
1 
 

Synthesis and activation for catalysis of Fe-SAPO-34 prepared using iron polyamine 

complexes as structure directing agents 

 

Alessandro Turrina,1,2,* A. Iulian Dugulan,3 Jillian E. Collier,4 Richard I. Walton,5 John L. 

Casci2 and Paul A. Wright1,* 

 

1 EaStCHEM School of Chemistry, University of St. Andrews, Purdie Building, North 

Haugh, St. Andrews, KY16 9ST, United Kingdom. 

2 Johnson Matthey Technology Centre, Chilton P.O. Box 1, Belasis Avenue, Billingham, 

TS23 1LB, United Kingdom. 

3 Fundamental Aspects of Materials and Energy Group, Delft University of Technology, 

2629 JB Delft, The Netherlands. 

4 Johnson Matthey Technology Centre, Blount’s Court, Sonning Common, Reading RG4 

9NH, United Kingdom. 

5 Department of Chemistry, University of Warwick, Coventry, CV4 7AL, United Kingdom. 

 

*Corresponding Authors. E-mail: alessandro.turrina@matthey.com; paw2@st-andrews.ac.uk. 

 

Abstract 

The use of transition metal cations complexed by polyamines as structure directing agents 

(SDAs) for silicoaluminophosphate (SAPO) zeotypes provides a route, via removal of the 

organic by calcination, to microporous solids with well-distributed, catalytically-active extra-
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framework cations and avoids the need for post-synthesis aqueous cation exchange. Iron(II) 

complexed with tetraethylenepentamine (TEPA) is found to be an effective SDA for SAPO-

34, giving as-prepared solids where Fe2+-TEPA complexes reside within the cha cages, as 

indicated by Mössbauer, optical and X-ray absorption near edge spectroscopies. By contrast, 

when non-coordinating tetraethylammonium ions are used as the SDAs in Fe-SAPO-34 

preparations, iron is included as octahedral Fe3+ within the framework. The complex-

containing Fe-SAPO-34(TEPA) materials give a characteristic visible absorption band at 550 

nm (and purple colouration) when dried in air that is attributed to oxygen chemisorption. 

Some other Fe2+ polyamine complexes (diethylenetriamine, triethylenetetramine and 

pentaethylenehexamine) show similar behaviour. After calcination in flowing oxygen at 550 

°C, ‘one-pot’ Fe(TEPA) materials possess Fe3+ cations and a characteristic UV-visible 

spectrum: they also show appreciable activity in the selective catalytic reduction of NO with 

NH3. 

 

1. Introduction 

The synthesis of silicoaluminophosphate (SAPO) zeotype frameworks using transition metal 

-polyamine complexes as structure directing agents (SDAs) has been demonstrated for Cu2+ 

and Ni2+ complexes in the SAPOs STA-61 and STA-7,2 SAPO-343-5 and SAPO-18.5,6 This 

has catalytic relevance for the Cu2+-containing materials, because upon calcination the Cu2+ 

cations from the complexes move to extra-framework sites when the organic is removed, 

where they are active in the selective catalytic reduction (SCR) of NOx with ammonia.2-6  

This synthetic route removes the need for an aqueous ion exchange of the SAPO, which can 

result in loss of framework crystallinity and uneven Cu2+ distribution, so that it would be 

interesting to use this approach for the incorporation of other transition metal cations, 

particularly iron, into extra-framework positions: small pore aluminosilicate zeolites 
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containing iron have been shown to be effective catalysts for NH3 SCR of NOx, whether the 

iron is included during a one-pot synthesis7,8 or post-synthetically.9,10 In each case, extra-

framework iron, as isolated cations or dimeric species, in the catalyst is thought to be the 

active site. In the case of SAPO preparations, it is expected that there would be competition 

between the polyamine complex and the crystallising aluminophosphate for the iron cations, 

because they can substitute for framework Al3+. Zenonos et al., for example, prepared 

FeAPO-5 and FeAPO-18 using an Fe(II) source and tetraethylammonium and N,N-

diisopropylethylamine, respectively, as SDAs and found that in the AFI structure the iron was 

present as Fe(III) in the framework, whereas in FeAPO-18 it was mainly Fe(III) with some 

Fe(II) also in the framework.11 Similarly, Ristic et al. showed Fe(II/III) incorporated in the 

framework following fluoride-containing syntheses of FeSAPO-34 using piperidine as the 

SDA.12 In addition, the stability constants of Fe2+ and Fe3+ cations for linear polyamines and 

azamacrocycles are much lower than those measured for Cu2+,13,14 (e.g. log K at 298 K for 

[Fe(TETA)]2+ and Cu(TETA)]2+, TETA = triethylenetetriamine, are 7.8 and 20.4, 

respectively15) so that Fe2+ can leave the complex more readily. Here we show that under 

specific conditions it is possible to include Fe2+ complexed within polyamine complexes as 

SDAs into SAPO-34 via a one-pot method and we characterise the materials in as-prepared 

and calcined states.  

