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A B S T R A C T   

The cracking reactions of 1-octene over H-ZSM-5 zeolite are studied via micro-reactor and off-line spectroscopic 
techniques for up to 72 h on stream and a temperature range of 473–673 K. 1-Octene is found to react via a two- 
cycle hydrocarbon pool mechanism, with strong similarities to that reported for methanol-to-hydrocarbons 
chemistry. This dual-cycle mechanism requires temperatures of 673 K or higher to function with full effi
ciency, with lower temperatures deactivating portions of the cyclic mechanism, leading to premature deacti
vation of the catalyst through over-production of coke species. Inelastic neutron scattering is used to study the 
coke composition, identifying two distinct deactivation mechanisms depending on reaction temperature. The 
catalyst is also found to slowly progress from an aromatic-heavy to an olefin-heavy product regime even at full 
efficiency due to progressive blockage of active sites by amorphous carbon-rich coke. Artificial aging of the 
zeolite, through steam treatment, is found to shift the catalyst lifetime so that it commences at a later stage in this 
process, resulting in increased light olefin production. The reduced aromatic production also means that deac
tivation of the catalyst occurs more slowly in steamed catalysts than in fresh ones, after an equivalent time-on- 
stream. Collectively, these observations connect with the application of ZSM-5 catalysts to facilitate gasoline-to- 
olefins chemistry in fluidised catalytic cracking unit operations.   

1. Introduction 

Fluidised catalytic cracking (FCC) reactions using acid zeolites are an 
important source of high-value hydrocarbons, being able to convert less 
commercially important heavy hydrocarbon fractions into more widely 
utilised feedstock chemicals [1–3]. The selectivity of zeolite catalysed 
reactions arises from shape-selective effects due to the microporous 
structure of the catalyst. H-ZSM-5 zeolites are widely used due to their 
MFI-type structure leading to an ability to convert gasoline-range hy
drocarbons to light olefins such as ethene and propene with high yield 
[4–7]. In this application, the hydrocarbon fraction which is active for 
conversion by H-ZSM-5 is the straight and branched olefins in the C7-C12 
size range [6]. 1-Octene is therefore frequently used as a model com
pound to allow the study of this type of cracking chemistry under 

controlled conditions [8–10]. 
The primary mechanism behind the increased propene production by 

ZSM-5 is considered to be a transition state shape-selective effect [6]. 
Cracking reactions of olefins over zeolite catalysts are thought to occur 
via protonation of the double bond by Brønsted sites to form a bound 
carbenium ion. This ion may then undergo either a bimolecular reaction 
involving the addition of another olefin followed by further isomer
isation and hydrogen transfer steps, or monomolecular cracking re
actions proceeding through either β-scission or protonated cyclopropane 
intermediates [6,11]. In ZSM-5, due to the restricted pore diameter, 
olefins larger than C4 have insufficient space to react via the bimolecular 
mechanism; an effect made more significant because the hydrogen 
transfer reactions which play an important role in the further steps in 
this reaction pathway require the participation of yet further reactant 
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molecules as hydride donors or acceptors. Therefore, larger FCC re
actants react exclusively through the monomolecular mechanisms 
involving scission, resulting in a higher production of small molecules 
such as light olefins. This effect is magnified by the fact that in the 
β-scission mechanism the post-scission primary carbocation may be 
stabilised by one of two routes: an isomerisation to a secondary carbo
cation, optionally followed by a desorption of that carbocation as a 
disubstituted olefin or by a further bond cleavage resulting in release as 
two separate, smaller olefin molecules. Under ordinary conditions, it is 
the isomerisation pathway which is energetically favoured. However, in 
ZSM-5 the dimensions of the pores mean that the interactions between 
the closely located framework oxygens and the carbocation act to sta
bilise the intermediates in the bond cleavage mechanism, further driving 
the product balance toward the smaller olefins [6]. 

Acidity and mesoporosity are critical properties of the zeolite but 
these parameters that are by no means constant throughout the lifetime 
of the catalyst. For instance, hydrothermal conditions in catalytic use 
result in partial de-alumination of the zeolite framework at a rate 
determined by both the reactor temperature and the concentration of 
aluminium substitutions within the zeolite [11]. (The partial pressure of 
steam within the reactor also affects the rate of aluminium loss, but the 
magnitude of this effect is considerably less than the effects of temper
ature or zeolite composition [12]). This leads to a corresponding 
reduction in the number of acid sites, since removing an aluminium 
atom also removes its associated Brønsted O-H acid group, and possible 
increases in mesoporosity depending on the aluminium level of the 
zeolite and what proportion of the framework is removed [11,13]. Ef
fects of this loss of acidity can be dramatic, with numerous studies 
reporting improved selectivity, stability and even activity in steamed 
zeolites relative to studies performed using fresh materials [14–16]. 
Most notably for FCC applications, H-ZSM-5 cracking catalysts are re
ported as being briefly able to catalyse the cracking of paraffins at the 
start of their time on-stream, a reactivity which is not observed during 
steady-state operation and which is attributed to the higher acidity of 
the unreacted catalyst [6]. 

Changes due to de-alumination from catalytic use can be simulated 
by the steam treatment of fresh zeolite allowing the generation of model 
zeolite materials whose properties closely match those of used or 
partially-deactivated catalysts [11,13,17]. Since the rate of 
de-alumination is proportional to aluminium concentration [11], an 
operating catalyst will spend the majority of its lifetime with a pseudo 
steady-state level of acidity because the rate of further aluminium loss is 
low, and such steamed catalysts may therefore be viewed as represen
tative of a cracking catalyst in the middle or near the end of its opera
tional lifetime. 

The effect of steaming on ZSM-5 has been extensively studied 
[18–22]. There is general agreement that removal of framework 
aluminium has several effects beyond a simple reduction in the number 
of acid sites. These may include changes in both the strength and dis
tribution of the acid sites by the selective removal of a particular fraction 
of Al atoms from specific framework positions and formation of addi
tional mesopores and amorphous deposits that can be removed by 
post-treatment acid washing. The intensity of steaming is a crucial fac
tor. Short, mild steaming leads to surface mesoporosity and the forma
tion of strong acid sites due to the interaction with extra-framework 
species. It may also result in the re-insertion of Al into the framework 
resulting in increased total concentration of acid sites. Harsh steaming 
results in a more uniform distribution of mesopores and a drastic 
reduction in the number of Brønsted acid sites. It is noteworthy that 
inequivalent framework Al-sites are affected differently. 

This study describes the preparation and characterisation of an 
extensively steamed ZSM-5 zeolite catalyst and directly compares its 
catalytic activity for the conversion of 1-octene with that of the un
treated fresh zeolite across a range of different reaction regimes deter
mined by temperature. Both the products released during the reaction 
and the retained coke species within the zeolite are characterised, 

allowing investigation of the reaction mechanisms and deactivation 
pathways. Adding breadth to the study, the technique of inelastic 
neutron scattering (INS) is employed to provide information on the 
molecularity of species retained within the zeolite’s porous network as a 
function of sample history. Thus, the article examines the reactivity and 
product selectivity of a ZSM-5 catalyst over a range of conditions rele
vant to FCC process operations. 

