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A B S T R A C T

Iron-modified Al-ZSM-5 increases selectivity to propene, a key petrochemical resulting from fluid catalytic 
cracking (FCC). However, the type and role of active iron species remain unclear, hindering efforts to streamline 
the design of selective FCC additives. Here, we investigated Al-free Fe-ZSM-5 catalysts containing iron species in 
the form of framework Fe3+, extra-framework Fe3+, oxidic clusters, and oxide micro aggregates in n-octane 
cracking (FCC model) to assess their effect on catalytic cracking. DR-UV–Vis spectroscopy, 57Fe Mössbauer 
Spectroscopy, FTIR studies of pyridine adsorption, and n-octane cracking tests at 500 ◦C revealed that 
framework-associated coordinatively unsaturated Fe3+ species, which induce strong Lewis acidity, are respon
sible for paraffin cracking initiation, whereas bulk iron oxides on the zeolite surface are inactive. In comparison 
with Al-ZSM-5, Fe-ZSM-5 increases the olefinicity of the valuable C3-C4 fractions (selectivity to propene and 
butenes) and promotes aromatization reactions due to the lower relative strength of Fe-induced Brønsted acid 
sites and dehydrogenation properties. As shown by our 57Fe Mössbauer study (performed at − 269 ◦C) of the 
catalyst in calcined, spent, and regenerated states, Fe-ZSM-5 deactivation is associated with the loss of tetra
hedrally coordinated Fe3+ species. Therefore, tuning Fe-ZSM-5 C3-C4 selective FCC additives requires stabilizing 
framework Brønsted and framework-associated Lewis acid sites while decreasing the concentration of iron oxide 
species. Ultimately, these findings may enable us to meet the demand for propene derived from FCC cracking, 
which is expected to grow in the foreseeable future.

1. Introduction

In oil refineries, fluid catalytic cracking (FCC) converts low-value, 
high-molecular-weight crude oil hydrocarbons into lighter, higher- 
value fractions, such as gasoline, diesel, and jet fuel [1,2]. The first 
FCC plant came on stream more than 80 years ago, yet the demand for 
FCC use and upgrading has been rising ever since. In response, FCC plant 
productivity has been upgraded using various strategies, including 
reactor modification (e.g., adding a two-stage regeneration unit to 
decrease catalyst deactivation rate [3]), catalyst re-design (e.g., 
applying additives, such as ZSM-5, to increase selectivity to light olefins 
– propene and butenes [4]), and feed optimization (e.g., adding 
hydrotreating units to remove sulfur, nitrogen and metals, thereby 

increasing conversion and decreasing coke yield [5]). The expected fall 
in the need for transportation fuel in context with the global demand for 
a transition to renewable energy and consequent adaptation to oil-to- 
chemical processes re-defines the key modern-day challenges for FCC 
[6]. These challenges include co-processing waste or renewable feed
stocks [7,8] and integrating catalytic additives to drive selectivity to 
higher-value petrochemicals, such as benzene-toluene-xylenes fraction 
(BTX) [9] and light olefins, especially propene [10].

Propene is a key building block for the polymer industry to produce 
polypropylene and acrylonitrile [11,12]. Moreover, propene is one of 
the primary olefin feedstocks for alkylation processes, such as benzene 
alkylation to cumene (phenol synthesis intermediate) [13,14]. The 
global propene market is predicted to steadily grow at a 3–4% 
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compound annual growth rate (CAGR) in the foreseeable future 
(2024–2032) as its derivatives have a wide range of applications in the 
packaging, automotive, and construction industries [15]. Most propene 
(60–65%) is produced by steam cracking alongside ethene. The second 
largest production (30%) derives from FCC, while the remainder comes 
from propane dehydrogenation and metathesis processes [12]. The 
increasing demand for propene vs. ethene creates a gap in the market, 
which gives rise to additional propene production from processes other 
than steam cracking. In this context, FCC stands out as a candidate for 
enhancing propene yields because FCC is less energy-demanding than 
steam cracking, and its product distribution can be modified through 
catalyst optimization [11].

A typical commercial FCC catalyst is a hierarchical material con
sisting of an active zeolite phase dispersed in an aluminosilicate matrix 
composed of activated alumina, metal traps (for Ni and V metals), filler 
(kaolin clay), and a binder (typically derived from colloidal silica or 
alumina; when derived from the latter, the binder contributes to Lewis 
acidity) [16]. The combination of components is tuned to provide (a) 
balanced acidity (both Brønsted and Lewis), (b) hierarchical pore sizes 
(mesopores and micropores) for easy diffusion of reactants and products 
to active sites within catalyst particles, (c) hydrothermal and mechanical 
attrition stability, (d) optimal particle density for fluidization, (e) metal 
impurity tolerance, and (f) low coke selectivity. The main zeolite used in 
FCC catalysts is a faujasite-type Y large-pore zeolite, most often in its 
partially dealuminated (ultra-stabilized) form, containing rare-earth 
metals (Rare Earth Ultrastable Y zeolite, REUSY) [17]. Lanthanum in 
cationic positions, located mainly in sodalite cages, increases structural 
stability, but controlled steaming provides ultra-stabilization by 
improving hydrothermal stability and introducing additional meso
porosity. In addition to the main catalyst, secondary co-catalysts, also 
known as “additives”, are often used as well, including MFI-type 
aluminosilicate zeolites (ZSM-5).

As a co-catalyst, ZSM-5 improves the production of light olefins 
(propene and butenes) and gasoline octane number in FCC by selectively 
cracking low octane components, including linear alkanes (paraffins), 
and by promoting isomerization reactions, thus increasing branching in 
C6+ (gasoline range) isomers [18]. In fact, this medium-pore zeolite with 
strong acid sites (Al-ZSM-5) has been doing so since the 1980s, but re
finers continuously aim at finetuning co-catalyst activity to the desired 
product selectivity [19]. Case in point, recent data published by both 
academic [20–23] and industrial [24,25] researchers has shown that 
introducing iron species into Al-ZSM-5 enhances selectivity to light 
olefins and aromatics, which are more valuable than C2-C4 paraffins.

Fe3+/Al-ZSM-5 outperforms Al-ZSM-5 in FCC regardless of the syn
thesis procedure followed to introduce Fe into this aluminosilicate 
zeolite. For instance, self-pillared Fe-Al-ZSM–5 resulting from partial 
isomorphous substitution of Fe3+, introduced by direct synthesis, dis
plays higher selectivity to light olefins, particularly propene (27%) and 
ethene (16 %), than nanosheet Al-ZSM-5 zeolite (24 and 15% selectivity, 
respectively) in n-heptane cracking at 600 ◦C. [20] In n-octane cracking, 
also at 600 ◦C, Fe3+ ion exchange increases BTX yield from 2% over 
parent H+/Al-ZSM-5 to 11% over ion-exchanged Fe3+/Al-ZSM-5 by 
strengthening the adsorption of light olefins on Fe3+ Lewis acid sites, 
thus increasing their surface coverage, as shown by DFT calculations of 
adsorption enthalpy change [21]. Moreover, when prepared by wet 
impregnation, Fe3+/Al-ZSM-5 (2 wt% Fe) is not only more selective to 
light olefins (60%) and propene (23%) but also more stable than its 
parent Al-ZSM-5 [23]. Combined, these findings confirm that incorpo
rating iron species in ZSM-5 facilitates the production of olefins and 
aromatics.

Notwithstanding these consistent findings, the mechanism whereby 
active Fe3+ species enhance ZSM-5 performance [20,21,23–25] in FCC 
remains unclear since the complexity of Fe and Al containing systems 
together with differences in experimental approaches reported in the 
literature hinder efforts to streamline the design of selective FCC addi
tives [19]. To this end, we must understand in depth the role and 

properties of these active Fe species. Nevertheless, Fe-ZSM-5 is already 
known to contain tetrahedrally coordinated framework Fe3+ species, 
tetrahedrally and octahedrally coordinated extra-framework species 
(Fe3+ ions and oligomeric FexOy oxidic clusters in channels or on the 
surface), and oxidic FexOy micro aggregates on the zeolite surface [26]. 
Fe3+ in a tetrahedrally coordinated framework site generates Brønsted 
acid sites [27]. Lewis acidity [14] can be induced through trivalent 
coordinatively unsaturated Fe3+ species either bound to the framework 
or located in extra-framework positions (resulting from calcination 
[28]). Correlating these catalytically active Fe3+ species of Fe-ZSM-5 
with the final product distribution in FCC may, therefore, enable us to 
design selective co-catalysts because this process proceeds via different 
mechanistic pathways depending on the catalyst properties [2].