The preparation of Fe-SAPO-34 materials with Fe(III) in the framework by addition of 

Fe(III) salts into hydrothermal SAPO syntheses has previously been reported using non- or 

weakly-complexing structure directing agents (e.g. tetraethylammonium or morpholine),16,17  

and when activated the resultant solids have activity in the NH3 SCR of NOx over a higher 

temperature regime than Cu-SAPOs. Therefore, we examined the catalytic activity of Fe-

SAPO-34 prepared using a tetraethylenepentamine complex as the SDA. 
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2. Experimental Methods 

2.1. Synthesis and preparation 

Fe-SAPO-34 materials were prepared hydrothermally from a silicoaluminophosphate gel 

containing Fe2+ acetate and one of the polyamines diethylenetriamine (DETA), N-(2-

hydroxyethyl)ethylenediamine (HEEDA), triethylenetetramine (TETA), N,N’-bis(2-

aminoethyl)-1,3-propanediamine (232), 1,2-bis(3-aminopropylamino)ethane (323), 

tetraethylenepentamine (TEPA) or pentaethylenehexamine (PEHA). Orthophosphoric acid 

(85% in water), fumed silica, aluminium hydroxide, deionised water, selected polyamine and 

iron(II) acetate were mixed together, and an excess of the same polyamine used as the 

complexing agent was added dropwise to adjust the initial pH to 7. (All of these polyamines 

have been shown previously to give Cu(II) and Ni(II) complexes encapsulated in SAPO-34 in 

the one-pot method3-5). The typical molar ratio in the overall gel compositions was Al(OH)3 : 

0.62 H3PO4 : 0.25 SiO2 : 40 H2O : 0.1 Fe2+: 0.27 polyamine. The final gels were stirred 

continuously at room temperature for 90 min, prior to being transferred to a Teflon-lined 

stainless steel autoclave and heated at 220 °C for 24 h. The resulting crystalline product was 

filtered off, washed with distilled water and dried in air at 80 °C for 12 h. In an example 

preparation, 0.87 g of H3PO4 (85%), 0.18 g of fumed silica, 1.13 g of Al(OH)3, 0.22 g of 

iron(II) acetate and 0.53 g of tetraethylenepentamine (TEPA) are stirred in 9 ml of water and 

loaded into a 30 mL Teflon liner and sealed in a stainless steel autoclave. Crystallisation 

gives 1.6 g of the as-prepared zeotype, designated Fe-SAPO-34(TEPA). To examine the 

effect of varying the oxidation state of the iron source, a similar preparation was performed 

using TEPA as the complexing polyamine, but adding iron(III) chloride instead of iron(II) 

acetate into the gel (Fe-SAPO-34(TEPA with Fe3+)).  
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For comparative purposes, Fe-SAPO-34 samples were prepared (i) using morpholine as SDA 

and iron(III) nitrate as the iron source, according to a patented synthesis16 and modified 

slightly to give phase pure product (designated Fe-SAPO-34(Mor)) and (ii) using 

tetraethylammonium, TEA+, as the SDA, iron(II) acetate as the iron source and 

tetrabutylammonium hydroxide (TBAOH) as a pH modifier (gel composition Al(OH)3 : 0.8 

H3PO4 : 0.2 SiO2 : 40 H2O : 0.2 Fe2+ : 0.1 TEA+ : 0.11 TBAOH (190 °C for 5 d) (designated 

Fe-SAPO-34(TEA+)). All gel compositions and synthesis conditions are reported in the 

Supplementary Information, Table S1. 

 

2.2. Characterisation 

For phase identification of as-prepared samples, X-ray powder diffractograms were measured 

on a Panalytical Empyrean diffractometer equipped with an X’Celerator detector in the 2θ 

range 5–50° (step size 0.01°, time step-1 160 s, 0.04 rad Soller, 45 kV, 35 mA). The data were 

collected in Bragg-Brentano geometry, using Cu Kα1 (λ = 1.54056 Å) X-radiation via a 

primary monochromator. For structure refinement, a calcined sample of Fe-SAPO-34 

prepared using TEPA as complexing amine was loaded in a 0.7 mm quartz glass capillary and 

dehydrated at 250 °C under a vacuum of 10-5 mbar for 10 hours. XRPD was carried out in the 

2θ range 3–70° (step size 0.1°, time step-1 80 s, 40 kV, 35 mA) at 21 °C in Debye-Scherrer 

mode on a Stoe STADI/P diffractometer with a primary monochromator, using Cu Kα1 X-

radiation (λ = 1.54056 Å) and equipped with a linear PSD detector. Rietveld refinement of 

the structure was performed using the GSAS suite of programs,18 where Al-O and P(Si)-O 

bond distances were restrained to be 1.73(±0.02) and 1.55(±0.03) Å, respectively. 