It is recognised that our experimental conditions (473, 573 and 673 
K, catalyst to reactant ratio >> 1, contact time 10 s of seconds) are 
distinctly different to those that are used industrially [1] (773–823 K, 
catalyst-to-reactant ratio ~ 1, contact time 2–4 s). However, the product 
slate is very similar to the industrial system; hence, we believe that the 
compromises needed for a laboratory-scale investigation mean that the 
results are still relevant industrially. 

2. Experimental 

The ZSM-5 used, henceforth referred to as the catalyst, was a powder 
form commercial material grade H-ZSM-5 zeolite supplied by Johnson 
Matthey and calcined in air for 12 h at 773 K to remove the residual 
synthesis template. Characterisation of this catalyst showed it to possess 
a framework Si:Al ratio of 30:1, established by solid state 27Al and 29Si 
NMR. Previous investigations using the same catalyst have shown it to 
possess an average crystallite size of 0.1 × 0.1 × 0.5 µm: [23] the 
calcined catalyst was also sieved to provide consistent crystallite 
agglomerate sizes in the 200–500 µm range. Use of this unmodified 
catalyst in further experiments and tests will be identified as ZSM5-FR, 
with FR signifying ‘fresh’ catalyst. 

2.1. Zeolite steam treatment 

To prepare the artificially aged zeolite, 30 g of zeolite were steamed 
according to the following procedure: the sample was heated in a 
flowing gas comprising 10 % steam in air and ramped at 10 ◦C/min with 
the steam introduced above 200 ◦C. The sample was held at 800 ◦C for 
12 h then cooled to 200 ◦C when the steam was stopped before cooling to 
room temperature. The resulting de-aluminated catalyst is designated 
ZSM5-ST, with ST signifying ‘steamed’ catalyst. 

2.2. Zeolite characterisation 

Characterisation measurements of both ZSM5-FR and ZSM5-ST were 
carried out to assess the effects of the steam treatment. The degree of 
framework de-alumination in ZSM5-ST was determined by comparing 
the results of 27Al NMR. Acquisition took place in a static magnetic field 
strength of 9.4 T (ν0(1H) = 400 MHz) on a Bruker Avance III console 
using TopSpin 3.5 software. A wide-bore Bruker 4 mm MAS probe was 
used, tuned to 104.27 MHz and referenced to yttrium aluminium garnet 
at 0.0 ppm. Samples for measurement were left in a humid environment 
overnight and packed into zirconia MAS rotors with Kel-F caps. Before 
and after weight measurements provided the sample mass for normal
isation. The rotors were spun at 14 kHz using room-temperature purified 
compressed air. Nutation tip angle was 22.5◦ and the relaxation time 
was 0.1 s, 8192 scans were acquired using a one pulse acquisition 
programme. 

To quantify the acidity of both samples, ammonia temperature- 
programmed desorption (TPD) experiments were carried out using a 
Quantachrome ChemBET Pulsar instrument equipped with a thermal 
conductivity detector. Samples were dried at 623 K under flowing he
lium (15 cm3 min− 1, BOC, >99.999 %) then cooled to 373 K and satu
rated with ammonia by passing 10 % NH3 in He (15 cm3 min− 1) through 
the sample for 15 min. The sample was returned to helium flow and 
purged for 2 h at the same temperature; these conditions are reported to 
remove any physisorbed ammonia from the zeolite pore network leaving 
only molecules chemisorbed to silanol groups, Lewis silanol or Brønsted 
acid sites [24]. Desorption was then carried out from 373 to 973 K with a 
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heating rate of 5 K min− 1 and a 30 min hold at the highest temperature 
to ensure full removal of all ammonia. 

Surface area analysis was performed using a Quantachrome Quad
rasorb EVO/SI gas adsorption instrument. 0.15 g samples of the zeolites 
were degassed to < 20 mTorr at 523 K and gas adsorption and desorp
tion isotherms were collected across a relative pressure (P/P0) range 
from 5 × 10− 4 – 0.99 using liquid nitrogen as the coolant and N2 as the 
adsorbant gas. Isotherm analysis was carried out by the method of 
Brunauer, Emmett and Teller using software supplied with the instru
ment [25]. Sample microporosity levels were estimated using the t-plot 
method of de Boer [26]. The experiment was repeated three times for 
each material, with the mean and standard deviation values reported. 

Powder X-ray diffraction measurements were carried out at room 
temperature with a Rigaku Miniflex 600 powder X-ray diffractometer. 

2.3. Reaction testing 

The 1-octene cracking reactions were carried out in a vertically 
oriented fixed-bed tube micro-reactor with an internal diameter of 10 
mm; catalyst masses were approximately 0.5 g, giving a bed length of 10 
mm. Samples were loaded into reactor tubes, purged with either He or 
N2 (see below) and heated to the reaction temperature and held for 1 h 
prior to the commencement of the experiment to ensure the removal of 
any adsorbed atmospheric water. Reactions were performed at tem
peratures of 473, 573 and 673 K for both ZSM5-FR and ZSM5-ST. Exact 
catalyst masses and conditions for each reaction are given in Table S1 of 
the supplementary information section. 

The reagent used was 1-octene (Sigma-Aldrich, 99 %), supplied at a 
rate calculated to give a weight-hourly space velocity (WHSV) of 1 h− 1. 
Octene injection was made using a syringe pump into a silica-packed 
mixing volume heated to 423 K and located immediately upstream of 
the reactor tube to ensure its complete vaporisation prior to entering the 
reactor. A 50 cm3 min− 1 flow of inert gas was used as a carrier for the 1- 
octene and any reaction products; this was helium (BOC, >99.999 %) for 
the initial two reactions (ZSM5-FR-673 K, ZSM5-ST-673 K), subsequent 
reactions used nitrogen (BOC, >99.999 %) for reasons of expense. The 
inlet pressure of the reactor was recorded; on commencement of the flow 
through the reactor it rose to 0.6 barg in all cases due to back-pressure 
from the catalyst bed but was not observed to vary significantly as the 
reactions progressed. 

In order to provide on-line analysis of the reaction products the 
eluent gas flow from the reactor was analysed by both gas chromatog
raphy (GC) and mass spectrometry (MS). GC analysis was provided by a 
GC-FID (Shimadzu GC-2014 fitted with a BP20 column of dimensions 30 
m x 0.25 mm×0.5 µm) drawing from a 150 μl heated sample loop. MS 
analysis was provided by an ESS EcoCat drawing from immediately 
downstream of the GC sample loop using a differentially pumped heated 
capillary. All pipework between the reactor and the analysis instruments 
was maintained at 423 K to prevent condensation of any products within 
the pipework. Zero percent conversion data for each reaction was 
collected by initially bypassing the reactor for at least 30 min after the 1- 
octene injection was initiated. This also allowed the concentration of 1- 
octene in the gas stream to stabilise following pump breakthrough prior 
to starting the reaction. All reaction times are given from the 
commencement of flow through the reactor following these bypass 
measurements, this being t = 0 for each reaction. The target reaction 
period was 72 h on-stream for each reaction. However, the reactions at 
473 K were terminated early after exhibiting no significant changes in 
product concentrations for an extended period after 12 h. Following 
completion of the reaction, the 1-octene flow was stopped and the 
reactor purged with continued inert gas flow for 30 min at reaction 
temperature to remove mobile products and residual 1-octene from the 
reactor. The on-line analysis was then stopped, gas flow through the 
reactor halted and the reactor allowed to cool to room temperature. 

