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𝒍 Distance between two sorption sites  [m] 
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𝒑𝟎 Standard partial pressure [Pa] 
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𝜹𝒊𝒏 Characteristic FR in phase function  [-] 
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𝜺 surface permeability  [m·s-1] 
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𝜼𝑭𝑹 Frequency response transport parameter  [-] 
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𝝀 Mean free path of a molecule  [m] 
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𝝉𝒔𝒖𝒓𝒇 Mean residence time of a molecule on surface  [s] 
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Abstract 

Transport under reactive and non-reactive conditions during xylene gas phase 

isomerization on MFI is influenced by the coverage of the external surface. The 

rate determining pore entrance rate of xylenes correlates directly with the 

coverage of the transported molecules on the external surface. For mixtures of 

p- and m- or o-xylene, the transport rate is reduced by the competitive adsorption 

of m-xylene at the pore entrance. The higher adsorption constant of m-xylene 

and lower barrier to enter the pore reduces hindrance of the p-xylene adsorption 

rate with increasing temperatures. 

 

 

 

Kurzzusammenfassung 

Der Transport unter reaktiven und nicht reaktiven Bedingungen bei der 

Gasphasenisomerisierung von Xylol auf MFI wird durch die Bedeckung der 

äußeren Oberfläche beeinflusst. Die Poreneingangsrate von Xylolen korreliert 

direkt mit deren Bedeckung auf der äußeren Oberfläche. Bei Mischungen von 

p- und m- oder o-Xylol wird die Transportrate durch die Adsorption von m-Xylol 

am Poreneingang reduziert. Die höhere Adsorptionskonstante von m-Xylol und 

die geringere Barriere zum Eintritt in die Pore reduziert die Behinderung der 

p-Xylol-Adsorptionsrate mit steigenden Temperaturen.  
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1. Zeolites in General 

1.1. Composition and crystal structure 

Zeolites are crystalline, microporous tectosilicates, primarily consisting of SiO4 

tetrahedrons (basic building unit, BBU). [1] These BBUs are interconnected by 

corner sharing oxygen atoms to form polyhedrons, (secondary building units, 

SBU, Figure 1.1), which then arrange into larger, structurally well defined, 

composite building units (CBUs). Combining various CBUs gives access to a 

wide range of three-dimensional crystal structures with different pore sizes and 

locations. Currently the International Union of Pure and Applied Chemistry 

(IUPAC) and the International Zeolite Association (IZA) have accepted 252 

structurally different zeolites and assigned a three-letter code to each structure. 

[2, 3] However, these are only a subsection of the huge number of theoretically 

feasible structures exceeding the number of observed structures by at least two 

orders of magnitude. [4] Figure 1.2 shows a selection of widely used zeolite 

framework types and the CBUs they consist of. 
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Figure 1.1: Selection of secondary building blocks adapted from Baerlocher et al. 

[1] The corners thereby represent T-atoms, the bonds oxygen bridges.  
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Figure 1.2: Selection of industrially important zeolite framework types and the 

composite building blocks they are built of. [2, 3] 

 

Having a crystalline structure, zeolites feature a structurally defined pore size 

distribution, usually in the rage of aromatic and aliphatic hydrocarbons. [5] 

Therefore, zeolites are ideally suited for acting as selective adsorbents and shape 

selective catalysts for applications where the selectivity is determined by the pore 

geometry. The pore diameter and the size of the intersections is defined by the 

number of tetrahedrally coordinated atoms (T-atoms) in one ring. Depending on 

the framework type, rings between 4 and 14 T-atoms are common, often referred 

to as 4-14 membered rings (Figure 1.3). Nevertheless, also larger pore sizes are 

feasible with 20 and 24 membered rings (SYT, CLO and IFU structures). [1]  

 

FER
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Figure 1.3: Average pore size of commonly used zeolite frameworks. [2, 3, 6, 7] 

 

Zeolites are used as catalysts in various chemical processes due to their physical 

and chemical properties such as mechanical and thermal stability, high surface 

area, shape selectivity and an entropically controlled reaction environment. The 

broad range of applications for zeolites is based on the vast variety of well-defined 

structure types. [1] By choosing the right zeolite structure and composition, key 

parameters such as pore size and acid site concentration can be chosen 

according to their field of application. Common zeolite catalyzed processes are 

fluidized catalytic cracking (FCC) [8-10], methanol to olefins (MTO), [11-13] 

alkylation [14, 15] and isomerization reactions [16-18] as well as selective 

reduction of NOx in exhaust gas of Diesel engines. [19, 20] Using zeolite 

membranes further allows an effective separation of gas mixtures. [21, 22] Other 

applications of micro- and mesoporous materials are as insulation, [23-25] 

vibration reduction [26] or filtration systems [27]. Due to their economic and 

environmental advantages compared to their traditionally used counterparts, 

porous materials are well established as catalysts, catalyst supports and sorbents 

particularly within the chemical industry. [28-31] 
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1.2. Zeolite acidity 

Brønsted or Lewis acidic sites are the catalytically active sites for a large range 

of reactions involving zeolites. [32] Acidity in zeolites is created by isomorphous 

substitution of the Si4+ atoms by Al3+ in the framework. The resulting negative 

charge is compensated by an organic or inorganic cation. [33, 34] Brønsted acid 

sites (BAS, proton donor) are generated when the negative charge is 

compensated by a proton (Scheme 1.1 (II)). To form Lewis acid site (LAS, 

electron acceptor), the negative charge must be either balanced by an alkali or 

earth alkali ion, or the dehydration of a BAS (Scheme 1.1 (III)). Elevated 

temperatures can also lead to the removal of aluminum from the framework, 

which is then deposited in the zeolite channels as octahedrally coordinated 

aluminum oxide. [35] The effective acid strength of the material  depends on the 

chemical composition and structure of the zeolitic material. [36, 37] Due to the 

higher electronegativity of silicon compared to aluminum, stronger BAS will occur 

on isolates AlO4-tetraherdra. Therefore, high BAS concentrations tend to 

decrease the strength of the individual sites compared to isolated SiOHAl sites. 

[5, 38, 39] 

The composition of zeolites can in general be described by the formula 

Mx/m[(AlO2)x(SiO2)y](H2O)w.  Herein, m represents the charge of the neutralizing 

cation and w the number of water atoms present. Die Si/Al ratio is given by y/x. 

