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Abstract 
 

Pt/KL is the widely accepted catalyst for aromatizing n-hexane by 1,6 ring closure but encounters 

deactivation issues when aromatizing higher carbon-number feeds; undergoing extensive 

dealkylation to give unwanted CH4 and unselective products, as well as over-aromatization to form 

coke. Here, we report the use of a non-acidic MFI zeolite support, containing excess K+ beyond ion 

exchange capacity, well dispersed Pt, and high Pt presence inside the pores, for maximising direct 

n-alkane aromatization selectivity. TGA, catalyst deactivation studies, and characterizations show 

that the smaller pore sizes and lack of large cages in the MFI support sterically inhibit coke formation 

inside the pores (0% compared to 4.9% over Pt/KL for n-octane aromatization), which also reduces 

dealkylation of ethylbenzene and o-xylene under mild conditions to give a more selective product 

distribution, 86% selectivity by weight towards C6 ring closure compared to 27% for Pt/KL. 

Additionally, using NH3-TPD, XPS,CO-DRIFTS, and STEM, we show the contribution of excess K+ 

as an inhibitor of strong acid sites, an indirect Pt electron promoter through improving metal support 

interaction, and Pt dispersant. This work highlights the alternative use of well-understood zeolitic 

supports for the highly selective aromatization of n-heptane and n-octane by 1,6 ring closure, 

increasing the number of potential streams that can undergo direct aromatization, and providing a 

suitable alternative to Pt/KL. 
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Introduction 
 

Aromatization of alkanes is of interest because of its application in the synthesis of alternative 

valuable chemical feedstocks.1 This application is becoming more important as the world 

accelerates towards a gasoline fuel-free future, with research focuses shifting towards alternative 

energy.2 Nonetheless, effective use of alkane rich streams such as naphtha reformates3 and 

Fischer-Tropsch process products4 provides a unique opportunity to reduce fuel related pollution. 

 
Noble metal-based catalysts, nominally metallic Pt, have been thoroughly investigated for the 

aromatization of alkanes because of their high activity and unique selectivity.5-8 Since the 

1980s, Pt/KL has stood out as the most selective and active catalyst for n-hexane aromatization 

to benzene9 because of its non-acidic10 and geometric characteristics11,12 as well as its 

resistance to coke and sintering.13,14 It is well known that 1,5 and 1,6 ring closure mechanisms 

often compete during these reactions over porous heterogeneous catalysts ,15,16 with 1,6 ring 

closure being the dominant mechanism over Pt/KL.17 The reason for this has been well 

hypothesised; it has been proposed that the hexane molecule is oriented in the channels of the 

catalyst in such a way that promotes 1,6 ring closure,15 and that the Pt nanoparticle size 

contributes to the activity.18 More recently, however, Pt localization has been shown to be a 

major factor contributing to the selectivity of this catalyst.19 Although there are conflicting 

hypotheses for the selectivity of Pt/KL with n-hexane reactions, it is widely acknowledged that 

the acidity reduction is pivotal to promoting 1,6 ring closure as opposed to 1,5 ring closure and 

undesirable side reactions such as cracking and oligomerization. 

 

Miller et al. showed that excess alkali addition by impregnation, beyond the limit permitted by 

ion exchange (IE), increased 1,6 ring closure selectivity slightly (a 1,6 to 1,5 ring closure ratio 

increase from 1.0 to 1.3 for Pt/KL).12 Other works also suggest the contribution of K+ to be more 

involved than just acidity reduction, by increasing the electron density of Pt species.20 
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Despite being a suitable catalyst for the conversion of n-hexane to benzene, Pt/KL encounters 

issues when converting higher mid-range n-alkanes such as n-heptane21 and n-octane.22 

Jongpatiwut et al. showed that for n-octane, the dominant products are benzene, toluene, and 

methane23 as opposed to ethylbenzene and o-xylene (the expected products from direct 1,6 

and 2,7 ring closure respectively). This undesirable aromatic formation is postulated to be a 

result of ethylbenzene and o-xylene formation inside the channels, followed by dealkylation 

before escaping the inner pores and that this issue is coupled with quick deactivation of the 

catalyst by coking because the C8 aromatics diffuse at a slower rate from the pores (compared 

to benzene). Dealkylation can be suppressed by the addition of secondary mesopores by 

desilication in alkali media to great effect but the problem persists.14 

 
To design a catalyst capable of high 1,6 ring closure selectivities for n-hexane and high 1,6 and 

2,7 ring closure (herein combined and denoted as C6 ring closure) would give higher 

selectivities for n-heptane and n-octane without fast deactivation and in turn, broaden the ability 

of downstream refineries to produce valuable chemical precursors. It would also permit the use 

of a single catalyst for a wider process stream, reducing costs and enabling the industry to 

move away from gasoline improvement and towards chemical precursor production. The 

application of this mechanism is also more desirable for the aromatization of n-heptane and n-

octane compared to n-hexane as benzene is a human carcinogen, thus, toluene and xylenes 

are preferred.24 Herein, we demonstrate that a Pt/KMFI catalyst is capable of inhibiting 

dealkylation and coking mechanisms while increasing C6 ring closure selectivity for C7 and C8 

n-alkane aromatization reactions compared to Pt/KL. This effect is pronounced further still by 

the placement of excess potassium on the catalyst during synthesis. The resulting catalyst is 

then subjected to extensive intermediate studies to elucidate a detailed reaction mechanism for 

the aromatization of n-alkanes. 
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Support modification to inhibit dealkylation, a comparison of Pt/KL and Pt/KMFI 
 

The biggest issue affecting the performance of Pt/KL catalysts is accelerated deactivation when 

reforming higher carbon number hydrocarbons (>C6). This occurs through dealkylation of 

desired products and subsequent formation of coke precursors/components. Dealkylation is 

believed to occur for these higher-end hydrocarbons because of the unidimensional pores of L 

zeolite, resulting in poor diffusivity as products escape the pores25 and allowing the formation of 

polycyclic hydrocarbons which are known precursors to coke. As mentioned earlier, desilication 

and dealumination of zeolites to increase mesoporosity is marginally effective at increasing 

diffusivity in such supports but this is not always the case and a more elegant solution is 

needed. MFI zeolite is also subject to coking, but the majority occurs on the external surface 

because the pores are too small (0.53 nm) for polycyclic hydrocarbons to form and, in turn, act 

as coke precursors. It also has 3D interconnecting channels, allowing alternative routes for 

reactants and products to enter and escape the pores respectively. This leads to much 

improved diffusion through the pores, unlike the restricting unidimensional pores of L zeolite. 

 
To test this theory: n-hexane, n-heptane, and n-octane were subjected to aromatization reactions 

over Pt/KL and Pt/KMFI (K+ loaded by IE) catalysts and selectivity towards C6 ring closure was 

compared (Fig. 1). Detailed product distributions of these reactions are shown in Table S4. Pt was 

loaded as 1 wt% nominal by incipient wetness impregnation (IWI) and this loading was used 

throughout this work and confirmed by ICP-OES (Table S1.). N2 physisorption analysis of the 

catalysts confirmed the typical pore volume and surface area values for both L and MFI zeolites 

discussed earlier (Figure S1 and Table S2). Potassium coordination comparisons between KL and 

KMFI supports were made using X-ray Absorption Spectroscopy at the potassium K-edge (Figure 

S2) to confirm K positioning in L zeolite cages after synthesis and sole K positioning at the IE sites of 

the MFI support. X-ray diffraction patterns (XRD) also confirmed the correct structure of synthesized 

MFI supports (Figure S3). n-hexane aromatization reactions yielded 
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similar C6 ring closure selectivities for Pt/KL and Pt/KMFI catalysts (49% and 50% respectively). This 

is because the stability and smaller size of benzene would not result in dealkylation and so the effect 

of support for inhibiting this undesirable reaction is not seen. However, Pt/KMFI showed significantly 

improved C6 ring closure selectivity when n-heptane and n-octane were charged (61% and 71% 

respectively compared to corresponding Pt/KL selectivities of 36% and 27%). A significant reduction 

in dealkylation, 73% and 60% reduction for n-heptane and n-octane reactions respectively, is 

successfully observed when compared to Pt/KL. All reactions were conducted at conversions 

between 21% and 28% to confirm the contribution of catalysts and basic depictions of the reactions, 

using n-octane as an example, are given (Figure S4). The reaction data for Pt/KL and Pt/KMFI when 

aromatizing C6-C8 n-alkanes is also shown as TOF (Fig. 1b) to exemplify the amount the of catalyst 

loaded for each reaction, where TOF is defined as the moles of n-alkane consumed per mole of Pt 

per hour. These data show that for n-hexane, n-heptane, and n-octane, Pt/KMFI exhibits higher 

TOF’s than Pt/KL in all cases, 1300, 1160, and 908 respectively. 