2.4. Post-reaction analysis 

In order to determine the quantity of retained hydrocarbon species 
(‘coke’) within the catalysts post-reaction, samples of the reacted cata
lysts were subjected to thermogravimetric analysis (TGA) performed 
from 373 to 1000 K in a 10 % O2 in N2 gas flow using a TA Instruments 
TGA Q50 to oxidise the hydrocarbon fraction of the reacted samples. To 
determine the composition of these coke fractions, the catalysts were 
additionally analysed by Diffuse-Reflectance Infrared Fourier Transform 
Spectroscopy (DRIFTS) using an Agilent Carey 680 FTIR spectrometer 
equipped with a Harrick praying mantis beam accessory and heated 
sample cell with gas flow capability. Spectra were collected from 4000 
to 1000 cm− 1 using a liquid nitrogen cooled MCT detector with a res
olution of 4 cm− 1 and averaged over 64 scans per spectrum. Samples 
were purged with dry N2 from a liquid nitrogen boil-off source (25 ml 
min− 1) then heated to 423 K at 5 K min− 1 and held for 30 min under 
continued flow prior to prior to spectrum collection to ensure the 
removal of any adsorbed water collected during sample storage. This 
was considered unlikely to affect the composition of the hydrocarbons 
within the sample due to there having been purged at higher tempera
tures during the reactor shutdown process. Spectra of the clean, 
unreacted catalysts were also collected at this time for comparison 
purposes. 

It was decided that greater insight into the coke species produced by 
the 573 K and 673 K reactions could be gained by analysing them using 
inelastic neutron scattering (INS) spectroscopy. To prepare samples of 
sufficient size for this technique, additional reactions at 573 K and 673 K 
were performed for both ZSM5-FR and ZSM5-ST at a scale of ca. 5 gcat 
using a large-scale catalyst preparation reactor located at the ISIS 
Neutron and Muon Source [27]. Total time-on-stream was 24 h for all 
reactions in this series. These larger samples were then investigated on 
the ISIS Facility’s MAPS [28] and TOSCA [29] spectrometers; two in
struments were used as each provides superior resolution in different 
regions of the vibrational spectrum from 200 to 4000 cm− 1 [30]. 

An additional advantage of this repeated measurement was that the 
larger quantity of catalyst in these reactions allowed the collection of 
sufficient liquid products for infrared and gas chromatography-mass 
spectrometry (GC-MS) characterisation. Infrared spectra were 
collected using the attenuated total reflectance (ATR) method on a 
Nicolet iS10 instrument equipped with a Smart iTX diamond crystal ATR 
accessory and a deuterated triglycine sulphate detector. Spectra were 
collected from 4000− 1 to 650 cm− 1 at a resolution of 1 cm− 1 and 
averaged over 64 scans per spectrum. GC-MS used an Agilent 7890 A gas 
chromatograph equipped with a series 5975 mass-selective detector. 
Component separation was achieved using a 60 m DB− 1MS nonpolar 
capillary column that achieved good separation of all product peaks. 

3. Results 

3.1. Zeolite characterisation 

The zeolite characterisation measurements were performed to 
establish the differences in properties between the fresh, calcined 
catalyst (ZSM5-FR) and the steam treated, artificially aged material 
(ZSM5-ST). A summary of the results of these measurements is given in  
Table 1, with the associated profiles being reproduced in the supple
mentary information (Figs. S1-S3). 

The reduction in the level of framework aluminium in ZSM5-ST 
resulting from the steam treatment is clearly illustrated by the results 
of the 27Al NMR analysis (Table 1 and Fig. S1). In ZSM5-ST the peak at 
53.4 ppm, representing the 4-coordinate AlO4 environment of the 
aluminium T-atoms of the zeolite, is reduced to 26 % of its intensity in 
ZSM5-FR, indicating a corresponding removal of approximately three 
quarters of the framework aluminium by the steam treatment. The 
aluminium thus removed takes the form of a variety of extra-framework 
aluminium (EFAl) species, some of which are detectable by NMR. 
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Evidence of both octahedral AlO6 species at 1.4 ppm and partially 
removed framework aluminium around 30 ppm is observed, while the 
26 % reduction in the overall intensity of the NMR spectrum indicates 
the formation of NMR-invisible polymeric aluminium clusters by a 
fraction of the EFAl. All of these observations are in line with the ex
pected behaviour of ZSM-5 zeolites following steam treatment of the 
type used here [11,13,17,31,32]. 

The reduction in zeolite acidity resulting from this loss of framework 
aluminium is likewise extremely extensive. As shown in Fig. 1 the ν(O- 
H) peak for the Brønsted acid sites, located at 3605 cm− 1 for the fresh 
zeolite, is essentially undetectable in the DRIFTS spectrum of ZSM5-ST. 
Despite this, ZSM5-ST does retain a small population of chemically 
active Brønsted sites (which may be hydrogen bonded to framework 
oxygen atoms). These can be detected by ammonia temperature- 
programmed desorption (TPD) analysis, indicated by the presence of 
chemisorbed ammonia which only desorbs at temperatures higher than 
650 K, characteristic of bonding to Brønsted acid protons [24]. By 
comparison to the signal from known volumes of ammonia, the TPD 
measurements allow quantification of the number of acid sites per unit 
cell in each sample, which allows us to determine that ZSM5-ST pos
sesses 8 % ± 2 % of the number of acid sites in ZSM5-FR (Fig. S2). 

Even prior to steam treatment, the number of acid sites (and asso
ciated aluminium substitutions) per unit cell measured by ammonia TPD 
indicate that aluminium occupies only 3.4 % of the T-atom sites in 
ZSM5-FR, and their removal is therefore not expected to significantly 
affect the microporous structure of the zeolite framework. BET gas 
adsorption experiments using N2 as the adsorbent gas (Fig. S3 top) show 
some degree of reduction in micropore volume, which can be attributed 
to the presence of EFAl species within the micropores. A small increase 
in mesoporosity induced by steaming is apparent (Table 1), however, 
the bulk structure is largely unchanged as shown by the close resem
blance of the powder XRD spectra of the fresh and steamed zeolite 
(Fig. S3 bottom). 

3.2. Reaction products analysis 

Due to the large range of products from the 1-octene cracking 

reaction resulting in extremely complex GC traces for the micro-reactor 
experiments, on-stream analysis of the reaction products used was 
accomplished by mass spectrometry as the primary method. It is 
therefore necessary to establish the fragmentation pattern of octene 
within the mass spectrometer to act as a baseline and the level of any 
potential thermal cracking, so that the effects of the acid and micropo
rous catalysis of the ZSM-5 materials may be determined. To this end, 
blank reactions using ~1.5 g samples of amorphous silica in place of the 
ZSM-5 catalysts were run at 473, 573 and 673 K. After allowing the 
system to stabilise, this yielded the ion intensities presented in Fig. 2(i); 
the mass traces with time are reproduced in the supplementary infor
mation as Figs. S4-S6. The conditions were chosen to give the same bed 

Table 1 
Zeolite parameters before and after steam treatment as established by 27Al NMR and BET surface area analysis.  