Thermogravimetric analysis of as-prepared samples was performed on a NETZSCH 

TG1000M in a dry air flow with a heating range of 5 °C min-1. Elemental analysis was 
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carried out by Elemental Analysis Service, London Metropolitan University. Scanning 

electron microscopy on samples was carried out with a JEOL JSM 5600 SEM with an Oxford 

INCA Energy 200 EDX analyser to determine the Si, Al and P content. More accurate 

determination of the framework composition and iron content on selected samples was 

performed using a PANalytical Axios WDXRF (wavelength dispersive X-ray fluorescence) 

spectrometer with a 4 kW Rh tube and a Philips PV 9400 X atomic absorption spectrometer 

with a Unicam hollow cathode lamp using an air-acetylene flame, respectively. 

 

2.3. Spectroscopies 

UV-visible absorption spectra of as-prepared and calcined solid samples were measured on a 

JASCO V-650 UV-visible spectrophotometer equipped with a photomultiplier tube detector. 

Spectra were collected over the wavelength range 200–900 nm with a bandwidth of 5.0 nm 

and at a rate of 200 nm min-1.  

Transmission 57Fe Mössbauer spectra were collected at 300 K with conventional constant-

acceleration or sinusoidal velocity spectrometers using a 57Co(Rh) source. Velocity 

calibration was carried out using an α-Fe foil. The source and the absorbing samples were 

kept at the same temperature during the measurements. The Mössbauer spectra were fitted 

using the Mosswinn 4.0 program.19  

XAFS (X-ray absorption fine structure) spectra were recorded at room temperature on 

beamline B18 of the Diamond Light Source in transmission mode from solid samples mixed 

with polyethylene powder to give suitable absorption at the Fe K-edge. A Si(111) double-

crystal monochromator was used to select the incident X-ray energy and scans performed in 

QUEXAFS mode. Data were normalised in the program Athena to yield XANES spectra and 
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background subtracted EXAFS spectra. k3-weighted EXAFS spectra were analysed using 

Artemis, which implements the FEFF code, with coordination numbers of atomic shells fixed 

at expected values and shell distances, thermal parameters (σ2) refined along with E0 and S0
2 

(amplitude reduction factor).20  

Solid-state NMR spectra were collected at room temperature using a Varian VNMRS 400 

spectrometer, equipped with a widebore 14.1 T magnet, yielding Larmor frequencies of 104.2 

MHz for 27Al, 161.9 MHz for 31P and 79.4 MHz for 29Si. As-prepared and calcined samples 

were dehydrated overnight at 150 °C or 200 °C, respectively, before being packed in 4 mm 

ZrO2 rotors and rotated at a rate of 12.8 KHz for 27Al, 6.8 KHz for 31P and 29Si. Chemical 

shifts were recorded in ppm relative to 1 M Al(NO3)3 (aq) for 27Al, 85% H3PO4 for 31P and 

TMS for 29Si. 27Al, 31P and 29Si MAS NMR spectra were recorded with a one-pulse sequence 

(direct extinction) at repeat intervals of 10 ms for 27Al, 15 ms for 31P and 30 ms for 29Si and 

in a spectral width of 416.7 kHz for 27Al, 100.0 kHz for 31P and 40.3 kHz for 29Si.  

 

2.4. Calcination and catalysis 

Calcination of selected samples was performed in a stream of dry oxygen in a tube furnace at 

550 °C (reached via a heating ramp of 5 °C min-1) for 12 h. To establish the porosity of the 

calcined solids, adsorption isotherms at 77 K for N2 were measured using a Micromeritics 

Tristar II 3020 apparatus. The samples were activated at 150 °C in order to remove the 

physisorbed water. Catalytic testing was performed on calcined samples, pelletised, crushed 

and sieved to give a fraction between 255 and 350 microns. The powder samples were loaded 

into a reactor and tested using the following synthetic diesel exhaust gas mixture (at inlet) 

including ammonia: 350 ppm NO, 385 ppm NH3, 12% O2, 4.5% H2O, 4.5% CO2, 200 ppm 

CO, balance N2, at a space velocity of 330 dm3 per gram of powder per hour. The samples 
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were heated from 150 to 550 °C at 5 °C min-1 and the effluent gases were analysed by an 

FTIR analyser. To determine the hydrothermal stability of the catalyst a set of pelletised 

samples were heated to 900 °C (heating rate of 10 °C min-1) for 1 h in a flow reactor with a 

gas containing 4.5% H2O in air at a flow rate of 1.3 L min-1 prior to examination as a catalyst. 