 
Catalysts were subject to Thermogravimetric Analysis-Differential Scanning Calorimetry (TGA-DSC) 

post reaction with n-alkanes to identify the nature of deposited species resulting from reaction 

(Figure S5). Pt/KMFI with n-octane shows a 1.2% mass loss at 337°C which is indicative of 

amorphous carbon and easily removable coke on the external surface of the catalyst.26 This peak is 

witnessed for all n-alkane reactions over Pt/KMFI. Inactive coke species are witnessed in abundance 

(4.9% mass loss) on Pt/KL catalyst over n-octane at temperatures >500°C, typical of internal pore 

coking formed via polycyclic hydrocarbon precursors. This supports previously discussed 

experimental data where higher levels of dealkylation are observed over Pt/KL catalyst for n-octane 

reactions compared to Pt/KMFI. The same trend is seen for n-heptane although coking is reduced 

on both catalysts. Interestingly, the reduction in carbon deposition from n-octane to n-heptane over 

Pt/KL is 63%, similar to the 66% reduction in dealkylation products seen when making the same 

comparisons. Finally, the reaction over n-hexane shows us negligible 
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mass loss over the Pt/KL catalyst where no dealkylation products were observed. Combining 

these observations, it is reasonable to suggest that the level of dealkylation is directly related to 

the level of coking in Pt/KL catalysts, i.e. higher levels of dealkylation result in higher carbon 

deposition inside the pores. This suggestion is in agreement with the recognised dealkylation 

pathway of xylenes and toluene, reported to involve alkyl carbenium ion species capable of 

initiating coke formation by oligomerization, C6 ring closure, and aromatization of alicyclics.27 

The peaks at 250°C, present on both catalysts, are due to a combination of remaining products 

adsorbed on active sites of the catalyst and the desorption of strongly adsorbed H2O in the 

intricate pores which are easily adsorbed when exposed to the atmosphere.28 The larger H2O 

removal peak for Pt/KMFI could be a result of greater affinity to the MFI zeolite compared to L 

zeolite. 

 

As well as being unidimensional, the channel structure of zeolite L (0.71 nm) contain cages (1.13 

nm) which provide ample room for larger molecules to form, unhindered by steric constraints. We 

propose that these cages are large enough to allow polycyclic hydrocarbon formation which cannot 

escape the narrower channels because of the restrictive nature of the channel and single-file 

diffusion.29 As carbon deposition occurs (resulting from dealkylation of product species), it builds up 

and partially blocks the pores, continuing to do so as the reaction proceeds. In contrast, MFI has 

smaller pore diameters than L zeolite. It is widely known that MFI catalysts show predominant 

carbon deposition on the external surface30,31and have greater diffusion efficiency because of 3D 

channels. These two attributes are demonstrated here; with reduced coking due to narrower pore 

diameters, which do not allow large polycyclic species to form in the pores, and reduced dealkylation 

of toluene and ethylbenzene/o-xylene for n-heptane and n-octane reactions respectively. We 

suggest that small levels of dealkylation still occurs over the Pt/KMFI catalyst due to the smaller pore 

sizes, however, the absence of both strong Brønsted acid sites and high H2 partial pressures 

prevents secondary dealkylation reactions and thus may suppress coke 
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formation inside the pores.32 The aromatization of n-alkanes (C6-C8) with Pt/KMFI is shown to be 

significantly more effective than that over Pt/KL and dealkylation is shown to be directly related to 

coke formation inside the pores of Pt/KL catalysts. This is likely a result of active alkyl radical 

formation during dealkylation; species that are prone to polymerize and subsequently form coke.33 

 

Effect of Pt localization and reduction 
 

For the previous reactions and hereafter, Pt was loaded to the supports by IWI using a modified 

procedure from Graaf et al. reported to promote Pt localization within the micropores of MFI34 

(Figures S6c and S6d). To demonstrate the importance of both Pt location and oxidation state, an 

alternative Ion exchange synthesis method was used with the absence of a reduction step.35 This 

resulted in poor dispersion and heavy Pt loading on the external surface of the support (Figures S6a 

and S6b). It should be noted that the only change in the synthesis was through the Pt loading 

technique, support synthesis to achieve KMFI was identical for both catalysts. The resulting Pt/KMFI 

(Pt-IE) catalyst was subsequently subjected to the same reaction as those shown in Fig. 1 and 

compared to its Pt/KMFI (Pt-IWI) counterpart (Fig. 2a.) engaged in the aforementioned reactions. 

Detailed product distribution for the Pt/KMFI (Pt-IE) reaction is shown in Table S5. The nature of the 

Pt particles was found to have a significant effect on the performance when aromatizing n-octane. 

The Pt/KMFI (Pt-IE) reaction witnesses pre-isomerisation and cracking which is not seen over 

Pt/KMFI (Pt-IWI). It should be noted that the Pt/KMFI (Pt-IE) catalyst was far less active than 

Pt/KMFI (IWI), requiring greater than a two-fold increase in catalyst weight loading to achieve a 

similar conversion (19% and 25% respectively). This poor catalytic performance may be a result of 

the significantly increased particle sizes and poorer dispersion in comparison to the Pt/KMFI (Pt-IWI) 

catalyst. Furthermore, the observed reduction in aromatic selectivity over Pt/KMFI (Pt-IE) could also 

be a result of heavy Pt clustering on the external surface as opposed to finely dispersed Pt 

nanoparticles which can potentially localize inside the pores. Analysing the Al 2p and Pt 4f regions of 

the catalysts using X-ray 
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photoelectron spectroscopy (XPS) allows the identification of species’ electronic states in detail 

(Fig. 2b.). Pt/KMFI (Pt-IWI) shows a large peak at 74.17 eV which, upon deconvolution, reveals 

the Al 2p and Pt0 4f5/2 contributions and a third peak (Pt0 4f7/2) is noted at 70.62 eV.36,37 This 

confirms the presence of metallic Pt species on this catalyst. Additionally, no peaks attributable 

to oxidized Pt species were observed for Pt indicating that metallic Pt is the predominant 

species, in agreement with STEM observations. Notably, the XPS spectrum of Pt/KMFI (Pt-IE) 

contains multiple peaks attributed to both metallic and higher energy, oxidized Pt species. 

Indeed, there are distinct peaks at 77.51 eV, 75.37 eV, and 71.99 eV which are attributed to Pt* 

4f5/2, Pt2+ 4f5/2, and Pt2+ 4f7/2 subshells respectively.38 The Pt* species are likely Pt4+. 

 
Investigating the effect of Pt localization and chemical state of these two catalysts has revealed 

that the favored Pt/KMFI (Pt-IWI) catalyst preferentially loads Pt nanoparticles <2 nm in size 

with high concentrations of Pt single atoms and clusters, and high dispersion. The importance of 

these characteristics cannot be underestimated as well dispersed metallic Pt nanoparticles are 

the active species for catalyzing our target reactions6 and aromatization is enhanced inside the 

pores, allowing steric hinderance to promote cyclization. Such small Pt nanoparticles increases 

the possibility for localizing inside the pores as opposed to the formation of large clusters which 

are far larger than the pore diameters themselves. 