Considering the above, the present study aims at gaining funda
mental understanding of the effect of various iron species in ZSM-5 
zeolite catalysts on their catalytic performance in hydrocarbon 
cracking. Various catalytically active Fe3+ species were identified on Al- 
free Fe-ZSM-5 zeolites in n-octane cracking at 500 ◦C through a detailed 
characterization of these catalysts and correlation of the characteriza
tion data with the final product distributions. For this purpose, we hy
drothermally synthesized a series of iron silicates with a ZSM-5 structure 
(containing framework and extra-framework iron species) and a Fe3+

impregnated reference (containing oxidic aggregates) differing in their 
iron species and overall iron content. The oxidation state and coordi
nation of the iron species were analyzed by 57Fe Mössbauer and DR- 
UV–vis spectroscopy, whereas the type and concentration of iron- 
induced acid sites were assessed by FTIR spectroscopy of an adsorbed 
pyridine molecular probe. Iron content and speciation were correlated 
with the product distribution of n-octane cracking over Fe-ZSM-5 cata
lysts vs. Al-ZSM-5 reference. Based on the characterization of these iron 
species in a spent (coked) and regenerated Fe-ZSM-5 after cracking, we 
determined their stability under reaction conditions. Gaining such 
fundamental understanding of the Fe species that are responsible for 
cracking activity and increased selectivity to light olefins and aromatics 
is essential to develop methods for introducing and stabilize them in FCC 
catalysts and for putting new olefin selective FCC additives into real use.

2. Experimental

2.1. Catalyst synthesis

Al-free Fe-ZSM-5 samples were synthesized following previously 
reported protocols [29,30]. The samples are denoted as Fe-ZSM-5 (R), 
where R is the Si-to-Fe molar ratio determined by elemental analysis. In 
a representative synthesis of Fe-ZSM-5 (21) 13.1 g of tetraethyl ortho
silicate (TEOS, 98%, Sigma Aldrich) were mixed with 3.1 g of ethanol 
(Technical grade − 96.5%, Penta Chemicals) at room temperature (so
lution 1). In parallel, solution 2 was prepared by adding 1.3 g of Fe 
(NO3)3*9H2O (98%, Sigma Aldrich) to 30 g of distilled water. Both so
lutions were stirred separately for 1 h. Subsequently, solution 2 was 
added drop-by-drop to solution 1, forming the silica-iron oxide gel, 
which was left to homogenize for 2 h under stirring. Then, 11.8 g of 
tetrapropylammonium hydroxide (TPAOH, Sigma Aldrich, 40% solution 
in water) and 6.7 g of distilled water were added to the gel under stir
ring. With a molar composition of 100 TEOS: 100 ethanol: 5 Fe(NO3)3: 
40 TPAOH: 3800 H2O, the final mixture was further stirred for 1.5 h and 
then transferred to a 100 mL Teflon-lined autoclave. Hydrothermal 
synthesis was performed under agitation (60 rpm) at 175 ◦C for 120 h. 
After the hydrothermal synthesis, the autoclave was cooled, and the 
solid product was filtered, washed with distilled water until reaching 
filtrate pH 7-8, and left to dry overnight at 60 ◦C.

Fe-ZSM-5 samples (17) and (28) were prepared by scaling up (10 
fold) the synthesis to a 1000 mL Parr® stainless steel autoclave equipped 
with turbine stirring, heating, and cooling systems. For these samples, 
the stirring rate was set to 300 rpm. All other operations, including gel 
preparation, were the same.
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The dry zeolites were calcined to remove the organics and to convert 
the zeolites into their proton forms using the following procedure: 1) 
samples were heated at 5 ℃/min under an inert atmosphere (N2) up to 
450 ℃ and held for 1.5 h; 2) the gas was switched to air, and the samples 
were heated up to 550 ℃ at 1℃/min, remaining at this temperature for 
10 h. Such inert heat-up conditions minimize the loss of framework iron 
species.

Fe2O3/S-1 was prepared by wet (in solvent excess) iron impregnation 
on commercially available silicalite-1 (S-1 (R), where R is the Si/Al 
molar ratio determined by ICP-MS. In detail, 0.36 g of Fe(NO3)3⋅9 H2O 
(Sigma Aldrich, 98%), equivalent to 5 wt% of Fe, were dissolved in 50 
mL of deionized water. Then, 1 g of silicalite-1 (Si/Al = 380) catalyst 
was added to the solution. The mixture was heated to 90 ℃ under 
stirring overnight until evaporating all the water. The sample was 
further dried at 60 ◦C overnight and calcined at 550℃ (2 ◦C/min heating 
ramp) for 6 h.

Al-ZSM-5 (R) zeolites, where R is the Si-to-Al molar ratio determined 
by ICP-MS (25 and 60, respectively), were purchased from Zeolyst Int. in 
NH4

+ form. The samples were calcined under airflow at 550 ℃ for 6 h at 
2 ◦C/min to convert them into proton form before the catalytic tests.

2.2. Characterization

X-ray powder diffraction (XRD) analysis was conducted using a 
Bruker D8 Advance diffractometer, equipped with a Linxeye XE-T de
tector in Bragg–Brentano geometry, employing Cu Kα (λ = 0.15406  nm) 
radiation.

Nitrogen adsorption/desorption isotherms were measured on a 
Micromeritics 3Flex volumetric Surface Area Analyzer at − 196 ◦C. 
Before sorption measurements, all samples underwent outgassing under 
a turbomolecular pump vacuum on a Micromeritics Smart Vac Prep 
instrument. Outgassing involved heating from ambient temperature up 
to 110 ◦C at 1 ◦C/min until reaching a residual pressure of 13.3 Pa. After 
heating at 110 ◦C for 1 h, the temperature was increased to 250 ◦C (1 ◦C/ 
min) and maintained for 8 h. The BET area (SBET) was calculated using 
the BET method [31,32] based on adsorption data in the range of a 
relative pressure p/p0 = 0.05–0.20. Micropore volume (Vmic) was 
assessed using the t-plot method [33].The total adsorption capacity 
(Vtot) at a relative pressure p/p0 = 0.95 was determined using the BJH 
algorithm from the desorption branches of the isotherms. The spent 
catalyst sample was outgassed only by heating from ambient tempera
ture up to 80 ◦C with a heating rate of 1 ◦C/min until the residual 
pressure of 13.3 Pa was reached. After heating at 80 ◦C for 1 h, the 
temperature was increased to 110 ◦C (1 ◦C/min) and maintained for 6 h.

Diffuse reflectance ultraviolet–visible spectroscopy (DR-UV–Vis) 
analysis was performed on a Cary 4000 UV–Vis Spectrophotometer 
equipped with a BaSO4 integration sphere, against BaSO4 as a 100% 
reflectance reference. These measurements were performed in a wave
length range of 200–800 nm and processed using the Kubelka-Munk 
function.

57Fe Mössbauer spectroscopy was performed at room temperature on 
a Wissel spectrometer (with a 57Co γ-source) using transmission geom
etry and a proportional detector without an applied magnetic field. The 
spectrometer was calibrated with a standard (α-Fe foil) and the spectra 
fitting procedure of the Wissel NORMOS program. The percentage of 
spectral contribution (W, %) of each iron species in zeolite samples was 
determined using Eq. 1, where AFe t

3+, AFe oct
3+, and AFe ox

3+ are the depths 
of the signal of the for Fe3+tetrahedral, Fe3+octahedral and Fe3+ oxide, 
subspectra, respectively. 

Wspectral contribution =
AFe3+

AFe3+
t

+ AFe3+
oct

+ AFe3+
ox

(1) 

57Fe Mössbauer spectra at − 269 ◦C were collected on a conventional 
constant-acceleration spectrometer using a 57Co (Rh) source. Velocity 
calibration was performed using an α-Fe foil at room temperature. The 

Mössbauer spectra were fitted and spectral contributions were calcu
lated using the Mosswinn 4.0 program [34].

Acid sites were quantified based on Fourier transform infrared (FT- 
IR) spectroscopy studies using pyridine as probe molecule (py-FTIR). 
The samples were pressed into self-supporting wafers with a density of 
10 mg/cm2, placed in a custom-made in-situ glass IR cell (with KBr 
windows), and activated under vacuum (10− 4 Pa) at 450 ◦C for 4 h, 
saturated with an excess of pyridine (≥99.9%; Sigma-Aldrich®) vapors 
(465 Pa) at 150 ◦C for 20 mins, and then evacuated at the same tem
perature to remove gaseous and physisorbed pyridine molecules. The 
number/fraction of strong acid sites was quantified by FTIR-monitored 
desorption at 250, 350 and 450 ◦C. The concentrations of Brønsted 
and Lewis acid sites were calculated from the integral intensities of the 
1545 cm− 1 band assigned to pyridinium ions (PyH+) and of the 1455 
cm− 1 band assigned to pyridine coordinatively bonded to Lewis acid 
sites (PyL) using molar absorption coefficients of 1.09 and 1.71 cm2 

μmol− 1 for the PyH+ and PyL bands, respectively [35]. The concentra
tion of acid sites in the spent catalyst in coked state (after three cracking 
cycles) [36] was quantified by evacuation (10− 4 Pa) at room tempera
ture and exposure to an excess of Pyridine vapors (465 Pa) for 10 min, 
also at room temperature, followed by evacuation. This adsorption step 
was repeated three times to ensure that all accessible acid sites were 
occupied by pyridine instead of water. The desorption step was per
formed under vacuum (10− 4 Pa) at 150 ◦C for 20 min (as described 
above). All spectra were recorded on a Nicolet 6700 FT-IR Spectrometer 
equipped with an MCT detector at a spectral resolution of 4 cm− 1.

SEM images were acquired under a JEOL JSM-IT800 microscope 
using a secondary electron detector. All samples were deposited on 
conductive carbon tape mounted onto the SEM holder.