Sample: 27Al NMR Ammonia TPD: BET Analysis: 

Total 
Relative Intensity ( 
± 0.03) 

AlO4 Relative 
Intensity 
( ± 0.03) 

Volume 
Adsorbed 
(μmol/g) 

Population 
(sites/unit 
cell) 

Micropore volume 
(cm3/g) 

Mesopore volume 
(cm3/g) 

External surface 
area (m2/g) 

Total Surface 
Area (m2/g) 

ZSM5- 
FR  

1.00  0.91 366 ± 35 2.22 ± 0.21 0.101 ± 0.003 0.018 ± 0.001 50 ± 14 370 ± 11 

ZSM5- 
ST  

0.74  0.24 30 ± 5 0.18 ± 0.03 0.089 ± 0.005 0.037 ± 0.006 69 ± 14 332 ± 6  

Fig. 1. Infrared spectra of ZSM5-FR (a) and ZSM5-ST (b). Spectra collected 
using DRIFTS and intensities normalised on the zeolite framework combination 
mode at 1870 cm− 1 to allow direct comparison between the samples. 

Fig. 2. Products from passing 1-octene over a SiO2 blank at 473 K (a), 573 K 
(b) and 673 K (c) monitored by MS (i) and GC (ii). MS intensities normalised 
against the signal for the reaction flow gas (4 amu for He, 28 amu for N2) to 
allow comparison between samples and averaged over the period + 01:00:00 to 
+ 02:00:00 with errors shown. Labels over each bar group indicate ion frag
ment responsible for the majority of signal at each MS amu value. [1-Column]. 
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length and octene injection rate as in the catalytic reaction experiments. 
The mass spectral profiles presented in Fig. 2(i) show that at 473 K 

the temperature is not high enough for any thermal cracking to occur, as 
no change in MS intensities were observed when the gas flow was 
switched from the bypass system to the reactor at t = 0. The resulting 
pattern is therefore due to fragmentation of 1-octene in the MS and is 
dominated by light species such as propyl and ethyl fragments (amu =
27, 41, 44). Hexyl fragments (amu 79) are also present, although their 
lower levels indicate that breakdown of the C8 chain into < C4 units is 
favoured. Importantly, the molecular octyl ion at 112 amu has sufficient 
intensity to allow its use in assessing the level of octene conversion in the 
actual reactions. 

At 573 the fragmentation pattern is essentially the same as that 
observed at 473 K. In contrast, at 673 K Fig. 2(i) shows the mass spec
trum to exhibit considerable reductions in the levels of larger alkyl ions, 
particularly hexyl fragments (79 amu), with increased signals for lighter 
fragments. Examination of the eluent by gas chromatography (Fig. 2(ii)) 
shows the suppression of the single 1-octene peak observed at 3 min 
retention time at lower temperatures in favour of multiple signals with 
lower retention times, confirming that thermal cracking is leading to 
fragmentation of 1-octene in the reactor into smaller, faster-diffusing 
species. Comparison of the intensity of the octene GC peak before and 
after t = 0 suggests that approximately 15 % of the octene exits the 
reactor at 673 K without having undergone thermal cracking in this 
instance, i.e. ~85 % conversion. 

In all reactions studied, the majority of the changes in product 
composition with time occurred within the first 24 h on stream, with 
subsequent changes being the progress of trends established within this 
initial time frame. Therefore, the MS intensities at selected points over 
the first 24 h of the reactions are presented in Fig. 3 as ratios relative to 
the intensities in the corresponding thermal cracking blank from Fig. 2 
(i) to allow easier comparison. The MS data for the full length of each 
reaction is included in the supplementary information as Figs. S7– S12. 

3.2.1. Vapour-phase cracking products 
At 473 K in ZSM5-FR, Fig. S7 shows that the MS signals stabilise after 

ca. 30 min on-stream at values which they occupy with minimal devi
ation for the remainder of the reaction. Compared to the baseline frag
mentation pattern (Fig. 2i) the products of the reaction exhibit increased 
levels of fragments at 91 amu, associated with aromatic species pro
duction, and of longer chain fragments such as the hexyl (84 amu) and 
octyl (112 amu) ions: increased production of the octyl ion indicates the 
presence of alkyl chains longer than C8 as products which fragment to 
give octyl ions in the mass spectrometer. 

Fig. 3 (iv) shows the ZSM5-ST-473 K reaction to exhibit similar 
overall behaviour to that of the fresh catalyst but is less consistent across 
the length of the reaction (Fig. S8). Breakthrough time is reduced by 
approximately 50 % relative to ZSM-5-FR and, following this, the same 
trends in products are observed. However, rather than achieving sta
bility, all signals begin a slow but consistent ramp back toward their 
baseline levels after t + 01:30 hrs. While technical difficulties prevented 
the following of this trend to completion, it appears that this represents a 
steady deactivation of the catalyst toward being unable to convert 
octene at 473 K. 

ZSM5-FR-573 K (Fig. S9) initially produces elevated levels of satu
rated alkyl species, reflected in the propane contribution to the 44 amu 
fragment, and increased aromatic production. Levels of the octyl mo
lecular ion indicate high conversion of the reactant. The product slate 
evolves significantly over the course of the reaction towards reduced 
production of aromatics and alkanes and increased production of ole
fins. The rate of all changes continues to the end of the observed reaction 
period. Fig. 3(v) indicates that changes in ZSM5-ST-573 K (Fig. S10) are 
similar to those in the fresh catalyst but less pronounced, with the 
exception that propane fragment levels are reduced relative to the 
baseline. 1-Octene conversion, as assessed by loss of the 112 amu signal, 
remains high throughout, although at a lower level than that observed 

for ZSM5-FR-573 K. 
The reactions at 673 K exhibit both the most dramatic changes vs. 

baseline, and the largest difference between the fresh and steamed 
zeolite catalysts. Fig. 3(iii) shows ZSM5-FR-673 K to exhibit a hundred- 
fold increase in aromatic production and smaller but still significant 
increases in the 44 and 27 amu signals. Changes in product distribution 
with time are slow (Fig. S11), with a slight trend toward reduction in 
aromatic levels and increased production of olefins. 1-Octene conver
sion is effectively total and remains so for the entire experimental 
period. In contrast, ZSM5-ST-673 K (Fig. 3 vi, Fig. S12) exhibits 
increased production of fragments associated with light olefins, satu
rated hydrocarbons, and aromatics, although aromatic production is 
reduced relative to the fresh catalyst. Octene conversion is lower than in 
the fresh catalyst and decreases over time but remains higher than 
achieved at lower temperatures throughout. 

3.2.2. Condensable cracking products 
The larger-scale reactions performed at ISIS to prepare reacted cat

alysts in sufficient quantity for neutron studies also produced large 
enough volumes of the condensable products for these to be separated 
and analysed. This was carried out by ATR-IR (Fig. 4).and GC-MS 
(Fig. 5). 