 

3. Results and Discussion 

All samples were single phase SAPO-34 by powder XRD (Figure 1). Typically, particles 

were heavily intergrown rhombs around 50 microns in size (Figure S1). The compositions of 

the samples are given in Table 1, showing Fe contents from 3 - 4 wt% for the samples 

prepared using polyamines and C/N ratios in agreement with inclusion of the polyamines 

intact. While samples prepared using tetraethylammonium or morpholine were off-white 

upon drying in air, those prepared in the presence of polyamines gave a range of shades, from 

off-white (HEEDA, 232, 323) through pale pink (DETA, TETA, PEHA) to purple (TEPA) 

(Figure S2). 
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Figure 1. PXRD patterns of as-prepared Fe-SAPO-34 obtained using (a) DETA, (b) HEEDA, 

(c) TETA, (d) 232, (e) 323 and (f) TEPA (all with Fe2+); (g) TEPA with Fe3+, (h) PEHA (with 

Fe2+), (i) morpholine (with Fe3+) and (j) TEA+ (with Fe2+). 
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Table 1. Composition of the Fe-SAPO-34 samples  

SDA (Fe 
source) 

Iron content 
(AAS wt. %) 

Estimated unit cell composition 
(by EDX, AAS, TGA) 

C/N 
(calc) 

C/N  
(exp) 

DETA(Fe2+)  3.8 [Fe-(DETA)2]2[DETA]1.0 Al18P12.9Si5.1O72 
11.4H2O 

1.14 1.17 

HEEDA(Fe2+) 3.2 Fe1.7[HEEDA]3.5 Al18P14.3Si3.7O72 8H2O 1.71 1.76 

TETA(Fe2+) 3.5 [Fe-TETA]1.8[TETA]1.1Al18P13.5Si4.5O72 9.6H2O 1.29 1.25 

232(Fe2+) 3.4 Fe1.8[232]2.1Al18P14.1Si3.9O72 9.8H2O 1.50 1.46 

323(Fe2+) 3.9 Fe2[323]2.8Al18P13.1Si4.9O72 6.5H2O 1.71 1.77 

TEPA(Fe2+) 4.0 [Fe-TEPA]2.1[TEPA]0.8Al18P12.8Si5.2O72 3.2H2Oa 1.37 1.40 

TEPA(Fe3+) 3.9 [Fe-TEPA]2[TEPA]0.8Al18P12.7Si5.3O72 3.5H2O 1.37 1.39 

PEHA(Fe2+) 3.5 [Fe-PEHA]1.8[PEHA]1Al18P13.2Si4.8O72 4.6H2O 1.43 1.40 

Morpholine 1.7 Fe0.8Al18P14.3Si3.7O72 23.6H2Oa,b / / 

TEA+ n.d. FeAl18P15Si3O72
c / / 

 
Approximation used for the determination of the chemical compositions: all the metal cations have been 
considered fully complexed by the ligands, except in the case of HEEDA, 232 and 323. This assumption is 
based on the UV-visible spectra (described later). (a) Al, P and Si wt. % determined by XRF analysis. (b) 
Chemical composition of the calcined sample. (c) Composition by EDX. 
 

The UV-visible spectra of these as-prepared materials are shown in Figure 2. In addition to 

peaks in the UV region, all the samples with a pink/purple coloration (Fe-SAPO-34 prepared 

with DETA, TETA, TEPA or PEHA and Fe2+ in the starting gel, and with TEPA and Fe3+ in 

the starting gel) show an absorption band around 550 nm. Such a band has previously been 

assigned to Fe2+ complexes involving molecular O2 in the coordination sphere21  and is 

evidence that the Fe2+ is complexed in these solids and able to chemisorb O2. Even though 

the stability constants of these polyamines with Fe2+ are much lower than with Cu2+ the 

complexes are stable enough for the iron cations to remain complexed within the SAPO-34, 

as do copper cations in CuSAPO-34 materials prepared by the one-pot method.5 For example, 

the logK values for Fe2+ for TETA and TEPA are 7.8 and 9.85, respectively, compared to 

20.4 and 22.8 for the Cu2+ complexes.15 
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The absence of a d-d band at 550 nm in the spectra of Fe-SAPO-34 samples prepared using 