Elemental analysis was performed by inductively coupled plasma 
mass spectrometry (ICP-MS) on an Agilent 7900 ICP-MS spectrometer 
(Agilent Technologies, Inc., USA.). To determine the Fe, Si, Al, and Na 
content, 50 mg of catalyst were dissolved in 1.8 mL of HNO3 (67–69%, 
ANALPURE®), 5.4 mL of HCl (34–37%, ANALPURE®) and 1.8 mL of HF 
(47–51 %, ANALPURE®) and placed into a closed Teflon vessel. The 
vessel was then transferred to a microwave (Speedwave® XPERT, Ber
ghof) and heated at 210 ◦C (5 ◦C/min) for 25 min. Once cooled, the 
solutions were supplemented with 12 mL of H3BO3 to form a complex 
with the excess of HF and further microwaved at 190 ◦C (5 ◦C/min) for 
10 min. The resulting solutions were diluted with distilled water for 
analysis.

Thermogravimetric analysis (TGA) of spent catalysts (in the coked 
state after cracking tests) was performed on a Setaram SETSYS Evolution 
1750 thermal analyzer by heating approximately 10 mg of each sample 
in 100-µl corundum (Al2O3) crucibles from 25 to 750 ◦C in an oxidizing 
atmosphere with a 5 ◦C/min ramping rate.

2.3. n-Octane cracking catalytic experiment

n-Octane cracking catalytic experiments were conducted in a glass 
fixed-bed up-flow reactor with an inner diameter of 10 mm equipped 
with a K-type thermocouple, measuring the catalyst bed temperature. 
The catalyst was pressed, crushed, and sieved into a fraction with a 
particle size of 0.2–0.5 mm and then mixed with inert SiC (0.5 mm 
particle size). For Fe-ZSM-5 and Fe2O3/S-1, a mixture of 600 mg catalyst 
and 200 mg SiC was charged into the reactor. Catalyst activation was 
performed at 500 ◦C under a synthetic air (20 vol% O2 in N2) flow of 60 
ml/min overnight, with an initial heating step at 100 ◦C for 2 h for water 
removal. n-octane cracking was performed at 500 ◦C and ambient 
pressure. The weight hourly space velocity (WHSV) was 2 h− 1. For the 
Al-ZSM-5 reference samples, the mass of the catalyst and SiC were 
adapted to match the Fe-ZSM-5 (17, 21) conversion and catalyst bed 
length (1.5 cm). For Al-ZSM-5 (25), 10 mg of catalyst (WHSV=122 h− 1) 
were diluted with 1.9 g of SiC; for Al-ZSM- 5 (60), 175 mg of catalyst 
(WHSV=7h− 1) were diluted with 1.6 g of SiC. Nitrogen was used as 
carrier gas. n-Octane partial pressure was 10 kPa. The catalytic reactor 
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was online connected to an Agilent 7890 gas chromatograph equipped 
with a non-polar Agilent J&W HP-PONA column 50 m x 0.2 mm × 0.5 
µm and serially connected to TCD (for hydrogen) and FID (for hydro
carbons) detectors. Product identification was based on a comparison 
with pre-injected standards of hydrocarbons and hydrogen.

Equations Eq. 2 – Eq. 12 were used to calculate the conversion (X) of 
n-octane (n-C8) in wt.%, yield (Y) of hydrocarbon products (Cn, where n 
is the number of carbon fraction, C, e.g. C1 is methane) in wt. %, 
selectivity to liquid petroleum gas or LPG (C3′s + C4′s paraffins and 
olefins) SLPG (%), C3 and C4 olefinicity (%), average molecular weight 
(MW) of the reactor effluent (Ef) in g/mole and H2 as wt% on feed, BTX 
yield (YBTX, wt.%) and dry gas yield (Ydry gas, wt.%) 

X = 100 - (n-C8 unreacted) (wt.%) (2) 

Y =
Cn product GC − FID area

Sum of all products GC areas
* 100(wt.%) (3) 

SLPG =
YLPG

X
*100 (%) (4) 

YC3 total = Ypropane + Ypropene(wt.%) (5) 

C3 olefinicity =
Ypropene

YC3 total

*100% (%) (6) 

Y (C4=) = Ybutene− 1 + Yisobutene + Ytrans− but− 2− ene + Ycis− but− 2− ene (wt.%) (7) 

YC4 = Ybutane +Yisobutane (wt.%) (9) 

YC4 total = YC4 + YC4= (wt.%) (10) 

C4 olefinicity =
YC4=

YC4 total
∗100% (%) (11) 

H2 volumetric fraction (TCD) =
H2 TCD signal observed

100 % H2 TCD signal
*100%(%) (11) 

Ef(MW) =
((YC1 )*MW(C1) + ⋯ + YCn *MW(Cn))

(Y(C1) + ⋯ + Y(Cn))
(g/mole) (12) 

Y(H2 as wt. % feed ) =
H2 TCD ∗ 2
Ef (MW)

(wt.% on feed) (13) 

YBTX = Ybenzene + Ytoluene +Yxylenes(wt.%) (14) 

Ydry gas = Y (H2)+Y (CH4)+Y(C2H6)+Y (C2H4) (wt.%) (15) 

2.4. Propane dehydrogenation catalytic experiment

Propane dehydrogenation experiments were performed according to 
the catalytic setup used for n-octane cracking (see 2.3.), at 500 ◦C as 
well, based on ref. [37]. The catalyst preparation and activation pro
cedures were also the same as those used for n-octane. During the cat
alytic experiment, the total feed flow rate was 80 mlN/min and the feed 
contained 5 mol % of propane (purity grade 3.5, Linde) diluted with N2. 
The catalyst and SiC amounts were also selected to match the catalyst 
bed length (1.5 cm) of the n-octane tests: for Fe-ZSM-5 (28) and Fe2O3/ 
S-1 600 mg of catalyst were diluted with 200 mg SiC (corresponding to 
WHSV=0.8 h− 1), while for Al-ZSM-5 (25) 100 mg were mixed with 1.7 g 
SiC (WHSV=4.7 h− 1). In a blank experiment, 1.9 g of SiC were loaded 
into the reactor. Products were quantified using an online connected GC 
Agilent 7890 equipped with HP-PLOT/Al2O3 capillary column (50 m ×
0.32 mm × 8 μm) and serially connected TCD and FID detectors.

3. Results and discussion

3.1. Characterization of Fe-zeolite catalysts

This study aims to identify the role of different Fe species in Al-free 
ZSM-5 zeolites in the paraffin cracking reaction. For this purpose, 
several Fe-ZSM-5 catalysts with different Si/Fe ratios were prepared by 
hydrothermal synthesis to introduce iron as a framework atom. In 
addition, Fe2O3/S-1 was prepared by wet impregnation (of Fe(NO3)3 
aqueous solution), resulting mainly in Fe2O3 oxide species and in a small 
share of extra-framework Fe3+ species. Two Al-ZSM-5 catalysts with 
different Si/Al molar ratios (25 and 60 respectively) served as reference 
materials.

All XRD patterns (Figure S1, S2, Supporting information (SI)) of 
hydrothermally synthesized Fe-ZSM-5 zeolites displayed the character
istic diffraction lines of the MFI topology. No additional phase was 
detected by this technique. Notably, all Fe-ZSM-5 samples, except Fe- 
ZSM-5 (17), remained white after calcination, indicating the absence 
of non-framework Fe oxide species [30]. Fe-ZSM-5 (17) was slightly 
rusty, indicating the presence of some oxidic species, but the color was 
not accompanied by additional diffraction lines of iron oxides, so none 
of the Fe oxide domains were large enough to provide XRD reflections 
(Figure S2, SI). The peaks corresponding to α-Fe2O3 species [38] at 2θ 
values of 33.2◦ and 35.5◦ (marked with *, Figure S2, SI) were only 
detected in Fe2O3/S-1, in line with the rusty color of the sample.

The textural properties of the Fe-ZSM-5, Fe2O3/S-1, and Al-ZSM-5 
reference materials were analyzed by N2 physisorption at − 196 ◦C 
(Table 1). Fe2O3/S-1 had a BET area of 326 m2/g and a total pore volume 
of 0.15 cm3/g. The isotherm is classified as type I (Figure S3, SI) but 
contains a low-pressure step (uptake in the range of p/po = 0.2–0.3), 
which is typical of high-silica MFI (Silicalite-1) when using nitrogen as 
adsorbate [39]. All Fe-ZSM-5 materials showed similar textural prop
erties, with 407–455 m2/g BET area and 0.11–0.13 cm3/g micropore 
volume (Vmic) (Table 1). The shapes of the N2 adsorption isotherms of 
Fe-ZSM-5 (88, 66, 41) are classified as type I, typical of microporous 
materials [40,41] (Figure S3, SI). Conversely, the isotherms of samples 
with a low Si/Fe molar ratio (17, 21) display a gradual increase and a 
hysteresis loop at higher p/po, which likely originates from inter- 
crystalline adsorption when smaller crystals form agglomerates, thus 
providing additional voids [18].

SEM imaging (Figure S4, SI) confirmed that Fe-ZSM-5 (17, 21) 
consisted of aggregates (0.3–0.5 μm diameter) of smaller spherical 
crystals. Conversely, Fe-ZSM-5 (41, 66, 88) samples had uniform cube- 
like crystals with 0.2–0.3 μm diameter. SEM images of Fe2O3/S-1 
showed bulk iron oxide particles of various sizes located on the external 
surface of silicalite-1 crystals with 4 μm diameter (see Figure S4, SI).