At 573 K Fig. 4 shows both ZSM5-FR and ZSM5-ST produce an 
alkane-dominated mixture of liquids. ZSM5-FR-573 K (Fig. 4(i)(a)) 
contains detectable levels of aromatics, with a shoulder of the C-H 
stretching peaks extending above 3000 cm− 1 and the GC-MS results 
(Fig. 5(i)(a)) contain peaks for mono- and di-substituted benzenes and 
simple naphthalenes. The IR spectrum of ZSM5-ST-573 K (Fig. 4(i)(b)) 
sees these features almost absent, while the GCMS results (Fig. 5(i)(b)) 
show a minor growth in the peaks for various cyclic isomers of the 1- 
octene feed, of which 1,2,3-trimethylcyclopent-1-ene is marked on 
Fig. 5(i)(b) as an example. Relative peak intensities in the infrared data 
appear similar between samples (Fig. 4(i)), suggesting that both cata
lysts are producing a similar mixture of alkanes at this temperature. 

At 673 K ZSM5-FR produces a product slate with much higher levels 
of aromatic products (Fig. 5(i)(b)), including both extensively 
substituted benzenes and multiple naphthalene species; all of which are 
present in large quantities. Production of C8 isomers is low, indicating 
that the catalyst favours conversion over isomerisation processes under 
these conditions. In contrast to the behaviour with fresh catalyst, Fig. 5 
(ii)(b) shows ZSM5-ST-673 K to not produce significant quantities of 
bicyclic aromatics and, instead, sees an increase in rearrangement 
products. Levels of single-ring aromatic production are less than for the 
fresh catalyst at the same temperature, but higher than the fresh catalyst 
at 573 K. 

3.3. Reacted catalyst analysis 

The microreactor zeolite catalysts were retained for ex situ interro
gation by thermogravimetric analysis (TGA) and diffuse reflectance 
infrared Fourier transform spectroscopy (DRIFTS). As the reactor was 
purged with continued gas flow following shut-off of the 1-octene supply 
to the reactor, these analyses provide information on those hydrocarbon 
species that are immobilised within the pore network. The samples were 
exposed to air during their removal from the microreactor, meaning that 
only stable species are observed. TGA allows quantification of the 
overall coke content of the reacted samples, given in Table 2, while the 
temperature at which coke oxidation occurs (Fig. 6) allow deductions to 
be made about the nature of that coke content. Infrared analysis by 
DRIFTS allows observation of the ν(C-H) and ν(O-H) regions of the 
sample vibrational spectra, as shown in Fig. 7. However, the region of 
the vibrational spectrum below 2000 cm− 1 is dominated by modes from 
the zeolite framework, meaning that the deformations and C-C modes of 
the adsorbed hydrocarbons are largely obscured in the infrared spectra. 

Table 2 shows the ZSM5-FR-473 K reaction produces a catalyst 
which is coked to approximately 9.5 % by weight, a level of hydrocarbon 
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Fig. 3. Intensities of selected mass spectrum signals from the reaction of 1-octene after 1, 12 and 24 h on-stream. Reactions performed over ZSM-5-FR at 473 K (i), 
573 K (ii) and 673 K (iii) and ZSM-5-ST at 473 K (iv), 573 K (v) and 673 K (vi). Fragment intensities are normalised against the signal for the reaction flow gas, 
averaged over ± 0.5 h from the indicated time with errors shown, and expressed as a ratio relative to the corresponding levels from thermal cracking at the same 
temperature (Fig. 2(i)). Thus, m/z signals above the green line have increased relative to baseline 1-octene levels, and values below the line are reduced. 
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loading which in previous studies has been found to result in the total 
blockage of the ZSM-5 pore structure through filling of the pore channels 
with hydrocarbonaceous material [33]. The majority (59 %) of this 
material oxidises in the range 450–650 K, which is assigned to consist of 
mainly saturated hydrocarbons with high hydrogen content, referred to 
as “Type I coke” [34]. 

The infrared data is consistent with this, with Fig. 7(i)(a) showing the 
major feature of the spectrum to be a set of peaks from 2960 to 
2870 cm− 1, which are assigned to the symmetric and asymmetric 
stretches of sp3 CH3 and CH2 groups [35]. The only mode attributable to 
unsaturated C-H stretching is the clearly separated cyclopentenyl cation 
peak at 3125 cm− 1; the corresponding asymmetric and symmetric allyl 
stretch modes at 1510 and 1465 cm− 1 are also present [33,35,36]. In the 
O-H stretch region the intensity of the Brønsted acid peak at 3605 cm− 1 

is shifted into the broad mode from 3600 to 3400 cm− 1, corresponding 
to Brønsted OH groups weakly perturbed by adjacent coke species. 

The ZSM5-ST-473 K sample is approximately 7.4 % coke by weight 

(Table 2), similar to that of the fresh catalyst despite being reacted for 
only 50 % of the time on stream. The predominance of Type I coke in this 
material is even greater than in the fresh catalyst, with only 3.5 % of the 
mass loss from oxidation occurring above 650 K. In contrast to the 
relatively homogeneous nature of the Type I coke in ZSM5-FR-473 K, 
Fig. 6(ii)(a) shows the coke in the steamed catalyst to consist of two 
separate populations: one that oxidises around 550 K, similar to that 
observed in ZSM5-FR-473 K, and a second type of hydrocarbon which 
requires higher temperatures centred around 575 K to oxidise. The 
infrared spectrum (Fig. 7(ii)(a)) continues to be dominated by saturated 
C-H stretching modes, with the intensity of the CH2-associated modes at 
2930 and 2870 cm− 1 increased relative to their methyl equivalents. 

Fig. 6(i)(b) shows ZSM5-FR-573 K achieves a similar level of coke 
content to that observed at the lower temperature despite the differing 
time on-stream. However, the majority of the coke oxidises at temper
atures greater than 700 K, corresponding to Type II coke consisting 
mainly of substituted aromatic or polyaromatic species (Table 2). This is 
reflected in the DRIFTS spectrum (Fig. 7(i)(b) by a significant reduction 
in the intensity of the sp3 νC-H modes. However, the large quantity of 
Type II coke does not result in similarly significant contributions to the 
infrared spectrum. Peaks at 1570 and 1615 cm− 1 in Fig. 7(i)(b) may be 
due to C-C stretching in mono- and di-substituted aromatic rings and are 
not observed at 473 K (Fig. 7(i)(a), but the only C-H stretch mode 

Fig. 4. Infrared spectra of the condensable product fraction from 1-octene re
actions over ZSM5-FR (i) and ZSM5-ST (ii) at 573 K (a) and 673 K (b). A 
spectrum of pure 1-octene is included for comparison (iii). Spectra collected by 
ATR-IR and offset in y-axis. 

Fig. 5. GCMS traces of the condensable product fraction from 1-octene re
actions over ZSM5-FR (i) and ZSM5-ST (ii) at 573 K (a) and 673 K (b). Reten
tion time ranges for significant product groups are highlighted. Fig. S13 

Table 2 
Sample reaction times and coke content of reacted catalysts determined by 
thermogravimetric analysis.  

Sample Reaction 
Time 
(hrs) 

Coke Content 
(wt%) 

Type I Type II Total 

ZSM5-FR-473 K  46.0  5.54  3.93  9.47 
ZSM5-FR-573 K  72.0  0.58  8.70  9.28 
ZSM5-FR-673 K  72.5  0.16  6.51  6.67 
ZSM5-ST-473 K  24.0  6.91  0.44  7.35 
ZSM5-ST-573 K  72.5  0.81  1.06  1.87 
ZSM5-ST-673 K  72.0  0.14  0.64  0.78  
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observed above 3000 cm− 1 is the peak at 3125 cm− 1 associated with 
cyclopentenyl cations. 