The acid site concentration can be set by the Si/Al ratio, with an upper limit for 

the aluminum content defined by the stability of the regarding framework type. As 

the direct linkage of Al atoms connected as Al-O-Al is not stable (Loewenstein’s 

rule), the lower limit for the Si/Al ratio is one. [40] However, some framework types 

suffer from stability issues at much lower aluminum contents. For example, MFI 

type frameworks are known to be unstable below Si/Al=10. [41] 
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Scheme 1.1: Formation of (I) terminal silanol groups by hydration under elevated 

temperatures, [42] (II) bridging hydroxyl groups (SiAlOH, BAS) by substitution of 

Si4+ with Al3+ and charge compensation by a proton. Formation of Lewis acid sites 

(III) can occur at elevated temperatures via dehydration or charge compensation 

with an alkali or earth alkali ion. [43]  
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1.3. Confinement effects in zeolites 

1.3.1. Structure induced selectivity 

The possibility to introduce selectivity by confined pore space is one of the main 

advantages for zeolites and separates them as catalysts from other porous 

materials. The ability for shape selective catalysis can be attributed to three 

different effects (Scheme 1.2): A) sterically constrained substrate is excluded to 

enter the catalytic site due to the narrow pore diameter. This principle is called 

reactant selectivity and is utilized in dewaxing processes as well as for molecular 

sieves and membranes to separate substrate mixtures. [44-46] B) Product 

selectivity, in which bulky products, formed inside the pore network, cannot leave 

the pores due to sterical reasons. Typical examples are xylene alkylation and 

isomerization reactions, [5, 47, 48] where bulky meta- and ortho- isomers are 

restrained from leaving the pores, while the kinetically smaller p-xylene can 

depart easily. C) When certain products are favored over others due to the 

formation of a sterically less demanding transition state in the confined 

environment of the pore network, transition state selectivity is applied. This 

principle is utilized in transalkylation reactions.  
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 Scheme 1.2: Schematic illustration of different shape selectivities induced by 

zeolite pores. 

 

1.3.2. Reactivity and acid strength 

Besides excluding molecules from the pores space and controlling transition 

states by the pore geometry, the effective acid strength as well as the reaction 

rate is affected by the confined environment of the pore space. Sorption of 

molecules on a surface relies on the interplay between repulsive short range 

(Pauli type) and attractive long range (van der Waals type) interactions (Lennard-

Jones potential). For physisorption of hydrocarbons on a flat surface, larger 

molecules will in general adsorb stronger due to building up van der Waals forces 

over a larger area. However, due to the limited space and surface curvature of 

the internal surface for nanoporous materials, large molecules may not be able 

to find the energetic minimum between attractive and repulsive interactions and 

therefore be restricted or even excluded from the pores. Consequently, 

molecules having the best “match” within the pore space will adsorb preferentially. 

[49-51] Such an optimized system will enhance the reaction rate, as shown by 

+

+

X

+

reactant selectivity

product selectivity

transition state selectivity
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Derouane et al. By plotting the turnover frequencies for n-pentane cracking on 

different zeolite frameworks against pore size, an optimal pore diameter in the 

rage of n-pentane (5.8 - 6.0 Å) was observed (Figure 1.4). [49, 50]  

 

  

Figure 1.4: Turnover frequencies for n-pentane cracking on various zeolites as a 

function of pore size. Data adapted from [49]. 

 

In the same way, the interaction of molecules with acidic sites located in the pore 

space can be restricted by the interplay of pore geometry and molecule size, 

leading to a reduced effective acidity of the zeolitic material in respect to that 

molecule. This effect can be observed from shifts of hydroxy bond vibrations 

during adsorption via infrared spectroscopy. The interaction of a molecules with 

the proton of a hydroxy group will weaken the O-H bond and shift the absorbance 

of the observed stretching vibration to a lower wavenumber (lower energy). A 

stronger interaction will thereby lead to a stronger perturbation of the bond and 

to a larger shift in the infrared spectra. Due to sterical constraints for larger 

molecules in the pore space, hydroxy groups located inside the pores (mainly 

SiOHAl groups for zeolites) observe a smaller shift than would be expected for 

non-hindered adsorption on externally accessible sites. This size effect can be 

illustrated in a Bellamy-Hallam-William plot, which correlates the shift for 

externally accessible hydroxyl (SiOH) and internal (SiOHAl) groups for the 

adsorption of probe molecules (Figure 1.5). [52-54]  
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Figure 1.5: a) Shift of OH stretching vibrations of SiOH and SiOHAl (HZSM-5) for 

adsorption of various molecules. Summarized data from [52, 54]. b) Sterical 

constrains of pore influencing distance of interaction between benzene and 

SiOHAl group.  
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1.4. Framework type MFI 

The focus of this thesis is based on transport studies in MFI type zeolites. 

Therefore, a closer look at this framework type is given in this section. In the early 

1970s, the first synthesis of this framework structure under the name ZSM-5 was 

described by W. Haag at the Mobile Oil Corporation (Zeolite Socony Mobil-5). [55]  

 

 

Figure 1.6: The MFI framework is built of (I) Type 5-1 SBUs, which form larger 

composite building blocks (II). Interconnection of these CBBs results in (III) 

pentasil chains and (VI) layers of tetrahedra. [56] 

 

The unit cell consists of 196 T-atoms (Figure 1.6) forming an orthorhombic 

structure with a 3-dimensional channel system. [57] Out of these 196 T-sites, 12 

distinct sites can be distinguished. [58, 59] Within the structure, two channel types, 

straight and sinusoidal channels, oriented perpendicular to each other are formed 

(Figure 1.7). Both channels consist of 10 membered rings with similar size. While 

the slightly elliptical straight channel has a cross section of 0.53 x 0.56 nm, the 

dimensions of the sinusoidal channel are 0.51 x 0.55 nm. At the crossing points 

of straight and sinusoidal channels, larger intersections with a diameter of 0.89 

nm are formed. [1, 60]  

 

(I) (II) (III) (IV)
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Figure 1.7: Schematic representation of the MFI framework with straight (blue) 

and sinusoidal (red) channel. [56] 

 

While originally developed for the selective production of synthetic gasoline, [61] 

the MFI framework was rapidly applied for other shape selective reactions such 

as alkylation and isomerization reactions. [17, 62] Nowadays, MFI structured 

zeolites are one of the most applied materials in the petrochemical industry, 

arising from their excellent thermal stability and their pore size in the range of 

aromatic hydrocarbons. [36] Besides Al substituted materials, purely silicious MFI 

(Silicalite-1) is used as membrane for separation and purification of organic 

mixtures. [63, 64] The possibility to incorporate other three and four valent 

heteroatoms into the framework offers the potential of designing zeolites for novel 

catalytic applications. Titanium incorporated Silicalite-1 (TS-1) is a highly efficient 

catalysts for selective oxidations, such as epoxidation of alkenes, ammoxidation 

of ketones, and hydroxylation of phenols. [65-67] Ga exchanged HZSM-5 zeolites 

are known to show high selectivity to aromatics in the catalytic conversion of 

olefins and paraffins. [68-70] Copper and Iron exchanged HZSM-5 are excellent 

catalysts for the selective catalytic reduction (SCR) of NOx by ammonia, which 

plays a major role in emission reduction for transportation. [71, 72]   
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2. Fundamentals of Sorption 

The binding of a molecule (adsorbate) from the vapor or liquid phase onto a solid 

surface (adsorbent) is call adsorption. This surface phenomenon is in general 

attributed to an attractive interaction of the adsorbate with the solid surface, which 

competes with the cohesive energy of the adsorbate itself. [73] 