The incorporation and coordination of Fe species were analyzed by 
diffuse reflectance ultraviolet–visible spectroscopy, with all samples in a 
calcined, ambient dehydration state. Fe-ZSM-5 samples showed similar 
spectra with intense absorption bands between 200 and 300 nm (Fig. 1. 
A and B). Absorption bands below 250 nm have been previously 
attributed to isolated tetrahedral Fe3+ ions. In turn, bands between 
250–300 nm correspond to isolated Fe3+ ions in higher (octahedral) 
coordination state [42,43]. Additionally, absorption intensity gradually 
increases from around 300 nm, with the amount of Fe in samples 
increasing from Si/Fe = 88 to Si/Fe = 17 (indicated by a black arrow in 
Fig. 1.A and B). Absorption bands between 300 and 450 nm correspond 
to Fe3+ ions in small oligo-nuclear oxidic clusters (and dimers), while 
bands above 450 nm are indicative of oxidic micro aggregates of FexOy 
[44,45]. In the spectrum of the hydrothermally synthesized Fe-ZSM-5 
(17), the absorption in this area (300–600 nm) suggests the presence 
of all aforementioned Fe species. This result is consistent with the color 
of the calcined sample (rusty). Fe2O3/S-1 spectrum show absorption in 
all the above regions, peaking around 300–600 nm, attributed to extra- 
framework Fe3+ oxides and oligo-nuclear clusters. These findings are in 
line with the impregnation procedure.
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57Fe Mössbauer Spectroscopy analysis (Fig. 1.C-G, Table 2) was 
performed at room temperature to acquire more detailed information 
about iron speciation in Fe-ZSM-5 materials. The spectra of all Fe-ZSM-5 
samples were refined, showing only Fe3+ ions in low and high coordi
nation states; no Fe2+ was detected using this technique. The isomer 
shift (IS, δ) values below 0.3 mm/s indicate that Fe3+ species occupy 
tetrahedral coordination, while IS>0.3 mm/s− 1 is characteristic of 
octahedral coordination [26,46,47]. Mössbauer spectra of samples with 
low Fe content in the sample (≤1.6 wt%, Fe-ZSM-5 (88, 66 and 41), see 
Table 2) were refined, showing broad singlet signals, corresponding to 
Fe3+ in the paramagnetic state, with an isomer shift of 0.24–––0.27 
mm⋅s − 1. This value of isomer shifts corresponded to tetrahedrally co
ordinated framework Fe3+ [26,29,47]. The absence of the octahedrally 
coordinated iron species signals observed in the DR-UV–vis may be 
caused by the low overall Fe concentration of these species, which is 
likely below the limit of detection of the technique (0.04 wt% 57Fe), 
arising from the low natural abundance of 57Fe isotope (2 %). Based on 
our Mössbauer spectroscopy data, we do not rule out the presence of 
octahedrally coordinated Fe3+ species, but their content should be low.

Mössbauer spectra of samples with a high amount of Fe (Fe-ZSM-5 
(17, 21)) were sharper and indicated 2 different Fe species. For Fe-ZSM- 
5 (21), the spectrum was deconvoluted into a singlet with an isomer shift 
(δ) of 0.23 mm⋅s − 1 corresponding to Fe3+ in tetrahedral coordination 
(with spectral contribution W=73(2)%, where 2 stands for standard 
deviation), and a doublet with an isomer shift δ = 0.30 mm⋅s − 1 and 
quadrupole splitting (Eq) of 0.69 mm⋅s − 1, attributed to Fe3+ in octa
hedral coordination (W=27(1)%). The Fe-ZSM-5 (17) spectrum was 
decomposed into two doublets, assigned to tetrahedrally (δ = 0.28 
mm⋅s − 1, W=83(12) %) and octahedrally coordinated Fe3+ (δ = 0.46 
mm⋅s − 1, W=17(2)%). The low value of quadrupole splitting (Eq = 0.84 
mm⋅s− 1) of tetrahedrally coordinated Fe3+species highlights a more 
symmetric environment, likely due to the hydrated state of Fe-ZSM-5 
zeolite under ambient conditions, as suggested in previous 57Fe 
Mössbauer spectroscopy studies[47]. Charge-compensating protons are 
likely incorporated into hydroxonium ions, and the environment sur
rounding Fe3+ is less distorted in the zeolite.

The Mössbauer spectrum of Fe2O3/S-1 displayed 3 contributions. 
The major contribution (W=82.3(1)%) came from a sextet, which sig
nifies Fe2O3 in a magnetically ordered state. The isomer shift, quadru
pole splitting, and hyperfine field correspond to the hematite iron oxide 
phase (α-Fe2O3) (Fig. 1.H, Table 2), corroborating the results from the 
XRD analysis (see above). The remaining share was described by two 
doublets with isomer shifts of δ = 0.55 mm⋅s− 1 and δ = 0.17 mm⋅s− 1, 
corresponding to Fe3+ in octahedral (W=8.5(1)%) and tetrahedral 
(W=9(1) %) environments, respectively. The precise configuration of 
these tetrahedrally coordinated species may be unclear, but their attri
bution to tetrahedrally coordinated framework Fe3+ species (charac
terized by isomer shift in the range of 0.23 – 0.28 mms− 1) can be ruled 

out, as inferred from the low isomer shift value (Table 2) [26,46,47], 
absence of Brønsted acid sites (see Table 1, Figure S5, SI), and synthesis 
procedure. Even though a small share of aluminum atoms was detected 
by ICP-MS in Silicalite-1 (Si/Al = 380, Table 1), our detailed FTIR 
analysis followed by adsorption of the pyridine probe molecule revealed 
that neither the parent Silicalite-1 nor the iron-impregnated Fe2O3/S-1 
contained a significant amount of Al-induced acid sites. Therefore, no 
iron is found in charge-compensating cationic positions. FTIR studies of 
pyridine adsorption suggest that these isolated tetrahedral Fe species 
(observed by 57Fe Mössbauer spectroscopy and DR-UV–vis) are associ
ated with silanol defects of the silicalite-1 zeolite (see py-FTIR discussion 
below and comment to Figure S5 in SI) [48].

The type (Brønsted/Lewis) and fraction of “strong” (able to proton
ate/coordinate pyridine at high temperatures) Fe acid sites were 
analyzed by FTIR spectroscopy of adsorbed pyridine [49,50]. The con
centration of Brønsted and Lewis acid sites determined at 150 ◦C pro
vides information on the total concentration of acid sites (here 
associated with various Fe-species) of the zeolite (see Table 1, Figure S6, 
SI). But while Brønsted acid sites are attributed to tetrahedrally coor
dinated framework Fe3+ species (Si-OH-Fe) [27], Lewis acid sites can be 
associated with both coordinatively unsaturated framework-associated 
Fe3+ species and extra-framework iron species in cationic positions 
[14]. Moreover, the FTIR studies of pyridine adsorption were performed 
under vacuum and after treatment at high temperatures, whereas the 
57Fe Mössbauer spectroscopy was conducted under ambient conditions 
(and with the zeolite in a hydrated state), complicating our efforts to 
correlate Fe-species using these techniques. Nevertheless, earlier 57Fe 
Mössbauer spectroscopy studies of Fe-ZSM-5 have indicated that two 
tetrahedral components (with varying QS values and IS<0.3 mm⋅s − 1) 
become apparent in the spectrum upon in-situ evacuation and heating 
[46,47]. By contrast, under ambient conditions, only one type of tetra
hedral and a minor octahedral Fe3+ species are observed, as corrobo
rated by our findings. In the hydrated state, coordinatively unsaturated 
framework-associated [FeO3/2] defective species may maintain tetra
hedral symmetry to some extent. Therefore, we hypothesize that tetra
hedrally coordinated Fe3+ species identified by 57Fe Mössbauer 
spectroscopy under ambient conditions likely contribute to both 
Brønsted and Lewis acidity assessed by py-FTIR spectroscopy.

Initiating paraffin cracking at 500 ◦C (formation of primary carbo
nium/carbenium ions) requires “strong” (Brønsted/Lewis) acid sites 
[51,52], so we assessed the strength of iron-induced acid sites in the Fe- 
ZSM-5 catalysts. Here, “strong” acid sites were defined as those able to 
coordinate or protonate a pyridine molecule at high temperatures. The 
share of Brønsted and Lewis acid sites was also assessed after pyridine 
desorption at 250, 350, and 450 ◦C (Table 1, Table S1, Figure S6-S10, 
SI). However, during our py-FTIR studies of samples with a higher iron 
content, Fe-ZSM-5 (17, 21), at 350 and 450 ◦C, an additional band 
evolved at 1469 cm− 1 (see Figure S8, S9, SI), overlapping with the 

Table 1 
Textural properties (N2 physisorption analysis), Si/Fe, Si/Al molar ratios and Fe wt. % (ICP-MS), and acidity of Fe-ZSM-5, Fe2O3/S-1, Al-ZSM-5 − concentration of 
Brønsted and Lewis acid sites calculated from IR studies of pyridine sorption.