Fe2+-HEEDA, Fe2+-232 and Fe2+-323 suggests that the majority of the iron is not complexed 

by these polyamines within SAPO-34. The reason might be related to the fact that in 

comparison with the other polyamines mentioned above, 232 and 323 have an odd number of 

C atoms between the N atoms, while HEEDA has an -OH terminal group instead of an -NH2 

group. Both factors could affect the stability of the iron complexes under hydrothermal 

conditions. As expected, the reference samples prepared with morpholine (white) and TEA+ 

(green) as SDAs do not show the absorption band at 550 nm. However, the UV-visible 

spectrum of Fe-SAPO-34(TEA+) shows a broad band between 600 - 900 nm. 
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Figure 2. Solid-state UV-visible spectra of as-prepared Fe-SAPO-34 obtained using (a) 

DETA, (b) HEEDA, (c) TETA, (d) 232, (e) 323 and (f) TEPA (all with Fe2+); (g) TEPA with 

Fe3+, (h) PEHA (with Fe2+), (i) morpholine (with Fe3+) and (j) TEA+ (with Fe2+). 

 

The most intense 550 nm band is observed for Fe-SAPO-34(TEPA) and this sample was 

examined further. When separated from the mother liquor by filtration after crystallisation, 

Fe-SAPO-34(TEPA) is white in colour, only turning purple upon drying in air (all the 

pink/purple samples showed the same behaviour). If the sample is dried in a vacuum, no 

colour change occurs. The UV-visible absorption spectra of both ‘wet’ and ‘air-dried’ 
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samples are shown in Figure 3. The absorption band at 900 nm and 350 nm in the ‘wet’ 

sample can be attributed to high spin octahedral Fe2+, with N and water O atoms in its 

coordination sphere, whereas the development of the 550 nm band and the purple colour is 

attributed to the result of dehydration and oxygen chemisorption. 

 

Figure 3. Solid state UV-Vis absorption spectra of as-prepared ‘wet’ (····) and ‘air dried’ 

(──) samples of Fe-SAPO-34 obtained using  TEPA (with Fe2+) 

 

The as-prepared purple Fe-SAPO-34(TEPA) was heated in a tube furnace at 160 °C under a 

N2 flow: the colour changed from pink to light brown. The spectra in Figure 4 show a 

decrease in the absorption band at 550 nm and an increase for those at 350 and 900 nm. After 

flowing O2 at 50 °C overnight over the light brown sample the colour changed to violet with 

reappearance of the strong band at 550 nm while the bands at 350 and 900 nm decreased only 

slightly in absorbance, indicating that the O2 adsorption and desorption is not fully reversible. 
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Figure 4. Solid state UV-Vis absorption spectra measured after deoxygenation/oxygenation 

process on Fe-SAPO-34(TEPA with Fe2+). Pink as-prepared (──), deoxygenated 160 ºC in 

N2 (─ · ·  ─), oxygenated at 50 ºC in O2 (·· · ·) and re-deoxygenated 160 ºC in N2 (─ ─ ─). 

 

The oxidation state of the Fe in the Fe-SAPO-34 samples was determined using Mössbauer 

spectroscopy at 300 K (Figure 5), by comparison of isomer shifts (IS) and quadrupolar 

splittings (QS) with similar values reported in the literature (Table 2). 

 



15 
 

 

Figure 5. MAS spectra (black lines) obtained at 300 K with as-prepared samples of (a) Fe-

SAPO-34(Mor), (b) Fe-SAPO-34(TEA+), (c) Fe-SAPO-34(TEPA with Fe2+) and (d) Fe-

SAPO-34(TEPA with Fe3+). Fitted lines are given in colour (see Table 2 for details). 
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Table 2.  The fitted parameters of the Mössbauer spectra of as-prepared Fe-SAPO-34 
samples measured at 300 K. 

 
Sample IS 

(mm s-1) 
QS 

(mm s-1) 
Γ 

(mm s-1) 
Iron 

species 
Fit line 
(Fig. 5) 

Spectral 
contribution (%)  

 
Fe-SAPO-
34(Mor) 

1.12 2.13 0.82 Fe2+ red 36 

0.37 0.76 0.71 Fe3+ blue 64 

Fe-SAPO-
34(TEA+) 

1.26 3.00 0.35 Fe2+ magenta 5 

0.73 2.44 0.41 Fe2+ blue 4 

0.41 0.66 0.56 Fe3+ red 91 

Fe-SAPO-
34(TEPA 
with Fe2+) 

1.15 2.23 0.51 Fe2+ blue 59 

0.87 2.22 0.54 Fe2+ magenta 41 

Fe-SAPO-
34(TEPA 
with Fe3+) 

1.14 2.24 0.49 Fe2+ blue 59 

0.86 2.15 0.53 Fe2+ red 35 

0.49 0.28 0.34 Fe3+ magenta 6 

FeAlPO-34 
(fluoride 
prep)12 

1.05 

0.30 

2.09 

0.59 

0.70 

0.78 

 

Fe2+ 

Fe3+ 

 61 

39 

 

Experimental uncertainties: Isomer shift: IS ± 0.01 mm s-1; Quadrupole splitting: QS ± 0.01 mm s-1; 
Line width: Γ ± 0.01 mm s-1; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%. 
 