The INS data collected for the repeat reactions (Fig. 8) allows much 
better information on the low-energy vibrational modes of the coke than 
is available from the DRIFTS spectra (Fig. 7) and assists in identifying 
the Type II coke composition. For ZSM-5-FR-573 K Fig. 8(i)(a) shows 
strong –CH3 symmetric and antisymmetric deformations are visible at 
1381 and 1452 cm− 1. The methylene twist located ca. 1300 cm− 1 is 
comparatively weak, indicating that the majority of these methyl groups 
are not associated with alkane chains. The strong peak at 1185 cm− 1 is 
associated with C-H wag modes of the ring hydrogens in aromatics and 
polyaromatics. However, the fact that this mode is considerably more 
intense than the associated modes in the 800–1100 cm− 1 region, which 
are produced by hydrogens of this type in benzene and naphthalene 
structures, indicates that the majority of the aromatic C-H wag modes 
are from groups in polyaromatic structures with ≥ 3 rings, up to and 
including glassy carbon type materials. It is notable that the spectrum 
observed is extremely similar to that produced by MTH reactions at 
similar temperatures after extended reaction periods [37,38]. 

It can therefore be concluded that the coke produced on ZSM5-FR- 
573 K consists primarily of highly substituted aromatic and poly
aromatic species with low levels of hydrogen present on sp2 carbon 
atoms, leading to the infrared spectrum being dominated by the limited 
population of Type I coke. 

In the case of ZSM5-ST-573 K, Table 2 shows this to be the first 
sample to have a significant difference in its level of coking, achieving 
only 1.9 wt% coke after 72 h. This decrease in coke loading is entirely 
due to a reduction in the levels of Type II coke; the quantity of Type I 
coke may even be increased relative to the levels in the fresh catalyst. 

The INS spectrum confirms this (Fig. 8(ii)(a)), with ZSM5-ST-573 K 
returning a spectrum representative of the formation of long, linear 
oligomers within the zeolite, something which has been observed in 
several studies of octene in ZSM-5 zeolites at low temperatures [39,40]. 
Aromatic signals appear totally absent. Meanwhile, the relative intensity 
of the methylene peaks indicates that the oligomer possesses multiple 
CH2 units but is not primarily linear due to the 720 cm− 1 band not being 
significantly stronger than the other methylene modes in the 
700–1100 cm− 1 region. The infrared data also appears to support this 
with the intensity of the νC-H modes being increased relative to 
ZSM5-FR-573 K (Fig. 7(i)(b)), although the differing levels of back
ground intensity due to greater sample darkening in ZSM5-FR-573 K 
make direct comparisons difficult. ZSM5-ST-573 K shows no evidence of 
hydrocarbon modes other than the sp3 C-H stretches (Fig. 6(ii)(b). 

The 673 K samples continue the trends observed at 573 K. ZSM5-FR- 
673 K sees a further reduction in Type I coke deposition to negligible 
levels but also sees a reduction in Type II coke build-up (Fig. 6(ii)(c)), 
indicating a more efficient catalytic process at this temperature. Fig. 8 
(ii)(b) is consistent with this, with the spectrum of the 673 K sample 
having the same polyaromatic characteristics as at 573 K but at a lower 
overall intensity due to lower coke quantities. The infrared data shows 
significant reductions in all ν(C-H) modes (Fig. 7(ii)(c)), and also lower 
levels of evidence for adsorbed hydrocarbons in the ν(O-H) region due to 
the absence of immobilised coke species. Despite this, the intensity of 
the Brønsted and silanol O-H peaks is still reduced relative to the clean 
zeolite spectrum, suggesting that permanent O-H site loss is occurring. 

Coke build-up in ZSM5-ST-673 K is even lower than at 573 K (Fig. 6 
(ii)(c)) and is almost entirely invisible to both the infrared and the INS 

Fig. 6. Rate of weight decrease during thermogravimetric analysis in 10 % 
oxygen of samples of ZSM5-FR (i) and ZSM5-ST (ii) catalysts after reaction at 
473 K (a), 573 K (b) and 673 K (c) showing the temperatures required for 
oxidation of different coke species. 

Fig. 7. DRIFTS infrared spectra of samples of ZSM5-FR (i) and ZSM5-ST (ii) 
after reaction at 473 K (a), 573 K (b) and 673 K (c) compared with the spectrum 
of the catalysts pre-reaction (d). Spectra collected using DRIFTS and intensities 
normalised on the zeolite framework combination mode at 1870 cm− 1 to allow 
direct comparison between the samples. Traces offset in y-axis for easier 
interpretation. The locations of the allyl stretching modes in cyclopentenyl 
cations (*) and ring stretching modes in substituted benzenes (†) are high
lighted. (Figs. S13 and S14 show the same spectra overlaid to allow a direct 
comparison of the realtive intensities of the various species). 
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analysis methods employed. This indicates that the minimal quantities 
of coke produced in this catalyst are almost entirely carbonaceous; the 
INS spectrum (Fig. 8(ii)(b) does exhibit extremely weak modes at ca. 
1200 and 1100 cm− 1, corresponding to modes found in amorphous 
carbon samples, supporting this reasoning [41,42]. 

4. Discussion 

4.1. The general case 

The observed products of all reactions described above are consistent 
with the reactions within the zeolite conforming to a hydrocarbon pool 
type of mechanism analogous to that operating in methanol to hydro
carbons (MTH) chemistry. We have previously shown [33] that re
actions of propene over H-ZSM-5 give very similar adsorbed species in 
the zeolite to those seen in methanol conversion. Formation of the hy
drocarbon pool in MTH is considered to involve oligomerisation of 
initially formed light olefins, methylation by methanol, cyclisation and 
hydrogen transfer to form arenes and alkanes. The arenes may be further 
methylated or cracked to form light olefin products [43–45]. In the 
absence of methanol, the methylation steps involved in formation of the 
MTH hydrocarbon pool cannot be present. Nevertheless, early 13C NMR 
studies by Haw et al. [46] showed that light olefins readily form oligo
meric and cyclic species in H-ZSM-5 and DFT calculations have shown 
that cyclopentenyl species are favoured to form from olefin oligomers 
even in the absence of methanol. [47]. Zhang et al. [48] report that 
propene is much more reactive than methanol and that co-feeding 
methanol with propene had only a minor effect on the product stream 
obtained. GC-MS analysis of extracted hydrocarbons and 13C NMR of 
used catalysts also showed evidence for cyclic species formed from 
propene alone. 

Fig. 9 shows the dual cycle hydrocarbon pool mechanism we propose 
to account for the 1-octene reactions reported here. In the first cycle, 
protonation of 1-octene on the Brønsted acid sites of the zeolite forms 
bonded alkoxide species. These may subsequently undergo oligomeri
zation to form longer chain alkyl species through further olefin addition 
or cracking to form shorter olefins [49,50]. In ZSM-5, due to the 
shape-selective effect of steric hindrance from the zeolite pore structure, 
the dominant mode of cracking is β-scission, to give a smaller alkoxide 
which remains attached to the zeolite active site and a light olefin 
molecule which is released into the pore network [6]. 