Sample code SBET m2/ 
g

Vmic (cm3/ 
g)

Vtot (cm3/ 
g)

150 ◦C 450 ◦C

Brønsted acid sites (μmol/ 
g)

Lewis acid sites(μmol/ 
g)

Brønsted acid sites(μmol/ 
g)

Lewis acid sites(μmol/ 
g)

Fe-ZSM-5 (17) 400 0.12 0.26 269 159 − 65
Fe-ZSM-5 (21) 414 0.12 0.30 242 99 − 59
Fe-ZSM-5 (28) 455 0.13 0.26 260 120 − 50
Fe-ZSM-5 (41) 411 0.12 0.22 181 80 19 36
Fe-ZSM-5 (66) 407 0.12 0.21 140 79 26 29
Fe-ZSM-5 (88) 411 0.11 0.21 136 79 12 27
Al-ZSM-5 (25) 431 0.16 0.20 565 76 161 29
Al-ZSM-5 (60) 404 0.16 0.22 171 48 132 21
Silicalite-1 (380) 317 0.12 0.18 − − − −

Fe2O3-S-1(Fe – 4.3 wt 
%)

325 0.13 0.15 − − − −
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1455 cm− 1 band characteristic of the PyL adduct and, thus, suggesting 
pyridine transformation. Such pyridine transformation at relatively low 
temperatures has already been reported in prior in-situ XPS (above 
70 ◦C) [53] and infrared (above 150 ◦C) [54] studies of pyridine 
adsorption/desorption on α-Fe2O3 (hematite). In particular, the infrared 
study [54] indicated that this pyridine transformation occurs without 
pyridine ring opening, most likely due to tetrahedrally and octahedrally 
coordinated Fe cations (of Lewis character) located on the hematite 
surface (ideally octahedral “corundum” structure). Such defective/ 
coordinatively unsaturated cationic sites should be formed during he
matite activation (high temperature and vacuum), which is required for 
adsorption of the probe molecule (pyridine).

The hematite phase was detected in Fe2O3/S-1 (see XRD, 57Fe 

Mössbauer spectroscopy, Figure S2, Fig. 1.H, Table 2), but no acid sites 
(note: the bands at 1444 and 1596 cm− 1 correspond to hydrogen-bonded 
pyridine, not Lewis acid sites) [55,56] or pyridine transformation (no 
additional band at 1469 cm− 1) were observed in this sample (see 
Figure S5, SI). Moreover, the py-FTIR study of silicalite-1 and impreg
nated Fe2O3/S-1 revealed that isolated tetrahedral Fe cations observed 
in Fe2O3/S-1 (by UV–vis and 57Fe Mössbauer Spectroscopy in Fe2O3/S-1, 
Fig. 1, Table 2) are attributed to unstable Fe ions bound to defective 
silanol groups of silicalite-1 support (for details, see comment to 
Figure S5 in SI). In any event, the absence of this band in Fe2O3/S-1 
spectra suggests that these defective isolated Fe species are either non- 
acidic or somehow hindered by Fe oxide particles on the zeolite sur
face, so pyridine is not transformed. Based on these findings, pyridine 

Fig. 1. Characteriation of Fe-species in Fe-ZSM-5 and Fe2O3/S-1 zeolites under ambient conditions. A. UV–vis spectra of Fe-ZSM-5 and Fe2O3/S-1. B. 
Magnified region of the UV–vis spectra between 200 and 400 nm. C-H 57Fe Mössbauer Spectra of Fe-ZSM-5 and Fe2O3/S-1. The purple points, black and blue lines 
correspond to the measured data, fit and residual, respectively.
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transformation requires defective/ coordinatively unsaturated iron- 
induced Lewis acid sites located, e.g., in defective but not ideal α-Fe2O3.

The appearance of the 1469 cm− 1 band in spectra of Fe-ZSM-5 (17, 
21) samples indicates that these materials contain more types of Fe- 
induced Lewis acid sites (likely coordinatively unsaturated framework- 
associated Fe3+ and extra-framework Fe species in cation positions). 
This result is also in line with the observation that increasing the Fe 
content decreases the efficiency of iron incorporation into the zeolite 
framework. Considering the above, the concentration of Lewis acid sites 
at 450 ◦C was evaluated from a deconvoluted band at 1455 cm− 1, cor
responding to the non-transformed Py on those sites.

In summary, in Fe-ZSM-5, iron is identified as major tetrahedrally 
coordinated framework and framework-associated species (responsible 
for Brønsted and Lewis acid sites) and minor octahedrally coordinated 
extra-framework species in the form of oxidic Fe clusters, and oxidic 
microaggregates. Fe-ZSM-5 samples with high Si/Fe ratios (41, 55, 88) 
have a higher relative content of “strong” Brønsted acid sites (able to 
protonate pyridine at higher temperatures) than those with Si/Fe = 17, 
21, 28. These data support the observation that increasing the Fe content 
decreases the efficiency of Fe incorporation into the zeolite framework. 
Lewis acid sites of Fe-ZSM-5 were still able to coordinate pyridine after 
desorption at 450℃ across all Fe-ZSM-5 catalysts, whereas all pyridine 
was released from Brønsted acid sites. Furthermore, pyridine trans
formation (without ring opening) was observed at higher temperatures 
(above 250 ◦C) in Fe-ZSM-5 samples with a high Fe content (Si/Fe = 17, 
21), indicating that these materials contain more than one type of strong 
Lewis acid sites associated with different Fe species (likely coor
dinatively unsaturated framework-associated Fe3+ and extra-framework 
Fe species in cation positions). When analyzing Fe2O3/S-1 prepared by 
impregnation, we found that most Fe in this sample occurs in the form of 
α-Fe2O3 (hematite), while the remaining share is detected as tetrahe
drally and octahedrally coordinated Fe3+ species bonded to silanol de
fects of the silicalite-1 support. This set of Fe-ZSM-5 catalysts containing 
Fe-species in various concentrations and forms was used to assess their 
effect on paraffin cracking.

3.2. Acidity of Fe-zeolites vs. Paraffin cracking activity

The contribution of different Fe species of Fe-ZSM-5 to hydrocarbon 
cracking was studied by gas phase n-octane cracking at 500 ◦C. This 
reaction temperature was selected to ensure moderate conversion 
without severe catalyst deactivation during the 300-min TOS catalytic 
runs in a fixed-bed reactor. Blank experiments with 2 g of inert SiC 

(“blank reactor” with the same reactor residence time as that of zeolites) 
and pure Silicalite-1 (S-1, no acidity, see Table 1, Figure S5, SI) were 
performed for 200 min time-on-stream (TOS). In both cases, the results 
showed values lower than 1 wt% n-octane conversion (Figure S11.A, 
SI.). The very low yield of mainly C1-C5 hydrocarbons was attributed to 
thermal (non-catalytic) cracking. Similarly, n-octane conversion and the 
total hydrocarbon yield over the reference Fe2O3/S-1 (Fe − 4.3 wt%) 
was also below 1%, similar to the blank experiments (Figure S11.A and 
B, SI; Fig. 2. A). In conclusion, bulk Fe2O3 does not catalyze n-octane 
cracking.

**Fig. 2A n-octane conversion over Fe-ZSM-5 and Fe2O3/S-1 versus 
TOS at WHSV=2h− 1; in hydrothermally synthesized Fe-ZSM-5 catalysts, 
conversion drops from the initial point (TOS=30 mins), subsequently 
reaching a steady state. For further comparison, the yields of hydrogen 
and hydrocarbons were interpolated at 100 mins TOS to assess all Fe- 
catalysts tested after reaching the steady-state mode (Fig. 2.B.). n-Oc
tane conversion over Fe-ZSM-5 increased with the Fe content 
(decreasing Si/Fe molar ratio) and with the overall concentration of acid 
sites in this series of catalysts. As for the final product distribution, the 
yield of the C3-C4 fraction (also known as liquid petroleum gas, LPG) was 
the highest of all products (Fig. 2.B., Table S2, SI), showing an overall 
selectivity to LPG of 50–64% (see Table S2, SI). Moreover, C3 and C4 
olefinicity (individual selectivity to olefins within each carbon number 
fraction) reached 80–85% (see Table S2, SI).

Considering the reaction mechanism, the occurring transformations 
can be divided into 3 groups: a) primary paraffin cracking; b) olefin 
oligomerization/aromatization, and c) unsaturated oligomers re- 
cracking. Among them, primary cracking, which requires paraffin acti
vation, determines the n-octane conversion rate and has the highest 
activation energy [57] (disregarding paraffin dehydrogenation activa
tion energy, which is higher). Thus, the reaction initiation step is the 
most important step.

Multiple studies on hydrocarbon cracking over aluminosilicate zeo
lites have shown that catalytic activity is associated with the concen
tration and strength of Brønsted and Lewis acid sites in these materials 
[51,52,58]. Considering that paraffin cracking initiation requires 
“strong” acid sites, we correlated n-octane conversion over the Fe-ZSM-5 
and Fe2O3/S-1 at TOS=30 mins vs. the number of “strong” Brønsted and 
Lewis acid sites, defined here as acid sites, which can still protonate and/ 
or coordinate pyridine at a pyridine desorption temperature of 450 ◦C 
(Fig. 2.E. and F). Our Fe-ZSM-5 is compared with Al-ZSM-5 in Section 
3.3.