Thermodynamically, an exothermic adsorption process is required to 

compensate for the reduction in freedom of motion of adsorbing molecules (loss 

in entropy) to obtain an exergonic driving force (negative ∆G°). Depending on the 

nature of interaction between adsorbent and adsorbate, a differentiation between 

physisorption (by London–van der Waals forces) and chemisorption (chemical 

bonding forces) is common. While physisorption is non-specific for a surface, 

chemisorption is a site-specific interaction.  Although, this differentiation is useful 

for classifying sorption processes according to their binding strength, a sharp 

distinction between physisorption and chemisorption is not always possible. [74] 

When a substance in gas phase is adsorbed on a solid surface or its pore space, 

the uptake depends on the number of adsorption sites, the temperature, the 

partial pressure of the vapor and the strength of interaction between vapor and 

solid surface. For a constant temperature, the correlation between uptake and 

pressure can be expresses as sorption isotherm. [75, 76] 

Investigating the sorption of molecules on a surface not only gives access to a 

variety of parameters characterizing the nature of the surface itself, but also 

providing information about the interaction of the surface with substrate 

molecules. By choosing suitable sorption molecules and conditions in 

combination with analytical methods like infrared spectroscopy or gravimetric 

measurements, a great variety of information like surface area, pore volume, 

sorption site concentrations and strength can be obtained.  
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2.1. Langmuir theory 

The Langmuir adsorption theory was published by Irving Langmuir in 1916 [77] 

after studying the adsorption of gases on metal surfaces. The model is widely 

applied for sorption equilibria between gas phase molecules and solid surfaces. 

The model is based on the following fundamental assumptions: [75] 

a) Only one molecule can adsorb on one sorption site, resulting in a 

monolayer on the surface at full coverage. 

b) Adsorption is equally likely on each sorption site and does not depend on 

the surface coverage. Thus, the heat of adsorption (and therefore also the 

rate constants for adsorption and desorption process) stays constant 

throughout the whole sorption process. 

c) No molecule – molecule interactions are absent. Therefore, the probability 

for a molecule to desorb is independent of the surface coverage and the 

gas pressure. 

Considering an equilibrated state of a substance A between gas phase and 

adsorbed state: 

 

 

at equilibrium, the rates of adsorption and desorption are equal. The rate 

constants are denoted kads and kdes for the adsorption and desorption process, 

respectively. [32] In this case, the rate of adsorption on the surface is a function 

of the normalized partial pressure  𝑝𝐴 =
𝑝

𝑝0
, the adsorption rate constant kads as 

well as the concentration of free sorption sites (1 − 𝜃𝐴)𝑐𝐴,𝑠𝑎𝑡. [75] 

𝑟𝑎𝑑𝑠 = 𝑘𝑎𝑑𝑠 ∙ 𝑝𝐴 ∙ (1 − 𝜃𝐴) ∙ 𝑐𝐴,𝑠𝑎𝑡 (2.1) 

As no molecule – molecule interactions of species A are considered in the 

Langmuir model, the desorption rate linearly correlates with the surface 

concentration of A and the desorption rate constant. 
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𝑟𝑑𝑒𝑠 = 𝑘𝑑𝑒𝑠 ∙ 𝜃𝐴 ∙ 𝑐𝐴,𝑠𝑎𝑡 (2.2) 

Considering the equilibrated state, 𝑟𝑎𝑑𝑠 = 𝑟𝑑𝑒𝑠 leading to Equation 2.3 

𝑘𝑎𝑑𝑠 ∙ 𝑝𝐴 ∙ (1 − 𝜃𝐴) ∙ 𝑐𝐴,𝑠𝑎𝑡 = 𝑘𝑑𝑒𝑠 ∙ 𝜃𝐴 ∙ 𝑐𝐴,𝑠𝑎𝑡 (2.3) 

Solving for the surface coverage: 

𝜃𝐴 =
𝑘𝑎𝑑𝑠 ∙ 𝑝𝐴

𝑘𝑑𝑒𝑠 + 𝑘𝑎𝑑𝑠 ∙ 𝑝𝐴
 

(2.4) 

Introducing the equilibrium constant 𝐾𝐴 =
𝑘𝑎𝑑𝑠

𝑘𝑑𝑒𝑠
 leads to the classic expression of 

the Langmuir formalism (Figure 2.1): 

𝜃𝐴 =
𝐾𝐴 ∙ 𝑝𝐴

1 + 𝐾𝐴 ∙ 𝑝𝐴
 

(2.5) 

 

 

Figure 2.1: Langmuir adsorption isotherms for equilibrium constants of 100 

(orange), 1000 (blue) and 10000 (green). 

 

For low pressures, 𝐾 ∙ 𝑝 becomes much smaller than 1, leading to a linear relation 

between 𝜃 and p, which is denoted as the Henry region. 
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The equilibrium constant, and therefore the coverage in equilibrium depends on 

the change in standard enthalpy ∆𝐻° and entropy ∆𝑆° between free and adsorbed 

state of a molecule which is defined according to van’t Hoff: [32, 78] 

𝐾 = 𝑒−
∆𝐻°

𝑅𝑇 ∙ 𝑒
∆𝑆°

𝑅  
(2.6) 

Therefore, stronger interactions between adsorbing molecules and the surface 

(larger ∆𝐻°) result in a larger equilibrium constant and a steeper isotherm at lower 

pressures. As the classic Langmuir equation (Equation 2.5) only considers one 

adsorbing species on equal sorption sites, extensions to this formalism have been 

proposed to describe experimentally obtained sorption data including more than 

one distinct sorption site or multiple adsorbing species.  

If more than one sorption sites i are available for a molecule A, the coverage of 

A on the surface is defined by the weighted sum of the coverages on the individual 

sites i (Figure 2.2). [79] 

𝜃𝐴 =
∑

𝐾𝑖 ∙ 𝑝𝐴
1 + 𝐾𝑖 ∙ 𝑝𝐴𝑖 ∙ 𝑐𝑖,𝑠𝑎𝑡    

𝑐𝑠𝑎𝑡
 

(2.7) 

With 𝑐𝑖,𝑠𝑎𝑡  being the saturation concentration (monolayer) for species A on 

adsorption site i and 𝑐𝑠𝑎𝑡 the overall saturation concentration 𝑐𝑠𝑎𝑡 = ∑ 𝑐𝑖,𝑠𝑎𝑡𝑖 . 
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Figure 2.2: Dual site Langmuir adsorption model with sites 1 (orange) and 2 

(blue). The concentration of sites is stated as c1:c2 = 3:2. 