 

Potassium influence on acidity of MFI support 
 
 

Having investigated the effect of Pt dispersion on the aromatization of n-alkanes, we move to 

demonstrate the three-fold effect (acidity reducer, dispersant, and electron-enriching of Pt 

species) that K has in promoting these reactions starting with its effect on acidity. When MFI 

supports are subject to ion exchange with K salt precursors (usually KCl or KNO3), it is often at 

low dilutions to avoid adversely affecting the support. Despite the user often employing multiple 

exchanges, it is unlikely that all the hydrogen occupied acid sites are replaced by K, leaving the 

catalyst slightly acidic and aromatization reactions likely to see by-products resulting from 
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cracking, oligomerization, and C5 ring closure.39-41 In order to make further improvement, we 

optimise the catalyst by loading K in excess of the IE limit by the application during synthesis (K was 

added to precursor mixture prior to hydrothrermal synthesis of MFI support to achieve desired 

mgK/gcatalyst). KCl was the neutral salt used to avoid desilication of the support during synthesis.42 

Nominal loadings of 10, 20, 30, 40, 50, and 60 mgK/gcatalyst were used and actual loadings shown 

by inductively coupled plasma-optical emission spectrometry (ICP-OES) (Table S1). Pt was then 

applied by IWI to achieve a 1 wt% loading, as in all cases during this work, and the catalysts named 

as Pt/KMFI (KX-10), (KX-20), (KX-30) etc. Reactions equivalent to the previous examples with n-

octane were then conducted on all 6 of the KX catalysts and compared to the previously used 

Pt/KMFI (where K was loaded by IE) and Pt/MFI (H-type MFI with no K addition) (Fig. 3). Although 

Pt/KMFI showed reduced dealkylation compared to Pt/KL, the undesirable effect is further reduced 

when K is loaded in excess. However, the K amount must be above 20 mgK/gcatalyst to have a major 

effect on the product distribution and to avoid cracking and oligomerization as shown by the 

formation of other aromatics and alkenes over the catalyst (Fig. 3a). Pt/KMFI (KX-10) shows activity 

more indicative of bifunctional Pt/MFI over n-octane where excessive cracking and undesirable side 

reactions occur. As 10 mgK/gcatalyst is far below the point of saturation for IE (theoretical saturation = 

38.8 mgK/gcatalyst for a SiO2:Al2O3 MFI support of approximately 30), we can safely assume that the 

catalyst has not achieved full IE and the presence of Brønsted acid sites are still influencing the 

reaction. The ideal nominal K loading from these reactions over n-octane is shown to be the 40 

mgK/gcatalyst as C6 ring closure gradually increases up to this point (peaking at 86 wt% selectivity) 

and shows reduction beyond it. Dealkylation selectivity shows the reverse trend. The performance of 

these catalysts, taking into account the catalyst loading, is shown in Fig. 3c. The productivity of the 

Pt/KMFI (KX-40) catalyst is the highest (38.9 moles of C6 ring closure product/kg catalyst/h), likely 

owing to it’s superior selectivity. See Figure S7 for information on the nominal, actual, and 

theoretical maximum loading of K to these series of catalysts and Tables S6 and S7 for detailed 

product distributions. 
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NH3-TPD profiles were obtained (Fig. 4) to show the contribution of acid sites over Pt/MFI, 

Pt/KMFI, and Pt/KMFI (KX-40) catalysts. Pt/MFI demonstrates the strongest acidity with an 80% 

‘difficult desorption’ contribution at 396°C attributed to Brønsted acidity. With the addition of K by 

IE (Pt/KMFI) these sites are significantly reduced, and the desorption temperature lowered by 

74°C (from 396°C to 322°C). The weaker acid sites shown by facile desorption of NH3 species 

at 226°C are enhanced. Acidity of the Pt/KMFI (KX-40) catalyst is almost completely reduced 

and all acid sites are attributed to facile desorption (241°C). This supports the experimental 

observations where K on the IE catalyst has saturated most of the strong acid sites responsible 

for cracking, oligomerization, and C5 ring closure but is still not able to achieve full saturation as 

is the case for the Pt/KMFI (KX-40) catalyst. 

 
The deactivation of Pt/KMFI (KX-40) was assessed and compared to that of Pt/KL by reaction of 

n-octane under nitrogen at 400°C for 30 mins. As these reactions were conducted in batch-

mode. Catalysts were washed with acetone after reaction and dried in static air at 80°C 

overnight before being re-used for the same reaction. This was conducted for 4 sequential 

recycles with the results shown in Fig. 3d. Pt/KMFI (KX-40) shows initial high productivity (mol 

C6 ring closure product/kg catalyst/h) as noted earlier but quickly drops to 25.97 productivity 

followed by stable performance thereafter. This initial drop in performance is attributed to minor 

loss of K+ species after the first recycle (Table S1). Pt/KL shows a different trend where intial 

productivity is 7.63, followed by a steady decline for all subsequent recycle runs where it stops 

at 1.22. This steady deactivation is likely due to heavy coke formation inside the pores which 

continues to build after each reaction. The C6 ring closure yield as a function of WHSV for (5, 

10, and 20 g g-1 h-1) Pt/KL and Pt/KMFI (KX-40) catalysts are also provided when reacted with 

n-octane. Results demonstrate lower C6 ring closure yields of 8.99, 7.43, and 5.21 wt% for 

Pt/KL and 20.74, 20.64, and 17.75 wt% for Pt/KMFI (KX-40) at respective WHSV’s (Figure S8). 

 

Potassium as a promoter to Pt nanoparticles 
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Strong metal support interactions (SMSI’s) are commonly attributed to reducible supports such as 

TiO2 and metal particles like Pt that are larger than 2 nm in diameter.43,44 However, recent studies 

acknowledge the role that SiO2 and Al2O3 can play when affecting the electronic properties of 

metals such as Pt by doping with reducible oxides.45 Despite this, metal support interactions can still 

be witnessed over non-reducible supports without the addition of reducible oxides such as those 

used here.46 Here we show that the addition of K to the support, MFI, can further improve the 

electronic properties of the active Pt species. XPS studies (Fig. 5a) show that upon addition of 

potassium, there is a significant negative shift in binding energies from 74.48 eV to 73.77 eV and 

from 71.13 eV to 70.42 eV for Pt0 4f5/2 and Pt0 4f7/2 subshells respectively, indicating the formation 

of Ptδ- species upon addition of K to the support. The shift to lower binding energies marginally 

increases upon further addition of K when comparing Pt/MFI, Pt/KMFI, and Pt/KMFI (KX-40); 

suggesting an interaction between K and support to subsequently enrich the active Pt species with 

electrons. The complete raw, simulated, and Al 2p contributions for these samples and C 1s 

calibration peaks are shown in Figure S9. H2-TPR analysis of Pt/MFI and Pt/KMFI (KX- 

 
40) also showed a possible interaction between Pt and the support as a result of K presence 

(Figure S10). 