From a mechanistic standpoint, two key reaction pathways are 
considered in the initiation of paraffin cracking over aluminosilicate 
zeolite catalysts: i) the carbonium ion mechanism (paraffin protonation, 
forming a penta-coordinated carbon atom) by Haag-Dessau [52] and (ii) 
the classical carbenium ion pathway [51]. The Haag-Dessau mechanism, 
also known as protolytic or monomolecular cracking, is based on direct 
protonation of the paraffin C-C or C-H bond. This protonation has a very 
high activation energy [59] and, hence, demands very strong Brønsted 
acid sites (similar to those of superacids), which can be found in fresh 
(non-equilibrated) H+-Al-ZSM-5 [60]. In Fe-zeolites, superacidity is 
improbable because their Fe3+ generated acid sites are weaker than 
those of Al3+ [61,62]. Therefore, direct paraffin protonation is highly 
unlikely a prevalent reaction path.

Carbenium ions are generated by protonation of olefins in the feed 
(not the case here) or olefin products of thermal cracking, or by hydride 
abstraction from paraffins on Lewis acid sites. Subsequently, the car
benium ions are cracked via ß-scission, yielding (upon hydride 
abstraction from paraffin) an olefin and paraffin fragments. In Fe-ZSM-5 
zeolites, the Lewis acid sites were able to coordinate pyridine at 450 ◦C, 
while Brønsted acid sites were no longer able to protonate pyridine (see 
concentration after pyridine desorption at 450℃, Table 1, Figure S6, 
SI). So, the most realistic initiation step of the n-octane (paraffin) 
cracking over an Fe-zeolite is via carbenium ion formation on Lewis acid 
sites.

Table 2 
Summary of values of isomer shift (δ), quadrupole splitting (EQ), hyperfine field 
(Bhf), and spectral contribution of the corresponding iron state (w) of all Fe- 
ZSM-5 samples, Fe2O3/S-1, and total Fe wt. % calculated from the ICP-MS 
measurement.

Sample Fe state δ 
(mm⋅s− 1)

EQ 

(mm⋅s− 1)
Bhf 

(T)
Spectral 
contribution 
(%)

Fe wt 
% 
(ICP- 
MS)

Fe-ZSM- 
5 (88)

Fet
3+ 0.27 ​ ​ 100 % 0.7 %

Fe-ZSM- 
5 (66)

Fet
3+ 0.27 ​ ​ 100 % 1 %

Fe-ZSM- 
5 (41)

Fet
3+ 0.24 ​ ​ 100 % 1.6 %

Fe-ZSM- 
5 (21)

Fet
3+

Feo
3+

0.230.30 − 0.69 ​ 73(2) %27(1) 
%

3.1 %

Fe-ZSM- 
5 (17)

Fet
3+

Feo
3+

0.280.46 0.841.10 ​ 83(12) %17 
(2) %

3.6 %

Fe2O3/ 
S-1 
(Fe −
4.3 wt 
%)

α-Fe2O3 0.37 − 0.20 51.14 82.3(1)% 4.3 %
Feo

3+ 0.55 0.76 ​ 8.5(1) %
Fet

3+ 0.17 0.78 ​ 9(1) %
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Assuming that n-octane cracking over Fe-zeolites is initiated on 
Lewis acid sites, C3, C4 and C5 paraffins and olefins will be the initial 
products of cracking by ß-scission. Conversely, C1 and C2 paraffins will 
unlikely be formed by this mechanism given the high instability of C1 
and C2 carbenium fragments. Unsurprisingly, C1-C2 are usually formed 
via a radical mechanism (e.g., thermal cracking). While C3-C5 olefins 
may further participate in isomerization, oligomerization, and hydrogen 

transfer reactions [63], the respective C3-C5 paraffins should be terminal 
products (not further transformed) and, thus, reflect the initial cracking 
step, based on the knowledge on paraffin cracking over Al-ZSM-5.

Accordingly, the total yield of C3, C4, and C5 paraffins should depend 
on the concentration of the Lewis acid sites responsible for the initiation 
reaction. Fig. 2.C. shows the total C3, C4, C5 paraffin yield (at TOS=30 
mins) of all Fe-ZSM-5 samples and Fe2O3/S-1 plotted against the number 

Fig. 2. Paraffin cracking activity vs Fe-zeolites acidity. A. Conversion (wt.%) of n-octane over Fe-ZSM-5 zeolites and Fe2O3/S-1 vs TOS (mins) at 500℃ and 
WHSV=2h− 1B. Interpolated yields of n-C8 cracking products at TOS=100 mins C. Yield of C3 + C4 + C5 paraffins (“terminal products”) at TOS=30 mins vs the 
concentration of Lewis acid sites (in μmol pyridine/g at pyridine desorption at 450 ◦C) D. Yield of C3 + C4 + C5 paraffins (“terminal products”) at TOS=30 mins vs the 
concentration of Brønsted acid sites (in μmol pyridine/g at pyridine desorption at 450 ◦C) E. Conversion of n-C8 at TOS=30 mins vs the concentration of Lewis acid 
sites (in μmol pyridine/g at pyridine desorption at 450 ◦C) F. Conversion of n-C8 at TOS=30 mins vs the total concentration of Brønsted and Lewis acid sites (in μmol 
PY/g at pyridine desorption at 450 ◦C).
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of “strong” Lewis acid sites, defined here as sites which maintain pyri
dine after desorption at 450 ◦C. The yield of C3, C4, C5 paraffins over Fe- 
ZSM-5 catalysts increases with the concentration of Lewis acid sites until 
it peaks for Si/Fe = 21 and then drops for Si/Fe = 17. Brønsted acid sites 
with adsorbed pyridine at 450 ◦C were either not observed (for Fe-ZSM-5 
(17, 21)) or their concentration was low (Fe-ZSM-5 (41, 66, 88)) in all 
Fe-ZSM-5 zeolites under study, whereas n-octane conversion and C3, C4, 
C5 paraffin formation continued, in line with the aforementioned initi
ation mechanism (Fig. 2.D.). Fe2O3/S-1 was also inactive, as expected, 
given the lack of acidity (evidenced by pyridine adsorption) of the iron 
oxide phase and iron cations associated with Si-OH defects (see Table 1, 
Figure S5). These results show that Lewis acid sites strong enough to 
initiate cracking are framework-associated Fe3+ species (coordinatively 
unsaturated Fe3+ sites). n-Octane conversion correlated well with the 
total number of acid sites at 450℃ (Fig. 2.F) along with the small share 
of Brønsted acid sites (Fig. 2.D.) detected in Fe-ZSM-5 (Si/Fe = 41, 66, 
88). So, Brønsted and Lewis acid sites responsible for n-octane cracking 
initiation over these catalysts may have a cooperative effect. However, 
initiation on Lewis acid sites (carbenium ion formation) should prevail 
(Fig. 2.E) since the Lewis acid sites of Fe-ZSM-5 catalysts prevail over 
their Brønsted counterparts at high temperatures (Table 1, Figure S6, 
SI). Therefore, n-octane cracking initiation over Fe-ZSM-5 catalysts re
quires strong framework associated (coordinatively unsaturated) Fe3+

induced Lewis acid sites, which can abstract hydride from paraffin and 
form the primary carbenium ion.

3.3. Comparison of Fe-ZSM-5 vs. Al-ZSM-5

When comparing the contribution of Fe-species to the catalytic ac
tivity and product distribution of Fe-ZSM-5 (Si/Fe = 17,21) zeolites with 
those of their Al-ZSM-5 (Si/Al = 25,60) analogs, we found that the 
samples showed comparable textural properties (Table 1) and a crystal 
size of approximately 0.3 μm, except for Al-ZSM-5 (60) with 4–6 μm 
(Figure S12, SI). Under these conditions, differences in catalytic prop
erties among Fe-ZSM-5 (17), Fe-ZSM-5 (21), and Al-ZSM-5 (25) can be 
ascribed exclusively to differences in active sites. Any comparison with 
Al-ZSM-5 (60) is slightly more complex, but the larger crystals should 
decrease the catalytic activity by lengthening the diffusion pathway.

The experimental conditions (WHSV) of the catalytic tests were 
adjusted to similar n-octane conversion values (of approximately 30%, 
Fig. 3.A, Table 3). This adjustment was necessary because some catalysts 
were more active than others, particularly Al-ZSM-5 (25), over which 
conversion reached 90% at WHSV=14 h− 1 (30 min TOS, not shown), in 
contrast to ~ 40% at WHSV=2h− 1 over Fe-ZSM-5 (17) and Fe-ZSM-5 
(21) at 30 mins TOS. WHSV=122 h− 1 and 7 h− 1 were used for Al- 
ZSM-5 (25) and Al-ZSM-5 (60), respectively (Table 3). Notably, the 
WHSV 7 h− 1 needed for Al-ZSM-5 (Si/Al = 60) to provide 30% con
version matches the predicted effect of the larger crystals (WHSV~40 
h− 1 was expected based on the Al content).

The aluminosilicate Al-ZSM-5 (25) is 60-times more active (per unit 
of catalyst mass) than Fe-ZSM-5 (21), reaching a similar conversion 
(~30 %, Table 3) at a 60 times higher WHSV=122 h− 1 than its Fe 
counterpart (WHSV=2h− 1) at 100 mins TOS. This difference supports 
the hypothesis that Fe3+ acid sites are weaker than Al3+ acid sites 
[61,62,64]. Moreover, the Al-ZSM-5 catalysts were more stable than Fe- 
ZSM-5, as the initial conversion over Al-ZSM-5 (25) only dropped 3% 
(from 35 to 32%) after 286 mins TOS, while over Fe-ZSM-5 (21) con
version decreased 15% (from 39 to 24%) after 281 mins TOS (Fig. 3.A.).