 

If two or more species are competing for one sorption site, a competitive 

Langmuir approach is required (Figure 2.3). Then, the coverage of species A on 

one specific site is determined according to Equation 2.8. [75] 

𝜃𝐴 =
𝐾𝐴 ∙ 𝑝𝐴

1 + 𝐾𝐴 ∙ 𝑝𝐴 + 𝐾𝐵 ∙ 𝑝𝐵+ . . . +𝐾𝑖 ∙ 𝑝𝑖
 (2.8) 

 

 

Figure 2.3: Competitive Langmuir adsorption for molecules A and B. A constant 

partial pressure of B with increasing partial pressure of A is applied. 
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Despite the common usage of the Langmuir model in the zeolite community, the 

assumptions made are not applicable for a broad range of materials. Except for 

rare cases, most solid surfaces are heterogeneous, and adsorption on these sites 

results in different adsorption energies. [80] As the sites interacting strongest with 

the adsorbate are occupied at lowest pressures, a gradual decrease in heat of 

adsorption is expected with increasing partial pressure.  The usage of a multi-site 

Langmuir model can describe this behavior, but a precise knowledge of all 

different sorption sites is required. On high-surface materials such as silica or 

activated carbon, adsorption can be highly energetically heterogeneous. 

Especially for microporous materials, the strength of interaction with absorbing 

molecules can vary considerably with the location in the pore. A well-suited model 

for describing such behavior is the Polanyi adsorption potential theory. 

Developed in 1916 by Polanyi, [81] the model has been extended to a wide range 

of gas- and liquid-phase systems. It is based on calculating adsorption equilibria 

through changes in chemical potential between molecules in gas- (or liquid) 

phase and adsorbed on a surface. [80, 82] 

One of the main assumptions of the Langmuir model is the constant heat of 

adsorption with increasing occupation of equal adsorption sites, which results 

from ideal gas theory of non-interacting molecules. While this assumption holds 

true for weakly interacting molecules like noble gases, molecules strongly 

interacting with each other or adsorption sites will change the chemical potential 

of the adsorbing environment for further adsorbing molecules. The Freundlich 

model was developed to account for the non-linearity in adsorption heat with 

concentration of adsorbate on an energetically heterogeneous surface. Its 

general form is given by: 

𝑄 = 𝐾𝑓 ∙ 𝐶𝑛 (2.9) 

where 𝑄 is the uptake per mass adsorbent, 𝐾𝑓 the Freundlich constant, and 𝐶 the 

concentration of adsorbate at equilibrium. 𝑛 is the Freundlich exponent and is a 

measure for the intrinsic heat of adsorption. In contrast to the Langmuir model, 

Equation 2.9 does not approach linearity at low 𝐶, nor is it fixed to a limiting 
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adsorption capacity for a saturating 𝐶 . The Freundlich model is thus more a 

mathematical approach for describing adsorption on energetically heterogeneous 

surfaces, rather than an actual physical model. [80, 83, 84] 
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2.2. Sorption kinetics – sticking coefficient 

For the adsorption of a gas phase molecule A on a surface, a collision with this 

surface is required. Thereby, the probability for that molecule to successfully 

adsorb on that surface into a weekly bound physisorbed state is proportional to 

the number of collisions with the surface as well as the strength of interaction 

between molecule and surface. Therefore, the adsorption rate of the molecule A 

on the surface is defined as the product of a collision frequency 𝑟𝑐𝑜𝑙𝑙 and sticking 

coefficient 𝛼, which addresses the probability of a successful collision with the 

surface. [75, 85] 

𝑟𝑎𝑑𝑠 = 𝑟𝑐𝑜𝑙𝑙 ∙ 𝛼 (2.9) 

For ideal gases, the collision frequency can be expressed by the partial pressure 

𝑝𝐴 , the molecule mass 𝑚  and the temperature 𝑇 , which according to the 

Boltzmann distribution define the mean gas velocity 〈𝑢〉 of a molecule. [78] 

𝑟𝑐𝑜𝑙𝑙 =
〈𝑢〉

4
∙ 𝑛 =

𝑝𝐴

√2𝜋𝑚𝑅𝑇
 (2.10) 
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2.3. Multilayer adsorption 

The concept of multilayer adsorption was developed by Brunauer, Emmett and 

Teller 1938 and is valid for molecules with weak sorbate – sorbent interactions 

such as nitrogen or noble gases on siliceous surfaces. This theory postulates, 

that one layer of molecules acts as adsorption sites for the following layer (Figure 

2.4). Thereby, the number of possible adsorption layers is not limited, as each 

layer has the same heat of adsorption and can be treated like a monolayer for 

Langmuir adsorption. [86] The surface coverage is defined as: 

𝜃𝐵𝐸𝑇 =
𝑉𝑎𝑑𝑠
𝑉𝑚𝑜𝑛𝑜

=
1

1 − 𝐶
∙

𝐶 ∙ 𝑝

1 + (𝐶 − 1) ∙ 𝑝
   𝑤𝑖𝑡ℎ 𝐶 = 𝑒(

∆𝐻1 𝑎𝑑𝑠−∆𝐻2 𝑎𝑑𝑠
𝑅𝑇

)
 (2.9) 

With 𝑉𝑎𝑑𝑠being the adsorbed volume on the surface, 𝑉𝑚𝑜𝑛𝑜 the volume needed to 

form one monolayer and 𝐶  expressing the change in enthalpy of adsorption 

between the first and second sorbate layer. Equation 2.9 can be linearized 

yielding the classical BET equation: [87] 

𝑝

𝑉𝑎𝑑𝑠 ∙ (1 − 𝑝)
=

1

𝐶 ∙ 𝑉𝑚𝑜𝑛𝑜
+

(𝐶 − 1) ∙ 𝑝

𝐶 ∙ 𝑉𝑚𝑜𝑛𝑜
  (2.10) 

By plotting 
𝑝

𝑉𝑎𝑑𝑠∙(1−𝑝)
 against 𝑝  (Equation 2.10), BET surface areas can be 

determined based on a known adsorbed volume and the surface area occupied 

by one molecule. It should be mentioned that the BET analysis is not designated 

for microporous materials and should be treated with great care when dealing 

with such.  
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Figure 2.4: Nitrogen adsorption isotherm and illustration of surface coverage with 

increasing adsorbent pressure. Complete pore condensation is not reached for 

this example. [88] 
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2.4. Site characterization by adsorption 

Adsorbing probe molecules on surfaces is a common concept for characterizing 

surfaces and gathering information about the concentration and properties of 

surface sites. In the following, especially characterization methods used for 

zeolite surface characterizations are discussed. 

 

2.4.1. Acidic sites 

Due to the importance of acid sites for various catalytic applications, determining 

their site concentration and location is of great importance. Acid site 

concentrations are typically determined by titration (as chemisorption) with basic 

probe molecules like ammonia or pyridine using Infrared or mass spectrometry 

for quantification. [89-91] As the basic probe molecules are strongly bound to the 

acidic surface sites, desorption only occurs at elevated temperatures in vacuum. 

Thereby, the desorption temperature is a measure for the acidic strength of the 

site and depends on the location and the chemical environment within the pores. 