 
As a sensitive probe to identify the nature, size, location and the exposed sites of the metal particles 

in the zeolite, IR spectra of CO chemisorption has been extensively used.47,48 Fig. 5b shows the 

ones collected over Pt/KMFI and Pt/KL catalysts. For Pt/KL, absorption bands were observed in two 

regions: 2000-2150 cm-1 and ca. 1780 - 1880 cm-1. These are due to linearly-coordinated and 

bridged CO species, respectively.49-51 In the case of Pt/KMFI, the linear region is made up of 

several species at ca. 2105, 2080, 2060 and 2030 cm-1.47 It has previously been reported that the 

species at ~2080 cm-1 is due to CO adsorbed on Pt0 nanoparticles, while species at 2105 cm-1 have 

been assigned to small clusters of cationic Pt atoms.52 Figure S11 shows the spectra of Pt/MFI and 

Pt/KMFI catalysts. Pt/MFI features bands associated with Pt nanoparticles 

 

12 
 



Page 13 of 47 
 

 

1  
2  
3  
4  
5  
6  
7  
8  
9  
10  
11  
12  
13  
14  
15  
16  
17  
18  
19  
20  
21  
22  
23  
24  
25  
26  
27  
28  
29  
30  
31  
32  
33  
34  
35  
36  
37  
38  
39  
40  
41  
42  
43  
44  
45  
46  
47  
48  
49  
50  
51  
52  
53  
54  
55  
56  
57  
58  
59  
60 

 
 
 
 
 
 

while Pt/KMFI exhibits a shoulder at ca. 2120 cm-1 which is likely to due to small clusters of Pt 

cations,52 further indicating that the addition of K is capable of increasing the dispersion of Pt on 

MFI supported catalysts and that this effect is not exclusive to LTL type zeolites. 

 

Typical spectra of CO adsorbed on Pt/KL is characterized by bands in the region 2150 – 1900 

cm-1 and have been widely reported.51-55 It was reported by Han et al. that the frequency of the 

bands depends on the location of Pt on the zeolite: Bands below 2050 cm-1 were assigned to Pt 

clusters located inside the channels of the L zeolite, and the band between 2050 and 2075 cm-1 

related to larger Pt clusters located at the pore mouth of the L zeolite. Additionally, bands above 

2075 cm-1 represent Pt clusters located outside the L zeolite pores.56 

 
Fig 5c. shows the infrared spectrum of adsorbed CO on a set of potassium-exchanged catalysts 

with K concentrations ranging from 10 – 60 mg/g. At the lowest potassium concentration, the 

infrared band for CO adsorbed on platinum consists of a main peak centred at 2073 cm-1 and 

shoulders at 2105, 2020, 2000 and 1970 cm-1. This dominant absorption band is typical of CO 

adsorbed on other conventional catalysts such as Pt/SiO2 and Pt/Al2O3.47,55,57 

 
As the concentration of the exchanging alkaline cation was increased by 10 mg/g increments, 

the band at 2070 cm-1 decreased in intensity and shifted to 2063 cm-1 meanwhile the bands at 

lower frequencies increased in intensity. The shoulder at 2105 cm-1 remained, and new bands 

appeared at 2082, 2063 and 2030 cm-1. For Pt/KMFI (KX-10), the CO additional adsorption 

peaks were absent except for the peak centred at 2073 cm-1, which indicates that the Pt 

environment in Pt/KMFI (KX-10) is different from that in the other catalysts. 

 

It is noteworthy to compare the variations of the positions of the bands at 2063 cm-1 and 2030 

cm-1 with increased K concentration. The continuous decrease in the intensity in the 2063 cm-1 

peak and subsequent increase in the intensity in the peak at 2030 cm-1 is entirely attributed to K 

concentration. This high number of absorption bands reveals the presence of a variety of Pt 
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species. According to previous literature,48,58 the band at 2030 cm-1 can be attributed to small 

Pt particles inside the zeolite channels while the accompanying band at 2063 cm-1 can be 

attributed to Pt particles on the outer zeolite surface, although this is not direct evidence of Pt 

particles inside the zeolite channels. The blue shift in the stretching vibration frequency of CO 

adsorbed on these particles results from the decrease of the electron density on the particles 

due to an interaction with strong Brønsted sites of highly acidic MFI zeolite (Figure S11).58,59 A 

concurrent shift in the centred adsorption peak is also suggestive of an attractive ion-dipole 

interaction whereby the basic promotor facilitates the chemisorption of CO on the Pt 

particles.55,60 The marked redshift of the linear CO adsorption bands is attributed to an increase 

of electron density on these particles. An analogous effect is observed in alkaline and alkaline 

earth metal exchange Pt/BaL zeolite catalysts and Pt/Y zeolite catalysts whereby infrared bands 

corresponding to CO adsorption shifted up in frequency with increased acidity of the support.61 

It is also noteworthy that a change in the ratio of absorption bands attributed to small Pt 

particles in the zeolite channel (2030 cm-1) and Pt particles on the outer zeolite surface (2060 

cm-1) was seen as as a function of Pt loading technique (IWI vs IE) (Fig. 5d). This is in 

agreement with STEM images observations of these two catalysts (Figure S6). 

 

The bare supports did not adsorb CO and no absorption bands were observed in the spectral 

region 1750- 2150 cm-1, confirming that the observed absorption bands in the Pt catalysts 

originate from CO adsorbed on Pt, not the support (Figures S11-S14).62 

 
Pt/KMFI catalyst was further investigated via STEM (Fig. 6a-d). Pt particles are highly dispersed and 

have a narrow size distribution, indeed, Pt nanoparticles are <1 nm in diameter and no large (>5 nm) 

clusters were found on the catalyst. Isolated clusters of cationic Pt atoms on the channel wall are 

also observed. Pt nanoparticles are notably out of focus despite the electron beam being focussed 

on the top surface of the zeolite, furthermore, the b-axis of the MFI framework is clearly visible. 

These images indicate that Pt nanoparticles are inside the zeolite pores but not in the 
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straight channel along the b-axis, this observation is in agreement with our conclusions drawn 

from CO-DRIFTS analysis. Near identical observations are noted for Pt/KMFI (KX-40) (Figure 

S15). Crucially, in the absence of K, the spatial distribution and dispersion of Pt is greatly 

affected. STEM images of Pt/MFI clearly show large quantities of Pt clusters with >1 nm 

diameter on the outer surface of the zeolite and particularly undeseriable Pt agglomerates (>10 

nm) are also seen (Figure S16). Furthermore, the Pt loading technique and heat treatment of 

Pt/KMFI and Pt/MFI were identical, highlighting the importance of K in dispersing and stabilizing 

Pt nanoparticles. Importantly, our STEM images mirror the observations of Liu et al. who, using 

STEM-iDPC techniques, have recevently demonstrated the preferred localization of 

subnanometer Pt clusters in the sinusoidal channels of purely siliceous MFI, stabilized by K+ 

species.63 We propose the same effect in this system where Pt is localized predominantly inside 

the pores, evidenced by no agglomeration on the external surface of Pt/KMFI. 

 
We therefore reasonably propose that through careful K addition at an optimum concentration it 

is possible to load and stabilize small (<1 nm) Pt species primarily within the MFI pores, 

resulting in superior catalytic performance. 

 

Mechanistic pathways of n-alkane aromatization 
 

The effect of support, Pt localization and oxidation state, and K on the C6 ring closure and 

dealkylation selectivities of these catalysts have been shown in the previous sections. The involved 

surface reaction mechanism will be of great interest for next investigation. Based on previous 

works41 and the knowledge that alkenes are undoubtedly intermediates when moving from n-

alkanes to aromatic hydrocarbons under non-oxidative conditions; we move to study varying alkene 

species under the same reaction conditions as before. Straight-chain monoalkenes, straight-chain 

dienes, and cyclic monoalkenes at different chain lengths (C6-C8) are examined to elucidate the 

possible reactive intermediates. Given the elevated activity of these species compared to n-alkanes, 

the conversions of these alkene reactions were kept between 
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60% and 70% as opposed to n-alkane reactions where conversions were maintained between 

20% and 30%. Otherwise, conditions were the same as before (400°C, 145 psig initial N2, 30 

min reaction time). An understanding of the reaction mechanism is focused on the optimized 

Pt/KMFI (KX-40) catalyst, whose characteristics for superior performance are shown in the work 

leading up to this section, with comparisons drawn against Pt/MFI for clarity. 

 

Reaction pathways of terminal straight-chain monoalkenes over Pt/KMFI (KX-40) and 
 

Pt/MFI 
 

1-hexene and 1-octene were tested to see the product distribution over Pt/MFI and Pt/KMFI (KX-40). 