The amount of coke accumulated on Fe-ZSM-5 (17,21) and Al-ZSM-5 
(25,60) was determined by thermogravimetric analysis (TGA) of “spent” 
(after 1 cracking cycle) catalysts (see Table S3, Eq. S1-Eq. S5, SI). TGA 
weight loss (m coke TGA, SI) above 400 ◦C [65] up to 750 ◦C (attributed to 
coke combustion under airflow) was used as a measure of the overall 
weight of coke formed on the catalyst during the cracking test. All Fe- 
and Al-ZSM-5 samples contained less than 2 wt% of coke on the catalyst 
after the cracking test (TOS 281–349 mins, see Table S3). Al-ZSM-5 (25) 

had the highest coke content (1.91 wt%), in line with its concentration 
of acid sites (see Figure S6, Table S1) and catalytic activity, which were 
also the highest. The Al-free ferrisilicate analog Fe-ZSM-5 (21) contained 
1.1 wt%. For each catalyst, the amount of coke was also re-calculated to 
wt.% of feed (<0.12 wt%; see coke wt.% F, Table S3). Coke species were 
not analyzed because they were outside the scope of this study.

Table 3 shows the product distribution (yields in wt.% at TOS=100 
mins) over the two types of catalysts. Methane, ethane, and ethene (dry 
gas) are generally formed by thermal or metal-assisted (in the presence 
of metal promoters in zeolites) cracking via a radical formation or 
protolytic cracking mechanism [52,66]. In our case, the yield of the C2 
fraction was higher over Al-ZSM-5 (25, 60) than over Fe-ZSM-5, possibly 

Fig. 3. Fe-ZSM-5 vs Al-ZSM-5 in n-octane cracking. A Conversion of n-octane 
(wt.%) vs. TOS (mins) over Fe-ZSM-5 (17, 21) and Al-ZSM-5 (25, 60) B. C3,C4 
Olefinicity (%) and C. BTX vs hydrogen yield (wt.%) at TOS=100 mins and ~ 
30% conversion for Fe-ZSM-5 (17,21) and Al-ZSM-5 (25,60).
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due to the protolytic cracking on the “strong” Brønsted acid sites in the 
fresh aluminosilicate zeolites [52,60,66]. This explanation is supported 
by the higher concentration of strong Brønsted acid sites in Al-ZSM-5 
than in Fe-ZSM-5 at a pyridine desorption temperature of 450 ℃ 
(Table 1, Figure S6, Figure S10, SI).

The yield of the C3-C4 fraction was higher over Al-ZSM-5 catalysts 
(20–24 wt%) than over Fe-ZSM-5 (15–18 wt%) catalysts; nevertheless, 
C3-C4 olefinicity (the share of olefins in the whole fraction) was higher 
over Fe-catalysts, (80–83 %), reaching only 65% over their Al counter
parts (Fig. 3.A, Table 3). As discussed above, over Al-ZSM-5, C3-C5 
paraffins are likely terminal products of C8-paraffin cracking (via Lewis 
acid sites activation and further ß-scission), whereas primarily formed 
olefins participate in subsequent oligomerization and aromatization 
reactions. However, previous studies have suggested that iron-silicate 
catalysts have more dehydrogenation properties than aluminosilicates 
[37]. If our Fe-zeolites catalyzed dehydrogenation, then C3, C4, and C5 
paraffins would not be the terminal products.

Considering the above, we investigated the contribution of Fe-ZSM-5 
dehydrogenation activity to propane dehydrogenation. Fe-ZSM-5 (28), 
Fe2O3/S-1, and Al-ZSM-5 (25) were tested at 500 ◦C (same as for the n- 
octane cracking; Figure S13, SI). The amount of Fe-ZSM-5 (28) and 
Fe2O3/S-1 was the same as that used in the n-octane cracking tests, but 
the amount of Al-ZSM-5 (25) was adjusted to match the conversion 
(~2%) over Fe-ZSM-5 (28) (Figure S13.A, SI). Fe-ZSM-5 (28) was 97% 
selective to propene formation (dehydrogenation), while Al-ZSM-5 (25) 
provided only 27% selectivity to C3H6. In addition to propene formation, 
Al-ZSM-5 (25) also catalyzed cracking to ethene (48 %) and methane 
(25%), corroborating the findings of a previous study [37] (Figure S13. 
B, SI). Fe2O3/S-1 was inactive, showing less than 1% C3H8 conversion 
(as in the blank experiment, see Figure S13.A, SI). The most notable 
result was the overall conversion of propane (2%) over Fe-ZSM-5 (28) 
using 600 mg of catalyst 500℃, as in the cracking experiments. In other 
words, direct dehydrogenation of propane (n-octane cracking product) 
does not significantly increase C3 olefinicity over Fe-ZSM-5. Therefore, 
propane is indeed a terminal product.

The higher C3-C4 olefinicity over Fe-ZSM-5 catalysts was not fully 
explained either by the initial preferential formation of C5+ olefins and 
their further oligomerization and re-cracking over Fe-induced acid sites. 
Even in the extreme case of maximum overall olefin selectivity (62.5%) 
at the initial n-octane cracking step to propane and pentene products, 
the total C3-C5 paraffin yield at 31.4% conversion for Fe-ZSM-5 (21) 
would be 11.8%. However, the observed yield of C3-C5 paraffins over Fe- 
ZSM-5 (21) was only 5.93% (see 100 min TOS, Table 3, Fig. 3). This 
lower yield of n-paraffins could only be explained by dehydrogenation. 
Therefore, higher paraffins must have a stronger contribution to dehy
drogenation, albeit impossible to track (particularly for C5+ paraffins) 
due to parallel cracking of the C5+ olefins formed by dehydrogenation.

In addition to increased olefinicity, the yield of the highly valuable 

benzene-toluene-xylene (BTX) fraction was an order of magnitude 
higher over Fe-ZSM-5 (3.2–3.5 wt%) than over Al-ZSM-5 (0.23–0.42 wt 
%). This fraction is a marker of aromatization reactions, a multistep 
sequence that includes oligomerization of olefins, cyclization, and 
dehydrogenation. Generally, the olefin aromatization pathway is pro
moted by the presence of Brønsted acid sites [67,68] and metal species 
[69] in zeolites. As such, the Brønsted acid sites of the Fe-ZSM-5 may be 
strong enough to catalyze the oligomerization/aromatization, but not 
the re-cracking of intermediate precursors to aromatics, such as oligo
mers and cycloparaffins, in contrast to the Al-ZSM-5, thus accounting for 
the higher BTX yield over these catalysts. This hypothesis is also sup
ported by the higher yield of oligomers observed in this study (see C5+
yields, Table 3). Furthermore, the dehydrogenation properties of Fe 
species likely play a role in the conversion of cycloparaffin products to 
BTX, and aromatization also explains the higher yield of hydrogen gas 
over Fe-ZSM-5 samples vs. Al-ZSM-5. So, while Fe-ZSM-5 zeolites are 
less active (require much lower WHSV to reach similar conversion rates) 
and less stable (higher conversion drop) than their Al-ZSM-5 counter
parts under cracking conditions, they significantly increase the olefi
nicity of the highly valuable C3-C4 fraction (via oligomerization and re- 
cracking) and the yield of the BTX mixture (via aromatization). Un
doubtedly, the real industrial FCC unit operation will require using both 
REUSY and the introduction of both Fe and Al into the ZSM-5 additive, 
maing it possible to reach desirable conversion while increasing selec
tivity levels.

3.4. Deactivation study of Fe-ZSM-5 catalysts

The stability of Fe-ZSM-5 catalysts was evaluated by in-situ regen
eration, catalytic testing, and spent catalyst characterization of the Fe- 
ZSM-5 (28) sample. After a catalytic run of 300 min TOS, the catalyst 
was in-situ regenerated under synthetic airflow (60 ml/min) overnight at 
500 ◦C and subjected to another run. This cycle was repeated twice 
without removing the catalyst from the reactor. The purpose of these in- 
situ regenerations was not to age the catalyst further between runs but 
simply to remove coke in order to run another cracking cycle “on the 
same catalyst.” In the first run, the catalyst underwent a rapid initial 
deactivation (conversion dropped from 35 to 22%). In the 2nd and 3rd 
cycles, the initial activity was not restored but the catalyst provided an 
equilibrated conversion value between 18 and 23%, which dropped only 
slightly during the run and was restored upon regeneration between the 
2nd and 3rd cycle (Fig. 4.A). Although the total yield of the C3-C4 
fraction decreased with each cycle (along with conversion), the olefi
nicity of the C3 and C4 fractions (selectivity to propene or butenes) and 
BTX yield increased with each cycle (Fig. 4.B).

To interpret such catalytic behavior, the Fe-ZSM-5 (28) catalyst 
characterized in “calcined” (sample before cracking tests), “spent” (in a 
coked state after 3 cracking cycles), and “regenerated” (after 3 cracking 
cycles) states. X-ray diffraction analysis revealed that Fe-ZSM-5 pre
serves its structure without losing crystallinity after 3 cycles of cracking 
and in-situ regenerations (Figure S14, SI). No difference in textural 
properties or isotherm shapes was observed between the “calcined” and 
“regenerated” states of the catalyst (Figure S15, Table S4, SI). Based on 
these results, the “permanent deactivation” observed between the 1st 
and 2nd cycle is not caused by blocked catalyst pores and, therefore, 
likely results from a transformation of active Fe-species.