Besides concentration and strength of acid sites, also the location within the 

zeolite is of major interest. Especially for applications that rely on shape selective 

catalysis, externally accessible sites can significantly change the product 

selectivity. Externally accessible sites can be determined by using bulky probe 

molecules, like the sterically hindered tri-tert-butyl pyridine for small to medium 

sized pores (like MFI). Due to the kinetic diameter clearly exceeding the pore 

diameter, such molecules can only interact directly with sites accessible form the 

external surface. [92, 93] It should be mentioned here, that depending on the 

sterical constrains and the basicity of the probe molecule, different site 

concentrations may be obtained, due to different degrees of accessibility and 

interaction distances. 
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2.4.2. Interaction with substrate molecules 

Measuring adsorption isotherms of substrate and product molecules is a powerful 

way of gaining insight into molecule – surface interactions. Spectroscopic 

measurements can be used to determine the heat of adsorption and entropic 

changes between gas phase and adsorbed state from adsorption isotherms 

measured at different temperatures using van’t Hoffs equation. Besides this 

indirect approach, also directly measuring the adsorption heat is possible using 

thermogravimetric methods. [94, 95] While for the direct approach only one 

measurement is required for determining the heat of adsorption, 

thermogravimetric measurements only relate the heat flux to the total mass 

uptake on the sample. Therefore, adsorption processes on different sites cannot 

be differentiated, like with spectroscopic measurements.  
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3. Transport in Porous Materials 

Diffusion is among the most fundamental and important phenomena in nature 

and of particular interest for nanoporous materials, utilized in membranes, 

adsorbents and catalysts for separation and chemical conversion. Diffusion 

describes the random motion of particles, driven by their thermal energy. The 

resulting flux of the diffusing particles is defined by Fick’s first law as the product 

of the diffusivity 𝐷 and a concentration gradient 𝛿𝑐 along the x coordinate. 

 

𝑗 = −𝐷(𝑐) ∙
𝛿𝑐

𝛿𝑥
 (3.1) 

It is important to note that random molecular movement can occur under both 

equilibrium and non-equilibrium conditions, which both can be described by 

Equation 3.1. While applying Fick’s first law comes natural for describing non-

equilibrium conditions (Figure 3.1 a), the application under equilibrium is less 

intuitive. [96, 97] Under equilibrium conditions, two differently labelled, but 

otherwise completely identical groups of molecules on opposite sides of a 

container can be imagined (Figure 3.1 b). The flux of both groups is then opposite 

to each other and of identical magnitude, so that the total concentration of 

particles stays constant along the x axis of the tank. The diffusion coefficient 

measured under such equilibrium conditions is referred to as self-diffusivity. In 

contrast to diffusivity along an overall concentration gradient (transport diffusivity), 

self-diffusivity strongly depends on the overall concentration of molecules rather 

than only the concentration of the labelled molecules. 
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Figure 3.1: a) Concentration gradient induces flux of molecules along the x-axis 

(non-equilibrium situation). b) Equal distributed of identical molecules (constant 

concentration along x-axis) with right half molecules labeled (grey). Equal fluxes 

of labeled and unlabeled molecules in opposite directions canceling out. 

 

Besides Equation 3.1, self-diffusivity can also be described by Einstein’s equation 

(Equation 3.2), which correlates the squared displacement of a molecule from its 

origin (𝑥𝑡=0) with the diffusion time 𝑡. 

〈𝑥2(𝑡)〉 = 2𝐷𝑡 (3.2) 

 

It should be mentioned that transport and self-diffusion coefficients do not 

correlate with each other and are, except for very small concentrations, where 

molecule – molecule interactions can be neglected, not identical. Industrial 

applications for zeolites operate in general under non-equilibrium conditions, 

where a gradient in concentration or chemical potential is present. [96-98] 

In this thesis, we will focus primarily on transport diffusion along a concentration 

gradient. The following section provides an overview on non-activated diffusion 

in relatively large macro- and mesopores as well as activated diffusion in the 

nanopores of zeolites. 
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3.1. Molecular diffusion 

For large mesopores and macropores, the mean free pathway 𝜆 of a molecule is 

sufficiently smaller than the pore diameter 𝑑𝑝. Thus, the diffusion is dominated by 

molecule – molecule interactions and the molecule’s movement can be described 

by a three-dimensional random walk, as expressed by Brownian molecular 

movement. The prevailing diffusion mechanism is referred as molecular diffusion. 

For zeolites, this mechanism is particularly important due to the incorporation of 

mesopores into the framework to increase mass transfer. Depending on the mean 

free path of a molecule, the diffusion coefficient can be calculated according to: 

𝜆 =
1

√2𝜋𝜎2
∙
𝑉

𝑁𝐴
 (3.1) 

Here, the diffusivity 𝐷 is only defined by the collision between gas molecules, and 

can be expressed as: [78] 

𝐷 =
𝜆 ∙ 〈𝑢〉 

3
=

𝜆

3
∙ √

8𝑅𝑇

𝜋𝑀
 (3.2) 

where 〈𝑢〉   is the mean gas velocity, 𝑅  is the ideal gas constant and 𝑀  the 

molecular weight of the diffusion molecule. [78] Considering a concentration 

gradient, the net flux is given by Fick’s first law (Equation 3.1). 

   



3. Transport in Porous Materials 

28 
 

3.2. Knudsen diffusion 

For small pores or at low pressures, the mean free pathway of a molecule is 

comparable to the pore diameter, and the number of collisions between 

molecules and pore wall exceeds the molecule – molecule collisions. In this case, 

energy is mainly exchanged between molecules and pore walls in consequence 

of a collision. Such a collision results in a diffusive reflection of the colliding 

molecule, whereby the velocity and direction of the leaving molecules are purely 

random and not related to the inciting molecules. As only molecule – wall 

interactions are considered, Knudsen diffusivity 𝐷𝐾𝑛 is independent of pressure 

and only weakly varies with temperature and pore diameter. 

𝐷𝐾𝑛 =
𝑑𝑝

3
∙ √

8𝑅𝑇

𝜋𝑀
 (3.3) 

Knudsen diffusion can be expressed as Fickian flux 𝑗 in a cylindrical pore, where 

the diffusivity only depends on the mean velocity of a molecule and the pore 

diameter. [99, 100] 

𝑗 = −𝐷𝐾𝑛 ∙
𝛿𝑐

𝛿𝑥
 (3.4) 
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3.3. Viscous flow 

A mesopore can in first approximation be considered as a cylindrical capillary. If 

a pressure gradient is applied between the ends of this capillary of radius 𝑟, a 

laminar flow is induced, and the resulting diffusivity is given by the Fickian 

expression: 

𝐷𝑣𝑖𝑠 =
𝑝 · 𝑟2

8𝜂
 (3.5) 

with 𝜂 being the viscosity of the diffusing component. [85] 

In parallel to this laminar flow, a diffusive flux in the form of Knudsen diffusion can 

occur. As both processes occur in parallel, both contributions can, in first 

approximation, assumed to be additive. The total diffusivity is given by: 

𝐷 = 𝐷𝑣𝑖𝑠 + 𝐷𝐾𝑛 (3.6) 

In general, the viscosity can be approximated to be pressure independent over a 

large pressure range. Therefore, according to Equation 3.5, the diffusivity should 

linearly correlate with the pressure. While this approximation does hold true for a 

large pressure range, it is not valid for very low pressures, where the viscosity 

becomes pressure dependent. [85] 
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3.4. Surface and pore diffusion 

For micropores with pore diameters in the range of the kinetic diameter of the 

diffusing molecule, the molecule never escapes the forced field of the pore wall. 