For the sample prepared with morpholine, Fe-SAPO-34(Mor), Mössbauer spectroscopy 

shows a mixture of some Fe2+ (IS 1.12 mm s-1, QS 2.13 mm s-1 36%, Figure 5a) with a 

majority of Fe3+ (IS 0.37 mm s-1, QS 0.76 mm s-1, 64%). A similar signal has previously been 

reported to arise from octahedral Fe3+ substituting for Al3+ in the framework of as-prepared 

FeAPO-5.22 In Fe-SAPO-34(TEA+) there is a major signal (IS 0.41 mm s-1, QS 0.66 mm s-1, 

abundance 91%) corresponding to Fe3+, indicating oxidation of the iron during the 

crystallisation (Figure 5b). This observed Mössbauer signal of iron is similar to that observed 

for FeAPO-18 prepared by Zenonos et al,11 where a large part of the Fe(II) undergoes 

oxidation during crystallisation and becomes incorporated into the aluminophosphate 
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framework and for triclinic FeAPO-34 prepared by Ristic et al. in the presence of fluoride12 

(Table 2), where both Fe(II) and Fe(III) are observed by Mössbauer spectroscopy. 

Mössbauer spectroscopy of air-dried Fe-SAPO-34(TEPA) materials prepared with either 

ferrous acetate or ferric chloride (Figure 5c and d) shows, in each sample, two similar Fe2+ 

environments making up 100% (ferrous acetate source) and 94% (ferric chloride source) of 

the iron species. The Mössbauer properties using the ferrous source are IS 1.15 mm s-1 (1.14 

mm s-1 for ferric source) and 0.87 (0.86) mm s-1, QS 2.23 (2.24) and 2.22 (2.15) mm s-1. The 

first signal is likely to be from an octahedrally-coordinated species, the second may have 

lower coordination, but both can be attributed to coordinated Fe2+ polyamine species. The 

line width (Γ) parameter is a strong indicator of the range of environments of Fe species; the 

smaller value measured for Fe-SAPO-34(TEPA) indicates the presence of well-defined iron 

environments.  

To confirm the oxidation state of as-prepared materials, Fe K-edge X-ray absorption 

spectroscopy was performed on Fe-SAPO-34(Mor) and Fe-SAPO-34(TEPA) samples. In 

each case the XANES spectra (Figure S3) confirm the results obtained with the Mössbauer 

spectroscopy: as-prepared Fe-SAPO-34(Mor) contains a mixture of Fe2+ and Fe3+ while Fe-

SAPO-34(TEPA) contains only Fe2+. Both materials contain only Fe3+ when calcined (as 

shown by comparison with the model compound BiFeO3). Neither of the Fe-SAPO-34 

materials shows a distinct pre-edge feature, unlike Fe3O4 (which is an inverse spinel with 

some tetrahedral Fe3+), suggesting the Fe cations in the SAPOs are octahedrally-coordinated. 

Previous studies suggest this octahedral coordination involves four framework O atoms and 

two water molecules when polyamines are not involved.11,22 

Together, these UV-visible and Mössbauer spectroscopic measurements indicate that in the 

presence of the complexing polyamine the iron remains in or is reduced to the Fe2+ oxidation 
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state during crystallisation. The action of polyethylene polyamines to prevent oxidation of 

Fe(II) has been reported previously,23 here they are shown also to act to reduce ferric cations. 