The second cycle in the hydrocarbon pool mechanism involves the 
production and alkylation of aromatics. Alkoxides formed in the first 
cycle in the C6-C9 length range can cyclise to form benzene, toluene or 
xylenes (BTX) [42,51]. The cyclisation involves cyclopentenyl species as 
intermediates, as proposed for MTH chemistry [43–46]. The key role of 
cyclopentenyl species in MTH chemistry has also prompted the sug
gestion [52] of a third (cyclopentenyl) cycle linking the olefin and ar
omatic cycles. In the absence of methanol, the hydride transfer required 
to form cyclopentenyl cations then aromatics will involve alkoxide 
species forming alkanes, as observed here. 

The components of the aromatic pool can, in turn, incorporate 
further alkyl chains through alkylation reactions and isomerisations, 
allowing the production of larger substituted benzenes and poly
aromatics such as naphthalenes. Ethyl or longer side chains may be 
removed from an aromatic ring through an internal rearrangement and 
elimination to give a smaller aromatic species and a light olefin, closing 
the aromatic cycle and providing another source of light olefins which 
can re-enter either of the reaction cycles. 

4.2. Reactions at 473 K 

At the lowest temperature considered, the hydrocarbon pool reaction 
is constrained by two factors. Firstly, the rate of β-scission is temperature 
dependent and is therefore relatively low at this temperature. Secondly, 
the hydrogen transfer reaction that links the alkyl and aromatic cycles 
also has a very low reaction rate at 473 K [33]. The combined result of 
these factors is that at 473 K the cyclic component of the hydrocarbon 
pool mechanism is not evident, and the catalyst instead undergoes a 
rapid series of successive oligomerization reactions at each active site 
which consume all of the 1-octene supplied to the catalyst. These olig
omers grow until they occupy the whole of the pore network, generating 
the large quantities of coke detected by TGA in ZSM5-FR-473 K (Table 2) 
and the strong saturated ν(C-H) modes in the infrared spectrum (Fig. 6(i) 
(a)). Due to the large size of the oligomer molecules, they are immobi
lised within the pore network and therefore act to block the catalyst 
active sites, resulting in ZSM5-FR-473 K being largely deactivated from 
early times and minimal deviation from the baseline fragmentation 
pattern (Fig. 3(i)). The residual reactivity is due to the minority of 
Brønsted sites located at the external surface of the zeolite crystallites, 

Fig. 8. INS spectra of ZSM5-FR (i) and ZSM5-ST (ii) after reaction with 1- 
octene at 573 K (a) and 673 K (b) compared with the spectrum of the cata
lysts pre-reaction (c). Modes associated with -CH3 (†), -CH2- (‡) and poly
aromatic (*) groups are highlighted. Spectra collected on MAPS at incident 
energies of 2016 (left) and 5243 (right) cm− 1 and normalised to correct for 
differences in sample mass. Lower signal-to-noise ratio in high-energy spectrum 
(i)(a) due to shorter collection time for this sample. 

Fig. 9. Dual-cycle hydrocarbon pool mechanism for olefin reactions over ZSM- 
5 catalysts. [1-Column]. 
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which are less vulnerable to blocking by immobile oligomers. The fact 
that cyclopentenyl ions (m/z = 79 amu) predominate over aromatic 
signals in the MS (m/z 91) (Fig. S7) is due to the hydrogen transfer re
action being the rate-limiting step in this reaction, leading to a build-up 
of the cyclopentenyl intermediate, which is also detectable by infrared 
analysis as seen in Fig. 7(i(a)). Deprotonation of the cyclopentenyl cat
ions forms the gas phase cyclopentenyl species detected by MS. The 
external sites are also responsible for the production of the Type II coke 
which is observed by TGA (Fig. 6(i)(a)). The remaining shifts in the 
products after the first hour (Fig. S7) are caused by the slow deactivation 
of these external sites leading to progress towards a completely deacti
vated catalyst. 

In ZSM5-ST-473 K the result is similar, however, the lower initial 
population of acid sites means that the time taken for the saturation of 
the catalyst with oligomer is lower. Despite this, the overall quantity of 
type I coke is comparable in both systems (Table 2) since it is the pore 
geometry of the zeolite which determines the amount of space available 
for filling by oligomer molecules and this remains largely unchanged. 
The wider separation of the Brønsted sites within ZSM5-ST may result in 
a longer average chain length for the pore blocking oligomer, as 
observed previously for studies of low-temperature propene oligomer
isation in ZSM-5 [27]; this explains the increased intensity of CH2 modes 
observed in Fig. 7(ii)(a). The separation of the Type I coke into two 
populations (Fig. 6(ii)(a), with one corresponding to that in the fresh 
catalyst and the other requiring higher temperatures to oxidise, may be 
due to the increased mesoporosity in the steamed zeolite (Table 1), 
leading to a population of larger, harder to oxidise, oligomers. The lower 
levels of residual production following catalyst conditioning and the 
more rapid decay of even this production towards a completely deacti
vated catalyst (Fig. S8) are explained in terms of a lower level of 
external, non-blocked active sites. 

4.3. Reactions at 573 K 

At 573 K the hydrogen transfer reactions are rapid enough for the 
aromatic cycle to contribute meaningfully to the overall reaction, which 
combined with the increased rate of β-scission means that the runaway 
oligomerization process does not occur in the fresh catalyst. Instead, the 
catalyst operates in a regime where both cycles run in equilibrium, 
releasing both mobile monoaromatics from the cyclisation reaction and 
light olefins from β-scission in the olefin cycle. The rate of production of 
aromatics is not stable but decays steadily with time, linked to a 
simultaneous decrease in 1-octene conversion, which indicates that the 
aromatic catalytic cycle is not fully efficient at 573 K. The deactivation is 
due to the catalyst coking process (Table 2), which INS indicates in
volves the formation of both highly substituted benzenes and naphtha
lenes as well as amorphous carbon-like coke species (Fig. 8(i)(a), despite 
the methylated aromatics not being readily apparent to infrared analysis 
(Fig. 7(i)(b)). This depletes the pool of aromatic hydrocarbons available 
for the reaction and blocks the catalytic sites suitable for the formation 
of fresh aromatics through cyclisation. The high coke production is 
likely due to the aromatic formation and alkylation reactions proceeding 
at a faster rate than the rearrangement and olefin elimination reactions 
which form the ‘regeneration’ arm of the aromatic cycle (Fig. 9) under 
the reaction conditions at 573 K. The inefficiency of the aromatic cycle 
may be due to slower diffusion of the aromatic products within the 
zeolite, leading to a high percentage of them undergoing further addi
tions and becoming trapped. This would explain the relatively low levels 
of di- and tri-substituted benzenes detected by GC-MS in the liquid 
products (Fig. 5(i)(a)). 