Here, diffusion occurs via a hopping mechanism, where molecules weakly adsorb 

at the pore wall and hop between the energy minima along the transport path 

(Figure 3.2). [85, 101] This diffusion mechanism is referred to as surface, pore, 

configurational or zeolitic diffusion. As molecules and pore diameter are in the 

same range, sterical hindrance becomes dominant and diffusivity strongly 

decreases with molecule diameter. Also, the geometry and arrangement of pore 

channels co-determines the diffusivity for surface diffusion, which makes this 

mechanism highly complexity and less well understood. Therefore, diffusion 

coefficient must be determined experimentally [102] or by molecular dynamic 

simulations. [103] 

 

 

Figure 3.2: Schematic representation of p-xylene hopping between local energy 

minima on a surface. 
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3.5. Single file diffusion 

For one dimensional pore system, or in unidirectional pore systems without 

intersection between channels, propagation of a molecule is limited to its current 

channel.  Here, for pore diameters very similar to the kinetic diameter of the 

diffusing molecules, molecules are not able to pass each other and progression 

along the pore depends on free sorption sites in direct vicinity to the diffusing 

molecule. In this case, the diffusion of one molecule is co-determined by the 

movement of other molecules. As the movement of a molecule frees up a 

vacancy in backwards direction, subsequent movement is more likely to occur 

backwards, due to the higher probability of a free sorption site. [85, 104] As the 

past motion influences the next one, randomness of motion is no longer valid for 

single file diffusion, violating the requirement of ordinary diffusion. A mobility 

factor for single file diffusion can be calculated according to: 

𝐹𝑆𝐹 = 𝑙2
1 − 𝜃

𝜃
∙

1

√2𝜋𝜏𝑗
 (3.8) 

with 𝑙  being the distance between two sorption sites and 𝜏𝑗  the mean time 

between two succeeding jumps. As shown in Formula 3.8, the single file mobility 

strongly depends on the surface coverage 𝜃. [105] 

For single file diffusion, transport resistances and crystalline irregularities, either 

on the surface or within the pores, may dramatically influence the mass transport. 

This mechanism is of particular interest when dealing with mixtures of molecules 

with very different diffusion coefficients, like mixtures of xylene molecules in MFI 

zeolites. 
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3.6. Surface barriers 

Transport resistances may generally appear at boundaries between different 

phases and are denoted as surface barriers at the boundary of nanoporous 

particles. Such surface barriers are considered as a thin layer of significantly 

reduced diffusivity (𝐷𝑏𝑎𝑟𝑟; Figure 3.3). Whether or not this leads on to a reduced 

overall transport rate depends on the ratio of surface permeation and internal 

diffusion. The appearance of surface barriers in zeolites has been noticed from 

significantly reduced uptake/release rates of diffusing molecules compared to 

their intracrystalline diffusion rates. The origin of theses surface barriers may be 

explained by the preferential formation of defects on the external surface or 

adhesion of non-crystalline particles. [97, 106] 

The magnitude of the barrier is defined by the surface permeability 휀 and the 

concentration difference between both sides of the barrier: 

𝑗𝑠𝑢𝑟𝑓 = 휀 ∙ (𝑐𝑒𝑞 − 𝑐𝑠𝑢𝑟𝑓) (3.9) 

As the flux is the product of diffusivity and concentration gradient (Fick’s First law) 

along the thickness of the surface barrier 𝑙: 

𝑗𝑠𝑢𝑟𝑓 = 𝐷𝑏𝑎𝑟𝑟

𝑐𝑒𝑞 − 𝑐𝑠𝑢𝑟𝑓

𝑙
;  휀 =

𝐷𝑏𝑎𝑟𝑟

𝑙
 (3.10) 

 

 

  
Figure 3.3: Schematic representation of a surface barrier. Note that the surface 

barrier thickness 𝑙 is enlarged for better illustration. 
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An alternative model describing transport inhibition by surface barriers equally 

well suggests the reduction of guest solubility on the zeolite surface. In this model, 

surface permeation and internal diffusion are controlled by different, independent 

mechanisms. Crystalline materials, such as zeolites, are per definition highly 

ordered. Therefore, intracrystalline diffusivity does in general not depend on 

crystal size or crystallization procedure. The external surface of these crystals 

and thus their surface resistance, may however differ substantially from crystal to 

crystal.  This can be rationalized by differences in surface defects or deposits of 

amorphous material on the external surface, arising from differences in their 

surrounding during crystallization and crystal storage. Therefore, a careful 

characterization of the external surface zeolites is inevitable for meaningful 

transport studies. [97, 106] 
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4. Applied Methods for Transport 

Measurements 
 

Several techniques were used in this work to determine transport properties on 

the external surface and inside the zeolite pores. In this chapter, the basic 

concepts and measuring principles of the most important methods used are 

presented. 

 

4.1. Fast time-resolved infrared spectroscopy 

The rate of mass transport of hydrocarbons from the external surface of a zeolites 

to the catalytically active sites inside the pore network can vary greatly depending 

on various parameters like pore size, crystalline dimensions and the steric 

constrain of the diffusing molecules. Especially for small crystallites (< 100 nm), 

where the distance between active sites and pore openings are short, time scales 

of several seconds and below are common. Investigating transport at such time 

scales via infrared spectroscopy cannot be achieved at a satisfying signal-to-

noise ratio by conventionally measuring interferograms in one single step. Fast 

time-resolved infrared spectroscopy can overcome this disadvantage by co-

adding interferograms of different measuring cycles. More precisely, an 

adsorption – desorption cycle is divided in defined time slots of same length, in 

which, due to the shortness of the whole cycle, only few interferograms can be 

measured per time slot. The exact same experiment is then repeated and the 

new interferograms are co-added to the same defined time slots. Depending on 

the time scale of the cycle and the number of interferograms needed to achieve 

an adequate signal-to-noise ratio, the experiment is repeated several hundred 

times. Practically, this is done by periodically modulating the volume of a pre-

equilibrated system, consisting of the gas phase of the diffusing molecule and a 

zeolite sample in the form of a wafer, positioned in the beamline of the 

spectrometer. Starting in the equilibrated state, periodically contracting, and 
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expanding the gas phase volume induces adsorption and desorption processes, 

where one cycle contains an ad- and desorption step (Figure 4.1). Therefore, this 

method requires perfectly reversible and reproducible measuring cycles. The 

induced ad- and desorption process is shown by the increase of the characteristic 

vibrational bands in the collected, time resolved infrared spectra.  