This is displayed in terms of reaction type to more clearly demonstrate the different reaction 

pathways (Figures S17-S18). Significantly enhanced double bond isomerization selectivity is 

observed over Pt/KMFI (KX-40) for both alkene feedstocks at 81.6 % and 78.4 % for 1-hexene and 

1-octene reactions respectively. Zaera and co-workers have reported the unique capability of 

Pt(111) surfaces to catalyse the isomerisation of trans-alkenes to the more unstable cis-isomers,64 

echoed by our present experimental observations. As Pt/KMFI (KX-40) has negligible acidity and Pt 

is of relatively low valency, we suggest terminal alkene isomerization by the π-allyl mechanism. 

Furthermore, this mechanism results in a net zero change of Pt oxidation, as seen in our system, 

which results in double bond isomerization of the terminal alkene by addition and β-hydride 

elimination, followed by 1,3-H shifts.65-68 There is much conflict in the literature as to the nature of 

this mechanism and so the one proposed here is tentative.69 

 
The more ‘chaotic’ selectivity seen over Pt/MFI is typical of acidic catalysts which promote side 

reactions such as cracking and oligomerization,70 47.2 % and 30.7 % respectively for 1-hexene, and 

66.9 % and 15.2 % for 1-octene. Skeletal isomerization only occurs over the Pt/MFI catalyst, a 

process that is also facilitated by the presence of strong acid sites.71 The reduced skeletal 

isomerization selectivity for 1-octene reactions compared to 1-hexene over Pt/MFI suggest that the 

larger molecule encounters spatial difficulties during skeletal isomerization.72 The summary 
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for the reaction of terminal alkenes over Pt/KMFI (KX) is that the catalyst is incapable of 

aromatizing these species and that they are thus probably not intermediates for the reaction of 

interest, the aromatization of n-alkanes. Furthermore, despite spatial constraints within the 

pores, the cyclisation reaction does not proceed. 

 

Reaction pathways of straight-chain isolated dienes over Pt/KMFI (KX40) and Pt/MFI 
 

Both catalysts exhibit similar selectivity by reaction type over 1,5-hexadiene (Figure S19), resulting 

in large amounts of oligomerization products which have carbon number greater than that of the 

original reactant. Recalling that cyclic species with a carbon number higher than 6 for the 1,5 

hexadiene reactions are considered as oligomerization products, it is necessary to show the 

composition of this fraction (Figure S23). This shows that of the oligomerization products for 1,5 

hexadiene reactions, 84.6% can be attributed to cyclic species when Pt/KMFI (KX-40) is used, and 

80.8% for the Pt/MFI catalyst; similar distributions. Brønsted acid sites are known to be preferable 

sites to catalyse cyclisation in such systems through carbenium ion chemistry,73 concluding that 

dienes are precursors for cyclisation for bifunctional catalysts, as seen in our data. Aromatization 

does not occur when isolated dienes are employed, contrary to a conjugated diene (Figure S24), 

this confirms the suspected mechanism in the Pt/MFI system. However, for the monofunctional 

Pt/KMFI (KX-40) system, aromatics are still not observed in the product, regardless of the diene 

being conjugated or isolated. This indicates the occurrence, for n-alkane reactions over Pt/KMFI 

(KX-40), of a direct C6 ring closure on Pt followed by subsequent C-H bond ruptures as the 

metallocycle is dehydrogenated to aromatics. This mechanism would not occur if the intermediates 

were straight chain alkenes such as those shown in this work: monoalkenes, isolated dienes, and 

conjugated dienes. The formation of higher carbon number cyclic species than that of the reactant 

for 1,5-hexadiene reactions (Figures S19) was explained by Joshi et. al, who demonstrated the 

significantly lower energy barrier required to cyclise C8 dienes compared to that of C6 dienes 

because of the more stable secondary carbenium transition 
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state compared to the primary carbocationic transition state seen for C6 dienes.74 This 

phenomenon also demonstrates the possibility of such reactions over monofunctional Pt sites. 

Regardless of the mechanism of diene cyclisation over Pt/KMFI (KX-40); straight-chain dienes 

are clearly not intermediates for the desired C6 ring closure and aromatization of n-alkanes, 

whose mechanism is displayed in more detail hereafter. 

 

Reaction pathways of cyclic monoalkenes over Pt/KMFI (KX-40) and Pt/MFI 
 
 

It is widely acknowledged that skeletal isomerisation and oligomerization of cyclic alkenes such 

as cyclohexene occurs over acid sites as witnessed over the Pt/MFI catalyst here (Figure S21). 

However, our Pt/KMFI (KX-40) system shows significant amounts of cyclic isomers when 

cyclohexene is reacted,with 28% selectivity towards methyl cyclopentene (Figure S22). This 

interesting reactivity suggests that the rings are opened and undergo C5 ring closure to form 

these species. Flaherty et al. demonstrated with vibrational spectra and DFT calculations that 

sp2 hybridised carbons in cycloalkanes bind to metals at temperatures >500 K (our system 

operates at 673.15 K) followed by C-C bond cleavage.75 This explains the unexpected ring-

opening observed over Pt/KMFI (KX-40) for cyclohexene and methylcyclohexene reactions. To 

further support this experimentally, we show that the reaction of cyclohexane over the 

monofunctional catalyst results in an almost pure benzene product, 97%, (Table S3), indicating 

that the absence of sp2 hybridised carbons does not allow the C-C bond cleavage to occur. 

Bifunctional Pt/MFI yields a characteristic distribution of oligomerization products for all alkene 

feeds whilst low selectivity towards aromatic products is noted over Pt/KMFI (KX40) (Figures 

S17-S24, Tables S8-S14). Importantly, this is contrary to our observations with alkane feeds 

where Pt/KMFI (KX40) yields almost exclusively direct C6-ring closure aromatics. Our data 

therefore strongly indicates that free alkene species are not involved as intermediates in the 

formation of C6-ring closure products over Pt/KMFI (KX40). 
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Assement of intermediates and the positive influence of microporosity 
 

Intermediate species were further assessed by conducting reactions at 4 different temperatures 

(300, 350, 375, and 400°C) and quenching immediately upon reaching those temperatures. This 

process was evaluated for Pt/MFI (Fig. 7a) and Pt/KMFI (KX-40) (Fig. 7b), with yields of the 

Pt/KMFI (KX-40) catalyst shown in Fig. 7c. These data indicate early isomerization of n-octane 

over Pt/KMFI (KX-40) at lower temperatures; isomerization is known to occur at lower 

temperatures,76 even over metal sites.77 Upon reaching 375°C, aromatization takes place and 

by 400°C, aromatization is the dominant reaction. These results support a direct C6 ring closure 

mechanism over one active site with no desorption of intermediates, ie. The reaction occurs in a 

series of steps over the same active site. This one-step mechanism is also well documented 

and supported in the literature for supported non-acidic Pt catalysts.16 A Pt on non-acidic γ-

Al2O3 catalyst was prepared in an analogous manner to Pt/KMFI (KX-40). The textural 

properties of the catalyst were investigated by N2 physisorption and n-octane aromatization 

performance was evaluated (Table S2 and Figure S25). The results demonstrate that external 

surface area is comparable and no micropores are present on Pt/γ-Al2O3. Given the change in 

total surface area, 0.5 wt% Pt was loaded to γ-Al2O3 to ensure a fair comparison. These data 

show n-octane isomerization occurs over the Pt/γ-Al2O3 catalyst, highlighting the importance of 

microporosity and shape selectivity for direct C6 ring closure and inhibition of n-octane 

isomerization. It should be noted that C6 ring closure does not occur solely within the 

micropores, evidenced by a significant amount of C6 ring closure products over Pt/γ-Al2O3, in 

agreement with the literature.78 These data suggest that the micropores of Pt/KMFI (KX-40) are 

vital to providing the necessary steric hinderance to maximize ring closure products and to avoid 

formation of straight-chain alkane isomers. 