To identify this transformation, the same set of samples was analyzed 
by low-temperature 57Fe Mössbauer spectroscopy, DR-UV–Vis spec
troscopy, and py-FTIR analysis. Fig. 5 shows Mössbauer Spectra at 
− 269 ◦C and Table S5 (SI) fitted parameters of Fe-ZSM-5 (28) in all 3 
states mentioned above. The spectrum of the “calcined” sample was 
fitted with two contributions from the “iron-rich” and “iron-poor” Fe3+

phases. The “iron-poor” phase contained the well-distributed Fe3+ ions 
with large Fe-Fe distances in the tetrahedral framework (and 
framework-associated) positions (W=66%), giving rise to a sextet 
pattern assigned to paramagnetic hyperfine splitting [70]. The “iron- 

Table 3 
Comparison of Fe-ZSM-5 (17, 21) and Al-ZSM-5 (25, 60) catalysts in n-octane 
cracking at 500 ◦C and 100 mins Time-on-Stream.

Fe-ZSM-5 
(17)

Fe-ZSM-5 
(21)

Al-ZSM-5 
(25)

Al-ZSM-5 
(60)

WHSV (h− 1) 2 2 122 7
Conversion (%) 31.6 31.4 33.6 30.2
Hydrogen (wt. %) 0.05 0.05 0.02 0.01
Yield (C1 wt. %) 0.80 0.62 0.18 0.23
Yield (C2 wt. %) 1.69 1.76 4.42 3.80
Yield (C3 wt. %) 7.10 8.35 13.82 11.49
Yield (C4 wt. %) 8.39 10.25 10.31 9.06
Yield BTX (wt. %) 3.35 3.19 0.23 0.42
Yield C5+ excl. BTX 

(wt. %)
10.3 7.26 4.71 5.20

LPG olefinicity (%) 83.50 80.86 65.71 65.06
C3 olefinicity (%) 82.30 78.90 68.57 68.82
C4 olefinicity (%) 84.52 82.45 61.88 60.28
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rich” phase (W=34%) was assigned to octahedral Fe3+ (doublet pattern 
with large quadrupole splitting) arising from the faster relaxation rates 
from neighboring iron ions with shorter distances (increased concen
tration of neighboring Fe atoms), interpreted as extra-framework Fe3+

(dimers or small clusters). The isomer shift values at − 269 ◦C (Table S5, 
SI) differ (need to subtract 0.12 mm/s) from the respective iron species 
at room temperature (Table 2) due to the decreased vibration of Fe 
atoms at cryogenic temperatures.

In the “spent” sample, the iron-poor phase (sextet) showed an 
increased isomer shift (0.51 mm/s), which is characteristic of octahedral 
structures and may be attributed to coked species (extending the coor
dination of framework Fe-species) or to Fe3+ ions which migrated to 
extra-framework positions. However, upon regeneration, this sextet 
component showed a reduced isomer shift value (0.37 mm/s) again, 
indicating restoration of framework or framework-associated tetrahe
dral Fe3+ species. Nevertheless, the amount (spectral contribution) of 
Fe3+ with tetrahedral coordination (44%) was lower than that in the 
“calcined” sample (66%). Accordingly, upon cracking, Fe-species in Fe- 
ZSM-5 catalysts may undergo temporary (active sites are blocked by 
coke) and permanent (migration of Fe ions to extra-framework posi
tions) deactivation.

This interpretation agrees with the results from our DR-UV–vis 
analysis of the regenerated sample (Figure S16, SI), showing additional 
absorption bands in the 300–500 nm region, which correspond to non- 
framework Fe3+ species in oligomeric clusters and dimers (see DR- 
UV–vis discussion above). In these samples, changes in the concentra
tion of acid sites were analyzed by py-FTIR. To preserve the effect of 
coke on the “spent” catalyst, all three samples were analyzed only by 
pyridine desorption at 150℃ (Table S4, SI). Concentrations of Brønsted 
and Lewis acid sites in the “spent” sample decreased significantly 
because coke blocked these acid sites. The regenerated sample contained 
more Lewis acid sites than the “calcined” sample at the expense of their 
Brønsted counterparts due to Fe3+ migration from framework to extra- 
framework positions. The higher concentration of Lewis acid sites in 

the “regenerated” sample observed at 150 ◦C is likely associated with the 
migration of framework-associated Fe3+ Lewis acid sites to extra- 
framework cationic positions. The latter likely have weaker Lewis acid 
sites than framework-associated ones, which explains the drop in con
version in the 2nd and 3rd cracking cycles.

The rapid initial decrease in conversion over Fe-ZSM-5 catalysts (and 
hence the hydrocarbon yield as well) is attributed to the loss of tetra
hedrally coordinated Fe3+ species, which are responsible for the initia
tion of cracking, as shown by 57Fe Mössbauer analysis (Fig. 5, Table S5, 
SI). Concurrently, the increases in C3-C4 olefinicity and BTX yield in the 
2nd and 3rd cycles are likely associated with increased shares of extra- 
framework Fe3+/oxidic micro-aggregate species (see DR-UV–vis, 
Figure S16, SI). Such extra-framework iron species promote dehydro
genation step(s) [37], yielding aromatics (BTX) and dehydrogenating 
cyclic and branched oligomers and likely even higher (C5 +) linear 
paraffins under reaction conditions, explaining the higher product ole
finicity observed in the 2nd and 3rd cycles. Therefore, the ultimate goal 
of tuning the FCC catalyst Fe additive may be achieved by stabilizing the 
Fe atoms in the catalyst framework while preserving the increased 
selectivity to the highly valued C3-C4 olefins and aromatics by balancing 
framework and cationic Fe3+ species.

4. Conclusions

In n-octane cracking at 500 ℃ over iron-silicate ZSM-5 catalysts, 
tetrahedrally coordinated framework-associated Fe3+ species, which 
form strong Lewis acid sites, are the key active species in paraffin 
cracking initiation. Framework Brønsted acid sites are strong enough to 
catalyze the aromatization of olefin cracking products to BTX but not the 
re-cracking of intermediate precursors to aromatics (unlike Al-ZSM-5). 
The oxidic iron aggregates (Fe2O3) on the external surface of these 
zeolite catalysts are inactive. Dehydrogenation properties of Fe-ZSM-5 
promote higher olefinicity and aromatization (unlike Al-ZSM-5). Al- 
free Fe-ZSM-5 (Si/Fe = 21) are less active than their Fe-free Al-ZSM-5 

Fig. 4. Fe-ZSM-5 behavior under in-situ regeneration and n-octane cracking at 500 ◦C. A. Conversion of n-octane over Fe-ZSM-5 (28) in each cycle under in-situ 
regeneration (under air) B. C3,C4 olefinicity (%) and C. Interpolated yields of hydrocarbon products (wt. %) at TOS=100 mins for each cycle.
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(Si/Al = 25) analogs because their iron-induced acid sites are weaker. 
However, the C3-C4 olefinicity (ratio of the yield of olefins to the total 
yield of a given hydrocarbon fraction) of Fe-ZSM-5 (78–82%) is higher 
than that of Al-ZSM-5 (61–68%). This difference cannot be fully 
explained by preferential formation of larger olefin and smaller paraffin 
in the initial cracking step, so Fe-ZSM-5 catalyzes the dehydrogenation 
of C5+ paraffins. The resulting olefins subsequently undergo oligomer
ization and re-cracking, yielding more C3-C4 olefins than paraffins. 
Moreover, Fe-ZSM-5 provides a much higher BTX yield (3.2 wt%) than 
Al-ZSM-5 (0.23 wt%) and accordingly a higher yield of hydrogen (0.05 
vs. 0.02 wt%) and C5+ (excluding BTX) fractions (7.2 vs. 4.7 wt%). Fe- 

zeolites undergo permanent deactivation (loss of activity at the begin
ning of the 1st catalytic test) because tetrahedrally coordinated Fe3+

species migrate to extra-framework positions, thereby increasing the 
concentration of octahedrally coordinated Fe3+ species. This increase in 
extra-framework Fe3+ species enhances the olefinicity of C3-C4 fractions 
and the BTX yield (in 2nd and 3rd catalytic cycles), most likely due to 
their dehydrogenation activity, but these extra-framework Fe3+ species 
do not catalyze dehydrogenation of propane. Therefore, Fe-ZSM-5 FCC 
catalytic C3-C4-selective additives may be tuned by stabilizing frame
work Brønsted and framework-associated and cationic Lewis acid sites 
and by minimizing the prevalence of Fe oxide species.

Fig. 5. Transformation of Fe-species in Fe-ZSM-5 under paraffin cracking. 57Fe Mössbauer spectra (obtained at − 269 ◦C) of Fe-ZSM-5 (28) in “calcined,” “spent,” 
and “regenerated” states. The purple points, black lines, and blue- and pink-colored spectra correspond to the measured data, fit, tetrahedrally coordinated Fe3+

species, and octahedrally coordinated Fe3+, respectively.
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