 

 
Figure 4.1: Schematic representation of the data acquisition of infrared spectra in 

rapid scan mode during transport measurements. [107] 

 

To emphasize the changes in surface coverage induced by volume modulation, 

the last spectrum (equilibrated state) is subtracted from each spectrum of the 

series, resulting in a series of difference infrared spectra (Figure 4.2). The bands 

can then be converted in time resolved concentration profiles, using respective 

extinction coefficients and the time signature of the respective time slots. To 

extract sorption rates from concentration profiles, a first order kinetic model is 

applied to describe the adsorption and desorption behavior. [107-109] 

 

Adsorption: 

∆𝑐(𝑡) = ∆𝑐𝑒𝑞(1 − 𝑒−𝑡∙𝑘𝑥)    ∀      0 < 𝑡 ≤
𝑡𝑝

2
 (4.1) 

 

∆V

∆c

time

time

1 cycle
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Desorption: 

∆𝑐(𝑡) = ∆𝑐𝑒𝑞 ∙ 𝑒−(𝑡−
𝑡
2
)∙𝑘𝑥     ∀     

𝑡𝑝

2
< 𝑡 ≤ 𝑡𝑝 (4.2) 

 

 

 
Figure 4.2: Example of time resolved infrared spectra of p-xylene adsorbed on 

HZSM-5 acquired by time resolved infrared spectroscopy described in Figure 4.1. 

 

 
Figure 4.3: Exemplary time resolved concentration profile for p-xylene adsorption 

on HZSM-5 derived by integration of C-C stretching vibrations of time resolved 

infrared spectra (Figure 4.2). 

 

Assuming an equilibrium between A (adsorbed component) and B (component in 
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𝑑𝑐𝐴
𝑑𝑡

= −𝑘+1𝑐𝐴(𝑒𝑞) + 𝑘−1𝑐𝐵(𝑒𝑞) = 0 (4.3) 

with  

𝑘+1𝑐𝐴(𝑒𝑞) = 𝑘−1𝑐𝐵(𝑒𝑞) (4.4) 

During the volume modulation, the concentration of adsorbed species on the 

surface changes by x. 

𝑑𝑐𝐴
𝑑𝑡

= −𝑘+1(𝑐𝐴(𝑒𝑞) + 𝑥) + 𝑘−1(𝑐𝐵(𝑒𝑞) − 𝑥)

= −𝑘+1𝑐𝐴(𝑒𝑞) − 𝑘+1𝑥 + 𝑘−1𝑐𝐵(𝑒𝑞) − 𝑘−1𝑥 

(4.5) 

including Equation 4.4 results in 

𝑑𝑐𝐴
𝑑𝑡

= −(𝑘+1 + 𝑘−1)𝑥 (4.6) 

𝑘𝑥 = 𝑘+1 + 𝑘−1 (4.7) 

 

As the equilibrium constant K between A and B is defined by 

𝐾 =
𝑘+1

𝑘−1
 (4.8) 

Combining 4.7 and 4.8 results in 

𝑘1 =
𝐾𝑘𝑥

1 + 𝐾
 (4.9) 

For 𝐾 ≫1 the fitted rate constant 𝑘𝑥  is the rate constant for the adsorption 

process and, therefore the uptake profiles for ad- and desorption are equal 

𝑘1 ≈ 𝑘𝑥 (4.10) 

The concentration time profiles can be described by Equations 3.9 and 3.10 and 

the transport rate is calculated according to Equation 4.11. 
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𝑟𝑎𝑑𝑠 = ∆𝑐𝑒𝑞𝑘+1 = ∆𝑐𝑒𝑞𝑘𝑥 (4.11) 

Due to the spectroscopic nature of this method, a differentiation between different 

adsorption sites and different molecules adsorbed is attainable. Therefore, this 

method is used in the following chapters for investigating transport processes for 

xylene mixtures. 
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4.2. Frequency response 

The frequency response technique is a macroscopic relaxation method 

developed by Yasuda in the 1970s to study diffusion processes. The pressure 

response of an adsorption system to a periodic perturbation of varying frequency 

and constant amplitude is measure and the amplitude and phase lag between 

excitation and pressure response, different independent and thus additive 

transport processes can be identified (Figure 4.4). Nevertheless, only transport 

processes that differ in diffusivity by at least one order of magnitude can be 

distinctively separated. [110, 111] 

 

 

Figure 4.4: Modulation (Magnet signal) and pressure response (Baratron signal) 

for a frequency response experiment with p-xylene sorption on HZSM-5. a) Series 

of multiple modulations and b) magnification for closer look at the phase lag and 

amplitude. 

 

Starting from an adsorption in the equilibrated state, the volume of the system is 

modulated periodically, either by a sinusoidal wave or as rectangular excitation 

(Figure 4.4).  The corresponding pressure of the system 𝑝 will respond with an 

oscillation of amplitude 𝐴𝐹𝑅 , and a phase lag to the volume modulation of 𝜑, 

which can be directly derived (sinusoidal case), or extracted by Fourier 

transformation (rectangular case). 

𝑝 = 𝑝𝑒𝑞 ∙ (1 + 𝐴𝐹𝑅 ∙ 𝑐𝑜𝑠(𝜔𝑡 + 𝜑)) (4.12) 

 

While the amplitude is determined by the magnitude of the volume modulation 

and the sorption capacity of the adsorber, the phase lag is a measure for the 
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sorption rate. The kinetic parameters can be derived from the solution of the mass 

balance of the system and are expressed as in-phase and out-phase response 

functions (𝛿 
𝑖𝑛  and 𝛿 

𝑜𝑢𝑡 ). For a planar sheet with thickness 2𝐿  theses can be 

expressed as: 

𝐴𝐹𝑅,𝐵

𝐴𝐴𝐹𝑅
∙ 𝑐𝑜𝑠(𝜑 − 𝜑𝐵) − 1 = ∑𝐾𝑖𝛿𝑖

𝑖𝑛

𝑛

𝑖=1

 (4.13) 

𝐴𝐹𝑅,𝐵

𝐴𝐹𝑅
∙ sin(φ − φB) − 1 = ∑Kiδi

out

n

i=1

 (4.14) 

To address the non-ideality of the system itself, blank experiments (without 

adsorber) under identical conditions (pressure, temperature, modulation 

frequency) must be included and result in a corrected phase lag 𝜑 − 𝜑𝐵 and an 

amplitude ratio between experiment with (𝐴𝐹𝑅) and without (𝐴𝐹𝑅,𝐵) adsorber. The 

factor  𝐾 account for the local slope 
𝑑𝐵

𝑑𝑃
 of the respective sorption isotherm and 

the total volume of the system 𝑉. [85, 112, 113] 

𝐾 =
𝑅𝑇

𝑉
(
𝑑𝐵

𝑑𝑃
) (4.15) 

Since simultaneously occurring, independent transport processes are additive, a 

simple summation of 𝑛 transport processes is sufficient for Equations 4.13 and 

4.14. The characteristic in-phase and out-phase functions are thereby defined by: 

[85, 112, 113] 

𝛿𝑖𝑛 =
1

𝜂𝐹𝑅
∙ (

𝑠𝑖𝑛ℎ(𝜂𝐹𝑅) + 𝑠𝑖𝑛(𝜂𝐹𝑅)

𝑐𝑜𝑠ℎ(𝜂𝐹𝑅) + 𝑐𝑜𝑠(𝜂𝐹𝑅)
) (4.16) 

𝛿𝑜𝑢𝑡 =
1

𝜂𝐹𝑅
∙ (

𝑠𝑖𝑛ℎ(𝜂𝐹𝑅) − 𝑠𝑖𝑛(𝜂𝐹𝑅)

𝑐𝑜𝑠ℎ(𝜂𝐹𝑅) + 𝑐𝑜𝑠(𝜂𝐹𝑅)
) (4.17) 

with 
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𝜂𝐹𝑅 = √
𝜔 ∙ 𝐿2

𝐷
;  𝜔 = 2𝜋𝑓 (4.18) 

The characteristic in- and out-phase functions for a single slap with thickness 

250 nm are shown in Figure 4.5. Thereby, Figure 4.5 a) shows a single transport 

process while for b) two independent transport processes can be identified.  