 

The complete mechanism for n-alkane aromatization over Pt/KMFI (KX) 
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By combining the observations made here we can conclude that the C6 ring closure mechanism for 

n-alkanes (n-octane is given here as an example) occurs through the following mechanism over 

Pt/KMFI (KX-40) (Fig. 8): The terminal methyl of n-octane approaches Pt cluster to which the sp3 

hybridised carbon binds, steric hinderance of the inner pore forces the opposite terminal methyl 

group towards the same Pt cluster. However, formation of a C8 metallocycle is unfavourable 

compared to the most stable C6 metallocycle, assisted by puckering. 2,7 ring closure can also occur, 

to a lesser extent as the C2 in n-octane, although less likely to bond to the Pt cluster than terminal 

methyls, is still preferable over other carbons. The resulting C6 bimetallocycle, formed over Pt 

nanoparticles undergoes subsequent dehydrogenation to form a bimetallo-ethylcyclohexene 

followed by bimetallo-ethylcyclohexadiene and finally a bimetallo-ethylcyclohexatriene. Note that all 

these steps occur on the same site and no desorption and readsorption is thought to occur due to 

the absence of cyclopentenes in the product, which would form if the ethylcyclohexene were to 

desorb and readsorb as shown in the previous subsection. Furthermore, the absence of free 

intermediates in the product stream of low temperature reactions strengthens this hypothesis. 

Finally, the species becomes unbound from the Pt cluster to give the final product, ethylbenzene, or 

o-xylene if 2,7 ring closure has occurred. We reiterate that there are thought to be no gas phase 

intermediates during this process and that the aromatization of n-alkanes likely occurs over the 

same Pt nanoparticles for the duration of the reaction. However, a detailed kinetic investigation 

outside of the scope of the current work would be required to confidently confirm the reaction 

pathway of n-octane aromatization over Pt/KMFI (KX-40). The role of excess K as demonstrated in 

the previous sections of this work is proposed to ensure complete removal of acid sites, affect the 

support to create a stronger Pt support interaction, and to aid dispersion of Pt clusters. Our proposed 

mechanism and experimental data agree with the work of Somorjai and co-workers, who concluded 

that in the absence of excess hydrogen, hexane undergoes direct 1,6 ring closure over Pt (111) 

surfaces.79 Furthermore, the authors provide spectroscopic evidence that the mechanism first 

proceeds through a π-allyl type 
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cyclohexane intermediate followed by irreversible dehydrogenation steps yielding benzene as the 

final product. The observed presence of dealkylation products is reasoned due to larger Pt clusters 

located primarily on the outer surface of the zeolite i.e. not within the pores. It is known that Pt 

nanoparticles loaded on non-acidic supports are capable of catalysing a variety of reactions when n-

alkane feed is introduced, even in the absence of a porous structure such as that of zeolite LTL or 

MFI.80 However, the presence of unwanted by-products such as alkenes, benzene and i-alkane 

isomerisation products are still noted, even over our optimized Pt/KMFI (KX-40) catalyst. Notably, 

selectivity towards such dealkylation products decreases with improved Pt dispersion and spatial 

distribution (Fig. 3). We therefore reasonably propose that, for Pt/KMFI catalysts, direct 1,6-direct 

ring closure occurs over small (<2 nm) nano clusters located primarily within the channels of MFI. 

Dealkylation is thought to be promoted by larger Pt clusters (>2 nm) which are primarily located on 

the external zeolite surface i.e. outside the pores. 

 

Conclusions 
 

We have reported the application of an MFI support loaded with K in excess beyond the IE limit and 

loaded with Pt by IWI for direct n-alkane aromatization through C6 ring closure. This catalyst 

exhibited a high C6 ring closure selectivity for n-octane, 86% compared to 27% over Pt/KL under 

equivalent conditions. The level of dealkylation was also reduced from 45% to 11% and is directly 

related to the level of carbon deposition inside the pores. This activity is attributed predominantly to 

the pore morphology where the lack of cages and single channels prevent heavy coking inside the 

pores, inhibit pore blocking, and promote easy diffusion of the C6 ring closure products back to the 

gas phase during reaction. By adding potassium in excess beyond the IE limit; strong acidity is 

completely reduced, electron density of Pt particles is increased due to improved SMSI, and the 

dispersion of active Pt clusters is increased. Furthermore, Pt localization in the sinusoidal channels 

of MFI is strongly indicated by STEM. All these factors aid in promoting the desired C6 ring closure 

mechanism for n-heptane and n-octane, in turn, eliminating inactive coke formation 
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and significantly enhancing catalyst lifetime. The mechanism for the acidic Pt/MFI and perfected 

Pt/KMFI (KX-40) systems is briefly considered and supported in the literature to further 

understanding of the C6 ring closure mechanism through a bimetallocycle. This work highlights 

the effective use of a more economically favourable support for the highly selective 

aromatization of n-alkanes, increasing the potential for chemical feedstock production from the 

petrochemical industry as opposed to fuel improvement. 

 

Methods 
 

Synthesis of MFI support. MFI was synthesized hydrothermally where aluminium nitrate 

nonahydrate, 98% (Alfa Aesar) was added to tetra-propylammonium hydroxide, 40% wt. (Alfa 

Aesar) and stirred at RT until complete dissolution (approx. 10 mins). Tetraethyl orthosilicate 

(Merck KGaA) was added dropwise under the same stirring and temperature conditions. Post 

complete addition of tetraethyl orthosilicate it took approx. 1 h for supersaturation to occur. The 

gel was applied to a PTFE-lined autoclave and treated in a convection oven at 170°C for 72 h. 

Precursors were applied to achieve a molar ratio of Al2O3:30SiO2:21TPAOH:943H2O with the 

addition of excess DI water during the aluminium nitrate nonahydrate dissolution step if 

necessary. After removal from the oven, the crystals were washed 3 x in DI water by 

centrifugation to remove most of the remaining organics. The material was then applied to a 

convection oven at 80°C for 12 h and calcined in a continuous flow of air (200 SCCM) by 

heating at a rate of 5°C/min to 600°C and held for 3 hours. The result is MFI micrometric barrels 

approximately 150 nm in diameter. 

 

Synthesis of KMFI. IE was conducted by addition of 10 g of support per 100 mL of 1.0 M KNO3 

(Alfa Aesar) which was stirred for 12 h at 70°C. The catalyst was then washed by centrifugation 

3 times. The IE process was repeated twice more, the support was dried, and then calcined at 

0.5°C/min to 600°C. 
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Synthesis of KMFI (KX). KCl was dissolved along with the Al precursor and TPAOH during the 

synthesis of MFI support to achieve desired mgK/gcatalyst. 

 

Pt loading onto KMFI. The support, as obtained above, was subjected to a 6.9 psi vacuum at 80°C 

for 6 h to ensure complete removal of water from the pores. Tetraammineplatinum (II) nitrate (Sigma 

Aldrich) was used as the Pt source. Pt was applied by incipient wetness impregnation (IWI) to 

maximize Pt localization in the pores as opposed to the external surface; physical trials showed 

saturation of the pores at 0.73 mL/g catalyst. 2.16 mL of 0.0711 M Pt metal solution was added in a 

dropwise manner to 2.97 g of support with vortex shaking followed by 12 h at 80°C under a 6.9 psi 

vacuum. The Pt loaded support was then applied to a continuous flow of air (200 SCCM) and heated 

at 0.5°C/min to 450°C and held for 2 h. After cooling to RT, a pure H2 flow (200 SCCM) was applied 

and the sample heated at 5°C/min to 600°C and held for 2 h. This yielded Pt/KMFI. Pt/KL was 

synthesized in the same manner but the support (KL) was obtained commercially from Tosoh. All 

catalysts were synthesized for 1 % wt. nominal loading of Pt. 