The progressive deactivation of the aromatic cycle leads to increased 
importance of the olefin-cycle, which is able to build-up a small quantity 
of immobile long-chain oligomers, similar to those observed at 473 K, 
which form the small population of Type I coke which is observed by 
TGA (Fig. 6(i)(b)) and INS (Fig. 8(i)(a)) and that dominates the infrared 
spectrum (Fig. 7(i)(b)). The catalyst is still active enough to promote 

rearrangements of these oligomers during their formation, resulting in 
them being relatively branched with INS peaks mostly overlapping with 
the modes of the Type II coke. 

The effect of the steam treatment is to accelerate this suppression of 
the aromatic cycle: peak aromatic production levels are lower and more 
rapidly decay toward baseline levels (Fig. 3(v)), while levels of olefin 
production likewise follow the distribution which would be expected 
from projecting the trends observed in ZSM5-FR-573 K (Fig. S9) to a 
timestamp considerably beyond the end of the experimental period. This 
reduction in aromatic cycle reactivity also has the effect of preventing 
the formation of polyaromatic Type II coke, meaning that catalyst 
deactivation occurs by the formation of large oligomers, similar to lower 
temperature reactions, as observed in the INS spectrum. 

4.4. Reactions at 673 K 

The increase in temperature to 673 K is sufficient for the restrictions 
to the aromatic cycle to be overcome. The level of aromatic production 
in ZSM5-FR-673 K (Fig. 3(iii)) is much higher than at 573 K, with aro
matic signals exceeding those of released cyclopentenyl species in the 
MS trace for the first time (Fig. S11). Aromatic production remains 
stable for the first 24 h on-stream, indicating that no premature deac
tivation of the catalyst is occurring. This suggests that elimination re
actions to remove olefins from larger aromatics can occur, recycling the 
aromatic ring. This supposition is supported by the significantly 
increased production of ethene observed due to elimination of ethyl 
sidechains. Some coke formation does occur (Table 2), but this takes 
much longer with the coke content of ZSM5-FR-673 K being only 70 % of 
that found in the fully coked catalysts generated at lower temperatures. 
That Type I coke is essentially absent from the TGA profile (Fig. 6(i)(c)) 
also indicates that the aromatic cycle remains active enough to prevent 
multiple oligomerizations until the end of the reaction run. 

The effect of the steaming at this temperature is again to suppress 
aromatic production in favour of additional cracking and the production 
of light olefins, although aromatic levels are still higher than those 
achieved at lower temperatures. The aromatic composition is also 
changed, with naphthalene production being almost completely sup
pressed and the production of benzenes with more than two substituent 
groups also being significantly reduced (Fig. 5(ii)(b)). This may be due 
to the greater ease of diffusion in de-aluminated ZSM-5 reducing the 
average residence time of benzene products within the catalyst and 
lowering the probability of further reactions [27]. Due to the lack of 
opportunities for the formation of type II coke and the high rate of 
cracking preventing Type I coke formation, deactivation of 
ZSM5-ST-673 K is minor (Fig. S12), resulting in a low final coke content 
(Table 2) and stable product levels across the entire length of the reac
tion (Fig. S12). 

The coke that does form at 673 K (Fig. 6(i)(c)) is similar to that 
generated in ZSM5-FR-573 K, with a comparable mix of mostly aromatic 
species. This suggests that there are two reactions within the hydro
carbon pool mechanism which have a key effect on the overall cycle 
chemistry: the hydrogen transfer reaction that links the alkyl and aro
matic cycles and the rearrangement/elimination reactions which 
remove groups from pool aromatic species. Each of these reactions 
require successively higher temperatures to become active and deacti
vate as the catalyst ages and cokes. This, in turn, partitions the hydro
carbon pool into three separate reaction regimes depending on which 
reaction, if any, is active: (i) the fully operating catalytic cycle observed 
at 673 K resulting in steady-state operation with low levels of coke 
production; (ii) the excess polyaromatic coking regime which ZSM5-FR- 
673 K enters in the later stages of the reaction (and where ZSM5-FR- 
573 K operates throughout) and (iii) the olefin cycle only regime 
observed for the majority of ZSM5-ST-573 K’s lifetime and for all re
actions at 473 K. 
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5. Conclusions 

The catalytic cracking reaction of 1-octene over H-ZSM-5 catalyst in 
the temperature range 473–673 K proceeds via a hydrocarbon pool 
mechanism consisting of an olefin and aromatic cycle linked by 
hydrogen transfer reactions. For all catalysts, the cracking products shift 
from a mixed aromatic-light olefins mixture, towards a purely olefinic 
product regime as the reaction proceeds due to coke formation blocking 
access to the catalytically active sites within the zeolite. The tempera
ture of reaction determines how fast this occurs, by influencing what 
coke formation routes are made available by low reaction rates in key 
steps in the dual cycle mechanism. The use of INS allows characterisa
tion of the retained coke species that remain within the zeolite in a way 
not previously realisable, assisting in the identification of two distinct 
deactivation mechanisms. Temperatures of 573 K or higher are neces
sary for the full participation of all reactions in the olefin cycle; below 
this temperature the catalyst is rapidly deactivated within minutes by 
the formation of pore-blocking alkyl species formed by multiple olefin 
oligomerizations. Similarly, the aromatic cycle does not operate at full 
efficiency below 673 K leading to excessive production of polyaromatic 
coke and the deactivation of the catalyst on a timescale of hours. 

High temperature steam treatment of the ZSM-5 (1073 K, 12 hrs) has 
the effect of removing the majority of the Brønsted acidity of the zeolite 
through hydrothermal de-alumination of the framework without 
significantly affecting the zeolite’s structural properties. While these 
conditions are somewhat removed from those used industrially 
(773–823 K, contact time 2–4 s), this accelerated aging of the catalyst 
provides an effective path to a catalyst that is more representative of the 
working, industrial material. The removal of these acid sites means that 
in ZSM5-ST the aromatic cycle is pre-emptively suppressed, and the 
reaction operates in the primarily light olefin producing regime from the 
start of the reaction, increasing the overall selectivity of the reaction 
towards ethene and propene. This ‘Gasoline-to-Olefins’ type chemistry is 
comparable to the results reported for ZSM-5 catalysts in industrial FCC 
reactors, where it is primarily used to increase the yields of propene and 
ethene [7,53]. The aromatic-based chemistry of the fresh catalyst is less 
commonly observed and is attributed to the exceptionally high acidity of 
ZSM5-FR. 

The reduction in aromatic cycle chemistry in ZSM5-ST also has the 
effect of reducing the level of coke formation in the catalyst, particularly 
at high temperatures, by inhibiting the formation of polyaromatic Type 
II coke, resulting in increased stability and operating lifetime of ZSM5- 
ST relative to ZSM5-FR. This behaviour is similar to that observed by 
Ibáñez et al. [14] for the conversion of butene over mildly steamed 
ZSM-5. In that study, the suppression of the aromatic cycle was attrib
uted to the selective removal of the strongest acid sites from the zeolite 
framework. In our case, the harsher steaming conditions employed 
resulted in a more complete removal of Brønsted acidity and shows no 
evidence of selective removal of stronger acid groups, suggesting that 
another mechanism may be responsible. Therefore, for octene cracking 
reactions catalysed by ZSM-5 zeolites both catalyst selectivity and sta
bility are increased by steam treatment and the resulting behaviour of 
the treated catalyst is more representative of ZSM-5 catalysts in indus
trial FCC use. 
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