ray diffraction 

 

Figure S2: Powder X-ray diffraction pattern for phase-pure SAPO-5(1.38). 

SAPO-5(1.38) 
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Figure S3: Powder X-ray diffraction pattern for phase-pure SAPO-34(2.66). 

 

Catalyst Alpha/ Å Gamma/ Å Volume/ Å3 

SAPO-5(1.38) 13.8431 8.4295 1398.93 

SAPO-34(2.66) 13.7097 14.9052 2426.20 

Table S2: Unit cell data for SAPO-5 and SAPO-34 as determined using Celref.[4] 

SAPO-34(2.66) 
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Figure S4: Powder XRD patterns for SAPO-34(1.82) and SAPO-5(1.80) showing main phase. 

 

BET surface area measurements 

 SAPO-5(1.38) SAPO-34(2.66) 

BET surface area/ m2g-1 250.98 479.37 

Table S3: Surface area measurements determined using BET. 

 

Particle size calculations 

 SAPO-34(2.66) SAPO-34(1.82) SAPO-5(1.80) SAPO-5(1.38) 

Particle Size/nm 58 43 59 50 

Table S4: Particle sizes derived from powder-XRD with Scherrer’s equation. 
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Scanning Electron Microscopy  

 

Figure S5: SEM image of SAPO-5(1.38). 

 

 

Figure S6: SEM of SAPO-34(2.66). 
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Probe-based FTIR spectroscopy 
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Figure S7: FTIR spectra in the OH stretching region of CO adsorbed at 80 K on calcined SAPO-34(2.66) (A) and 
SAPO-5(1.38) (B). Decreasing CO coverages from 30 (red curves) to 0.01 (blue curves) mbar. The spectra in vac-
uo before CO adsorption are also reported (grey curves). 

  

SAPO-34(2.66) SAPO-5(1.38) 
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NMR spectra 

 

Figure S8: CP-RAMP 29Si MAS NMR spectra of SAPO-34(2.66) at 9.4 T, 8 kHz spin rate. The spectrum is the result 
of 15000 scans. 

 

Figure S9: CP-RAMP 29Si MAS NMR spectra of SAPO-5(1.38) at 9.4 T, 8 kHz spin rate. The spectrum is the result 
of 25000 scans. 
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Computational Analysis 

Binding studies were also performed with NH3 and ethanol on the specific sites witnessed by 29Si NMR, to gain 
an insight into the acidic nature of the specific active sites and the mechanistic implications; the following equa-
tion was used to quantify the degree of interaction with the probe molecules: 

(4) ΔBinding = E[Probe + SAPO] – E[Probe] – E[SAPO] 

 

 

Figure S10: Optimised geometry of the 5-silicon island in SAPO-5. 
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Figure S11: Optimised geometry of the binding of NH3 to the 5-silicon SAPO-5 species. 

 

Figure S12: Optimised geometry of the isolated silicon site in SAPO-34. 

 



S38 

 

 

Figure S13: The optimised geometry of the isolated silicon site in SAPO-34 binding to NH3. 

 

Figure S14: The optimised geometry of the isolated silicon site in SAPO-34 binding to ethanol. 
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Additional catalytic data 

Catalyst Conversion/mol% Selectivity/mol% 

300 °C 275 °C 250 °C 300 °C 275 °C 250 °C 

SAPO-5(1.38) 96 89 87 94 54 31 

SAPO-34(2.66) 100 98 93 100 95 76 

Blank (No catalyst) 0.3 0.3 0.3 20.8 25.3 0.0 

Table S5: Catalytic data for dehydration of ethanol to ethylene. WHSV = 4.38 h-1, He carrier gas 50 mL min-1, 
0.3 g catalyst. Blank reaction performed using comparable flow rates.  
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