 
Experimental procedure and calculations. In a typical experiment, catalyst was loaded to a 300 

mL Parr batch reactor system with 5 g of n-octane (98% from Sigma Aldrich). The catalyst mass was 

altered following subsequent experiments to achieve conversions between 20-30% for n-alkane 

reactions and 60-70% for alkene reactions. The reactor was then pressurised to 145 psig with pure 

N2 (Air Liquide). The system was then heated at a rate of 20°C/min until 400°C where the 

temperature was held for 30 mins. Upon completion, the system was cooled naturally. The liquid 

product was extracted with 10 mL CS2 (Sigma Aldrich) followed by a further dilution of a 0.5 mL 

aliquot in 10 mL CS2. 0.5 mL of resulting solution was injected into a carefully calibrated gas 

chromatography-mass spectrometer (Perkin Elmer). The GC-MS (GC Claus 680 and MS Clarus SQ 

8T) is equipped with a paraffin/olefin/naphthene/aromatic (PONA) column from Agilent. Gas 

products were analysed using a micro-GC (Agilent Technologies) with 4 columns: A 10m 

 
molecular sieve 5A, 10-m alumina, 8-m CP-Sil 5 CB, and a 10-m PPU. All columns are 
 
 

23 
 



 
 

 

1  
2  
3  
4  
5  
6  
7  
8  
9  
10  
11  
12  
13  
14  
15  
16  
17  
18  
19  
20  
21  
22  
23  
24  
25  
26  
27  
28  
29  
30  
31  
32  
33  
34  
35  
36  
37  
38  
39  
40  
41  
42  
43  
44  
45  
46  
47  
48  
49  
50  
51  
52  
53  
54  
55  
56  
57  
58  
59  
60 

 Page 24 of 47 
 
 
 
 
 

equipped with thermal conductivity detectors. Calculation of selectivity was made on a 
 

weight % basis and was calculated according to equation (1). 
 

 
  

=(∑)×100% (1)  

 

Conversions were calculated according to equation (2). 

= ( 
― 

) × 100% 
(2)   

 
 

TOF and productivity were calculated as per equations (3) and (4) respectively. 

= 
()   

(3) 
     

 
(                 /ℎ) 

  

  (6) 

(4) = 

   

 
(                     /ℎ) 

 

XRD Characterisation. XRD images were procured using a Rigaku Multiflex Diffractometer 

with Cu Kα irradiation at 20 kV and 40 mA in the 2θ region between 3° and 60°. 

 
XANES Spectra. XANES spectra were obtained with an SM beamline (10ID-1) at the Canadian 

Light Source (CLS), which is equipped with a 35 nm outermost-zone plate (CXRO, Berkeley 

Lab). The diffraction-limited spatial resolution for the zone plate is 30 nm. Image sequence 

(stack) scans over a range of photon energies were acquired for the same sample region at the 

potassium K-edge. 

 

N2 physisorption analysis. N2 isotherms were collected on a Micromeritics 3Flex. Samples (ca. 

0.050 g) were degassed (150 °C, 6 h) prior to analysis. Analyses were carried out at 77 K with P0 

measured continuously. Free space was measured post- analysis with He. Pore size analysis was 

carried out using Micromeritics 3Flex software, N2-Cylindrical Pores- Oxide Surface Model. 

 

NH3-TPD analysis. NH3-TPD was carried out using a CHEMBET TPR/TPD chemisorption analyser, 

Quantachrome Industries fitted with a TCD. 50 mg of sample was pre-treated for 1 h at 
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130 °C (15 °C min–1) in a flow of helium (80 mL min–1). The sample was then cooled to ambient 

temperature and ammonia flowed through for 20 min to ensure saturation. The system was then 

heated 1 h at 100 °C (15 °C min–1) under a flow of helium (80 mL min–1) to remove physisorbed 

ammonia. Subsequently, chemisorbed ammonia was desorbed by heating to 900 °C (15 °C 

min–1) in a flow of helium (80 mL min–1) during which period desorbed ammonia was monitored 

using a TCD, current 180 mV, attenuation 1. 

 

H2 chemisorption analysis. H2-TPR was conducted on a Finesorb-3010 chemisorption 

analyser by placement of 0.2 g catalyst sample in a quartz tubular chamber. The sample was 

initially purged in pure Ar and then oxidised in a 5% O2 balance Ar gas mixture, heated at a rate 

of 10°C/min until 600°C and held for 30 mins. The Sample was then cooled to RT and placed in 

a 5% H2 balance Ar gas flow where it was then heated at 10°C/min to 700°C/min and then 

instantly left to cool upon reaching the maximum temperature. A thermal conductivity detector 

(TCD) was used. 

 

ICP-OES analysis. ICP-OES was conducted on an iCAP 7200 (Thermo Fisher Scientific) in 

Radial mode equipped with the Icap 7000 Radial HF kit and N2 purge gas. In a typical sample 

pre-digestion, 0.5 g of sample was placed in a Teflon-lined autoclave capable of withstanding 

pressures up to 1500 psi. The sample was then digested by addition of 1 mL HF (Fisher 

Chemical, trace metal grade, 47-51%), 1 mL HNO3 (VWR Aristar* Plus, for trace metal analysis, 

67-70%), and 3 mL HCl (VWR Aristar* Plus for trace metal analysis, 34-37%) and placed in a 

convection oven overnight. The autoclave was removed and allowed to cool naturally. Samples 

were then diluted as aliquots in 2% HNO3 and directly analysed by ICP-OES. 

 

STEM imaging. Scanning transmission electron microscopy (STEM) was carried out in the 

National University of Singapore, using a JEOL ARM200F microscope with a cold Field 

Emission Source operated at 200kV. The STEM specimen was prepared by dry-disperse 

catalyst particles onto a holey carbon TEM copper grid. 
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TGA analysis. Thermogravimetric analysis (TGA) was conducted on a PerkinElmer STA 6000 

simultaneous thermal analyser. Samples were ramped from 30°C to 800°C at a rate of 

10°C/min in air. 

 

XPS Analysis. X-ray photoelectron spectroscopy (XPS) measurements were performed using a 

Kratos Axis Ultra DLD photoelectron spectrometer using monochromatic Al k radiation (h = 

1486.6 eV) operating at 120 W (10 mA x 12 kV). Samples were mounted on doubled sided 

adhesive tape decured on a glass slide attached to the spectromter sample holder. Data was 

acquired using pass enregies of 20 (0.1 eV step size) and 160 eV (1 eV step size) for high 

resolution and survey spectra repsectivley, using the ‘Hybrid’ mode of operation with a ‘Slot’ 

aperture which uses a combination of electrostatic and magnetic lens to enhance signal 

collection over a rectangular area of approximately 700 x 300 m. Data analysis, including 

charge refereincing to the adventious carbon C(1s) peak at 284.8 eV, was performed using 

CasaXPS (v2.3.23). Quantification was made after removal of a Shirley type background and 

modified Wagner sensitivity factors as supplied by the manufacturer. 

 

CO-DRIFTS analysis. DRIFTS measurements were recorded from 1000 – 4000 cm-1 at a 

spectral resolution of 4 cm-1 (number of scans, 64) on a Bruker Tensor 27 spectrometer fitted 

with a mercury cadmium telluride (MCT) detector cooled by liquid N2. A sample was loaded into 

the Praying Mantis high-temperature (HVC-DRP-4) in situ cell before exposure to N2 and then 

1% CO/N2 at a flow rate of 20 cm3 min-1. A background spectrum was obtained using KBr, and 

measurements were recorded every 1 min at room temperature. Once the CO adsorption bands 

in the DRIFT spectra ceased to increase in intensity, the gas feed was changed back to N2 and 

measurements were repeated until no change in subsequent spectra was observed. 
 
Supporting Information 
 

 

Supporting material and additional notes (Figures S1-S25; Tables S1-S14; Notes S1-S4) 
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Figures  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1) Reactions of n-alkanes over Pt/KL and Pt/KMFI catalysts. Reactions were conducted 

at 400°C and 145 psig initial N2 for 30 mins. Conversions were maintained between 21% and 

28% by altering the catalyst loading. C6 ring closure (magenta) includes cycloalkanes yet to be 

aromatized and C5 ring closure (white) refers to cyclopentane and cyclopentene type products. 