Previously, simple monoamines have been shown to possess some reducing activity for 

Fe(III) in FeAPO-5 preparations,24 and the morpholine in Fe-SAPO-34(Mor) also possesses 

some reducing activity. In the presence of an alkylammonium template, the iron ends up as 

Fe3+ species in the framework whether it begins as ferrous or ferric species, as shown here for 

Fe-SAPO-34(TEA+) and previously for FeAPO-5.22,24 

 

Calcined Fe-SAPO-34 materials 

Upon calcination, all Fe-SAPO-34 materials remain crystalline (Figure S4). The surface area 

and pore volume (N2 porosimetry, 77 K, see Figure S5) of calcined Fe-SAPO-34(Mor) are 

427 m2 g-1 and 0.23 cm3 g-1, while those of Fe-SAPO-34(TEPA) are 274 m2 g-1 and 0.14 cm3 

g-1. The value for Fe-SAPO-34(Mor) is close to that for conventional SAPO-34, whereas the 

lower values observed for the latter are also seen for Cu-SAPO-34 prepared using copper 

polyamine complexes as templates.5 Solid-state MAS NMR spectra were collected on 

calcined (dehydrated) Fe-SAPO-34(Mor) and Fe-SAPO-34(TEPA) samples (Figure S6). In 

the 27Al and 31P MAS NMR spectra resonances at 33.7 – 35.1 ppm and -28.8 – -29.5 ppm 

correspond to tetrahedrally-coordinated Al and P atoms, respectively. The 29Si MAS NMR 

spectra show only one resonance at ∼ -95 ppm, attributable to Si(OAl)4. The resonance 

broadening observed in particular for Fe-SAPO-34(TEPA) can be associated with the higher 

iron loading (4 wt. % vs 1.7 wt%). Intense spinning sidebands observed for the Al, P and Si 

spectra are the result of iron paramagnetism. 

Mössbauer spectroscopy of the calcined samples of Fe-SAPO-34(Mor) and Fe-SAPO-

34(TEPA) shows that the iron is all or almost all present as high spin Fe3+ (Figure 6, Table 3). 
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There are significant differences in the UV-visible spectra, however (Figure 7). Calcined Fe-

SAPO-34(Mor) shows little absorption above 400 nm, with band maxima at 250 nm and 300 

nm, while calcined Fe-SAPO-34(TEPA) samples show, in addition to these bands, a broad 

absorption at ca. 510 nm that extends to 700 nm. The intensity of this broad band varies 

between samples prepared under the same conditions but with different polyamines. 

 

Figure 6. Mossbauer spectra obtained at 300 K on calcined samples of (a) Fe-SAPO-34(Mor) 

and (b) Fe-SAPO-34(TEPA). Fitted curves shown in colour. 

 

Table 3. The fitted parameters of the Mössbauer spectra of calcined Fe-SAPO-34 samples 
measured at 300 K, compared to literature values for calcined FeAPO-34. 
 
Sample IS 

(mm s-1) 
QS 

(mm s-1) 
Γ 

(mm s-1) 
Iron 

species 
Fitting line 

(Fig. 6) 
Spectral 

contribution (%)  
 

Fe-SAPO-
34(Mor) 

0.47  1.49 Fe3+ red 83 
0.43 1.03 0.72 Fe3+ blue 17 

Fe-SAPO-
34(TEPA) 

0.39 0.87 0.79 Fe3+ red 100 
      

FeAPO-
3412 

0.34 0.83 0.82 Fe3+ - 100 

       

Experimental uncertainties: IS ± 0.01 mm s-1; QS ± 0.01 mm s-1; Γ ± 0.01 mm s-1; Hyperfine 
field: ± 0.1 T; Spectral contribution: ± 3%. 
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Figure 7. Solid-state UV-visible spectra of calcined Fe-SAPO-34(Mor) (· · · ·) and Fe-SAPO-

34(TEPA) (──). 

 

The interpretation of these results is that all or a high percentage of the iron in the complex-

bearing SAPO-34 samples is in the form of complexed Fe2+ which is oxidised upon 

calcination in oxygen. As the organic complex around the iron cations is removed, the Fe3+ 

cations must become distributed throughout the pore space, as suggested by the reduction of 

the pore volume. However, attempts to locate these Fe3+ cations by Rietveld analysis were 

unsuccessful, and an excellent fit was achieved without the inclusion of extra-framework 

species (Figure S7, Tables S2, S3 and S4).  

To investigate this further, Fe K-edge EXAFS of the calcined, rehydrated Fe-SAPO-34 

materials was measured. Analysis of the EXAFS of calcined Fe-SAPO-34(Mor) indicates 

well dispersed iron cations, with a good fit with 6 nearest neighbour O atoms, at two shells of 

three, at 1.85(5) and 1.99(5) Å (Figure 8a, b, Table 4). The EXAFS of calcined Fe-SAPO-

34(TEPA) is similar, with a split first coordination shell of 6 O atoms (3 at 1.91(3) Å and 3 at 

2.03(3) Å) (Figure 8c, d, Table 4) and rules out the presence of a significant number of Fe2O3 

mailto:3@1.91(3)
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nanoparticles, which give a characteristic EXAFS signal,25 although the presence of dimeric 

or oligomeric species cannot be ruled out. 

 

Figure 8. EXAFS spectrum and Fourier transform of calcined samples of Fe-SAPO-34(Mor) 

(a, b) and Fe-SAPO-34(TEPA) (c, d). Experimental data (black), fitted curve (red).  

 

Table 4. Fitted structural parameters from analysis of Fe K-edge EXAFS spectra. The shell 

coordination numbers (N) were fixed after preliminary analysis while the radial distance (R) 

and thermal parameter (Debye-Waller factor = 2V2) were varied in least squares refinements.  

Sample Shell N R / Å σ2 / Å-2 

Fe-SAPO-34(Mor)a O 3 1.848(52) 0.0042(91) 
 O 3 1.986(48) 0.0020(71) 

Fe-SAPO-34(TEPA)b O 3 1.908(26) 0.0023(37) 
 O 3 2.033(32) 0.0044(65) 

(a) E0 = -11.142 eV   S0
2 = 0.876 Rf = 0.0775 

(b) E0 = -4.207 eV   S0
2 = 0.648   Rf = 0.0371 

 

Finally, the catalytic performance of two Fe-SAPO-34 materials prepared via different 

approaches was compared for the NH3 SCR of NO (Table 5 and Figure 9) and compared with 
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the performance of a Cu-SAPO-34(TEPA) prepared via a one-pot synthesis reported 

previously.5 Notably, the Fe-SAPO-34 material is not as active at low temperature as its Cu-

SAPO-34 analogue (as seen previously when comparing Fe- and Cu-SSZ-1317) but is highly 

active to a slightly higher temperature. The enhanced activity observed for the calcined Fe-

SAPO prepared using Fe2+-TEPA when compared with calcined Fe-SAPO-34(Mor) may be 

attributed not only to the higher iron concentration but also a higher concentration of extra-

framework Fe3+ species. The Fe-SAPO-34(TEPA) retained some activity even after a harsh 

hydrothermal ageing at 900 ºC. Further studies of the catalytic performance of Fe-SAPOs 

prepared using this new synthetic route are in progress, targeted at investigating the effects of 

changes in framework and extra-framework composition on activity and hydrothermal 

stability. 

 
Table 5. Properties of iron-containing catalysts investigated for NO SCR. A sample of Cu-

SAPO-34 prepared via the one-pot method is given as a comparative example. 

 

Catalyst Si / (Al + P + 
Si)a 

Fe  
(wt. %)b 

Crystal shape, sizec  
(μm) 

BET surface 
aread (m2 g-1) 

Fe-SAPO-34(Mor) 0.102 1.7 intergrown rhombs (30 - 35) 427 

Fe-SAPO-34(TEPA) 0.144 4.0 intergrown prisms (30 - 35) 274 

Cu-SAPO-34(TEPA)5 0.107 2.87 rhombs, (8 -10) 339 

(a) Determined by XRF analysis, (b) determined by atomic absorption of dissolved samples, 
(c) determined by SEM, (d) calculated from N2 adsorption data. 
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Figure 9. NO conversion as a function of temperature over calcined Fe-SAPO-34(Mor) (red 

line), Fe-SAPO-34(TEPA) fresh (black line), Fe-SAPO-34(TEPA) aged at 900 ºC (blue line), 

Cu-SAPO-34 fresh (green line) and Cu-SAPO-34 aged at 900 ºC (cyan line). Reactant gas 

composition: 350 ppm NO, 385 ppm NH3, 12% O2, 4.5% CO2, 4.5% H2O in N2; flow rate 1.3 

L min-1, WHSV 330 L (gcat h)-1. 

 

Conclusions 

A route to SAPO-34 containing extra-framework Fe3+ species active in the NH3 SCR of NOx 

has been developed. It involves the calcination of Fe-SAPO-34 prepared by a one-pot 

synthesis of SAPO-34 with Fe2+-polyamine complexes acting as structure directing agents. 

As-prepared Fe-SAPO-34 prepared in this way contains complexed Fe2+ cations, as 

determined by Mössbauer and EXAFS spectroscopies, and differs from preparations using 

tetraethylammonium or morpholine as SDAs, in which most iron introduced is included as 

Fe3+ in framework positions. In the as-prepared form, the Fe2+-polyamine complexes can 

adsorb and desorb O2, leading to strong colour changes: this is not observed in the absence of 

polyamines in the preparation. Calcination of the one-pot Fe-SAPO-34 gives microporous 
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solids containing octahedrally-coordinated Fe3+ species with characteristic UV-spectra that 

are active for the selective catalytic reduction of NO by ammonia.  
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