Dealkylation (blue) includes methane and aromatics resulting from the loss of one or two methyl 
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groups. Dehydrogenation (dark grey) refers to alkenes. Pre-isomerisation (white with parallel 

dark grey stripes) refers to m- and p-xylenes which result from isomerisation of cyclic species 

followed by aromatization (a). Reaction performance shown as TOF to account for catalyst 

mass used in each reaction. Pt/KMFI (magenta) and Pt/KL (blue), where TOF is defined as 

moles of n-alkane reacted/mol Pt/h (b). Errors calculated as standard deviation as given as +/- 

5%. This error analysis is carried through for all other relevant figures. 
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Fig. 2) Aromatization reaction performance of n-octane, and XPS spectra of the Al 2p and Pt 

4f regions of Pt/KMFI (Pt-IWI) and Pt/KMFI (Pt-IE) catalysts. Reactions of n-octane over Pt/KMFI 

(Pt-IWI) and Pt/KMFI (Pt-IE) catalysts (a). Reactions were conducted at 400°C and 145 psig initial 

N2 for 30 mins. Conversions were 25% and 19% respectively. C6 ring closure (magenta) includes 

cycloalkanes yet to be aromatized and C5 ring closure (white) refers to cyclopentane and 

cyclopentene type products. Dealkylation (blue) includes methane and aromatics resulting from the 

loss of one or two methyl groups. Dehydrogenation (dark grey) refers to alkenes. Pre-isomerisation 

(white with parallel dark grey stripes) refers to m- and p-xylenes which result from isomerisation of 

cyclic species followed by aromatization. Cracking (white with parallel magenta stripes) represents 

all products <C8 except for benzene, toluene, and methane. XPS spectra of the Al 2p and Pt 4f 

regions of Pt/KMFI (Pt-IWI) and Pt/KMFI (Pt-IE) catalysts (b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

37 
 



 
 

 

1  
2  
3  
4  
5  
6  
7  
8  
9  
10  
11  
12  
13  
14  
15  
16  
17  
18  
19  
20  
21  
22  
23  
24  
25  
26  
27  
28  
29  
30  
31  
32  
33  
34  
35  
36  
37  
38  
39  
40  
41  
42  
43  
44  
45  
46  
47  
48  
49  
50  
51  
52  
53  
54  
55  
56  
57  
58  
59  
60 

 Page 38 of 47  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

38 
 



Page 39 of 47 
 

 

1  
2  
3  
4  
5  
6  
7  
8  
9  
10  
11  
12  
13  
14  
15  
16  
17  
18  
19  
20  
21  
22  
23  
24  
25  
26  
27  
28  
29  
30  
31  
32  
33  
34  
35  
36  
37  
38  
39  
40  
41  
42  
43  
44  
45  
46  
47  
48  
49  
50  
51  
52  
53  
54  
55  
56  
57  
58  
59  
60 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3) Performance evaluation of n-octane aromatization reactions over Pt/KMFI (KX) at 

controlled excess potassium increments. Reactions were conducted at 400°C and 145 psig initial 

N2 for 30 mins. Conversions were maintained between 20 and 30% by altering the catalyst loading. 

Total selectivity, wt%, showing benzene, toluene, and CH4 (white), >C8 aromatics (blue), m/p-xylene 

(white with parallel dark grey stripes), C6 ring closure (dark grey), alkenes (magenta), i-alkane (white 

with perpendicular dark grey stripes), and n-alkanes (white with parallel blue stripes) (a).C6 ring 

closure selectivity (magenta) and dealkylation selectivity (blue) for all 6 excess 
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K loaded catalysts, Pt/KMFI, and Pt/MFI (b). Reaction performance shown as productivity where 

poroductivity is defined as the moles of C6 ring closure products /kg catalyst/h (c). Recylce runs 

of Pt/KMFI (KX-40) (magenta) and Pt/KL (blue), with performance displayed as productivity (d). 
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Fig. 4) NH3-TPD profiles of catalysts. Catalysts underwent temperature programmed desorption 

under NH3 with detailed parameters shown in the methods. Pt/MFI is shown in blue (a) and (b). 

Pt/KMFI is represented in dark grey (a) and (c), and Pt/KMFI (KX-40) is represented in magenta 

 
(a) and (d). 
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Fig. 5) XPS and CO-DRIFT spectra of Pt loaded supports with and without K presence. Pt 4f 

regions of Pt/MFI, Pt/KMFI, Pt/KL, and Pt/KMFI (KX-40) catalysts (a). IR spectra of CO adsorbed on 

the Pt/KMFI and Pt/KL catalysts (b). IR spectra of CO adsorbed on (black) Pt/K-ZSM-5 (150:1), 10 

mg/g K loaded during synthesis, IWI 1% Pt, (red) Pt/K-ZSM-5 (150:1), 20 mg/g K loaded during 

synthesis, IWI 1% Pt and (blue) Pt/K-ZSM-5 (150:1), 30 mg/g K loaded during 
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synthesis, IWI 1% Pt catalysts. (c). IR spectra of CO adsorbed on the (blue) Pt/KMFI (Pt-IWI) and 
 

(black) Pt/KMFI (Pt-IWI) catalysts (d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6) STEM-HAADF images of Pt/KMFI and an illustrative cartoon of MFI channel 

structure. Lower (a) and higher (b) magnification STEM-HAADF images of the Pt/KMFI (Pt-IWI) 

catalyst prepared using the incipient wetness impregnation method, viewed along the b-axis of 

the zeolite. While the channels along the b-axis can be clearly seen in (b) while the electron 

beam is focused onto the top surface, most of the Pt species appear to be out-of-focus, 

suggesting they are buried deeper into the zeolite and not blocking the main channels. 

Occasionally isolated Pt atomics can be observed, which are highlighted in yellow. (c) a cartoon 

demonstrates that the Pt clusters are likely to locate in the side channels in the MFI structure. 

(d) an Wiener filtered version of (b), showing the zeolite structure more clearly. 

 

44 
 



Page 45 of 47 
 

 

1  
2  
3  
4  
5  
6  
7  
8  
9  
10  
11  
12  
13  
14  
15  
16  
17  
18  
19  
20  
21  
22  
23  
24  
25  
26  
27  
28  
29  
30  
31  
32  
33  
34  
35  
36  
37  
38  
39  
40  
41  
42  
43  
44  
45  
46  
47  
48  
49  
50  
51  
52  
53  
54  
55  
56  
57  
58  
59  
60 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

45 
 



 
 

 

1  
2  
3  
4  
5  
6  
7  
8  
9  
10  
11  
12  
13  
14  
15  
16  
17  
18  
19  
20  
21  
22  
23  
24  
25  
26  
27  
28  
29  
30  
31  
32  
33  
34  
35  
36  
37  
38  
39  
40  
41  
42  
43  
44  
45  
46  
47  
48  
49  
50  
51  
52  
53  
54  
55  
56  
57  
58  
59  
60 

 Page 46 of 47  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7) Intermediate study of n-octane on Pt/MFI and Pt/KMFI (KX-40). Products were 

analyzed on a selectivity basis (wt%) at 300, 350, 375, and 400°C and instantly quenched upon 

reaching the reaction temperature. Reaction over Pt/MFI (a). Reaction over Pt/KMFI (KX-40) 

(b). Performance of Pt/KMFI (KX-40) shown as yield (wt%) (c). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8) Proposed mechanism for n-octane reaction over Pt nanoparticles inside the pores 

of KMFI and large cluster on the external surface of MFI. Bimetallocycle mechanism for the 

reaction of n-octane over Pt/KMFI (KX) (blue). Pt cluster mechanism for the reaction of n-octane 

over Pt/MFI (magenta). 
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