 

 

Figure 4.5: Frequency response spectra for crystallites with a half thickness of 

250 nm for a) a single transport process with a diffusion coefficient of 1∙10-15 m2s-1 

and b) two independent transport processes with diffusion coefficients of 

D1=1∙10-14 m2s-1 (blue) and D2=2∙10-16 m2s-1 (orange). The spectra were 

calculated according to a planar sheet model. 

 

It is worth mentioning, that different transport processes may appear at different 

loadings of the adsorber. A typical example is the diffusion of benzene in MFI. 

While for loadings below four molecules per unit cell only a single transport 

process appears in the frequency response spectra, for higher loadings two 

distinct processes are observed. Due to the two different channels of MFI, 

transport occurs in both – straight and sinusoidal channels – simultaneously. At 

low loadings, benzene can easily switch between channels, resulting in two 

dependent transport processes that appear as one averaged curve in the FR 

spectra. High loadings force the molecule to stay in its initial channel, as there is 

less space to reorientate in the occupied environment. This results in two 

independent transport processes, which show up as two distinct maxima in the 

frequency response spectra. [85] 
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4.3. Desorption curves 

Imagining a surface with a distinct amount of sorption sites and a fraction of these 

sites being covered by adsorbed molecules. The coverage of this surface is then 

determined by the ratio of adsorption and desorption rate of the molecules at the 

respective pressure and temperature. Here, the mean residence time of a 

molecule 𝜏𝑠𝑢𝑟𝑓 is not affected by the partial pressure in the gas phase, nor by the 

coverage of the surface and solely is determined by the strength of interaction 

between molecule and surface adsorbed.  

One way of measuring desorption kinetics is by preventing the adsorption 

process. This can be done by switching from the adsorbate to a pure carrier 

stream for flow operation (zero length column technique) or by evacuation of the 

adsorption cell (static approach). The desorption from the surface is followed (e.g., 

spectroscopically, or gravimetrically) and transferred in a concentration profile. 

The desorption rate constant 𝑘𝑑𝑒𝑠 as well as the mean residence time on the 

surface are extracted from the desorption curve by fitting with a first order 

desorption model. 

𝑐(𝑡) = 𝑐0 ∙ 𝜃𝑡=0 ∙ 𝑒
−𝑘𝑑𝑒𝑠∙𝑡 (4.19) 

and  

𝜏𝑠𝑢𝑟𝑓 =
1

𝑘𝑑𝑒𝑠
 (4.20) 

For adsorption on zeolites, generally several adsorption sites with different 

sorption strength are available. Therefore, a differentiation between molecules 

desorbing from different sorption sites is required and knowledge about the 

coverage of these sites is essential. Due to different equilibrium constants, the 

specific sorption sites are occupied at different pressure regimes. For systems 

where the equilibrium constants for the distinct sorption sites differ by several 

orders of magnitude, a clear separation in the adsorption isotherm is visible 

(Figure 4.6 a). Here, predominantly one site is occupied in a certain pressure 

range and a reduction in pressure predominantly leads to a desorption form these 
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sites. Fitting this desorption process with equation 4.19 gives access to the 

desorption kinetics of the molecule on this specific site (Figure 4.6 b).  

 
Figure 4.6: a) Langmuir adsorption isotherm on two distinct sorption sites and 

desorption curves for sudden pressure drops from p/p0=100 to 0.02 (desorption 

primarily from site 1) and from p/p0=0.02 to vacuum (desorption primarily from 

site 2). 
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5. Scope of the Thesis 

This thesis describes the mass transport of aromatic hydrocarbons, in particular 

xylenes, in the microporous environment of zeolite pores. The focus is thereby 

set to transport in xylene mixtures and the interference of sterically hindered 

molecules on the transport properties of fast diffusing ones. In this context, also 

the role of acidic SiOHAl groups on the transport rate is to be examined. In 

chapter 1 – 4, general properties of zeolites, fundamental principles and 

characterization techniques are discussed. Chapter 6 focuses on the role of 

m-xylene during p-xylene transport in a purely silicious MFI zeolite and discusses 

the rate determining step for the p-xylene transport under these conditions.  

Chapter 7 addresses the influence of Brønsted acid sites on single p-xylene 

transport and determines energy barriers for the pore entrance with and without 

acid sites present. Chapter 8 combines the knowledge gained in the previous 

chapters and examines the transport properties of p-xylene in presence of 

m-xylene as well as Brønsted acid sites. To gain insight into transport under 

industrially relevant conditions, a p-xylene isomerization is followed in detail with 

concurrent transport measurements. The presented results contributed to a 

comprehensive understanding of transport in zeolites and nanoporous materials 

in general and will be conducive for improving industrially relevant processes like 

xylene isomerization and toluene methylation. 
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6. Understanding Transport Steps in 

Xylene Mixtures in ZSM-5 Zeolites 

 

 

 

 

The transport of p-xylene in purely siliceous MFI was investigated in the presence 

of co-adsorbed m-xylene by combining fast time-resolved IR spectroscopy and 

frequency response methods. p-Xylene transport rates are dominated by 

diffusion in the straight channels of MFI, which is eight times faster than transport 

in the sinusoidal channels. m-Xylene adsorbed on the outer surface lowers the 

sorption rate of p-xylene significantly by blocking pore entrances, whereas 

m-xylene adsorbed in the MFI pores hardly influences the p-xylene transport 

rates. If the pore entrance is the rate determining step of the transport process, 

as for the MFI samples investigated, m-xylene sorption on the outer surface 

selectively impedes the faster transport through the straight pore openings. 
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6.1. Introduction 

Medium pore size zeolites such as MFI enhance the para-selectivity in shape 

selective reactions of aromatic molecules including toluene alkylation and toluene 

disproportionation [47, 114-116] as well as xylene isomerization. [48, 117-120] In 

these reactions, the selective adsorption and transport of hydrocarbons in the 

zeolite pores is concluded to be the key factor in controlling the selectivities. [6, 

85, 121-126] Three consecutive steps have been identified for the transport 

processes of molecules from the gas phase to the sorption/reaction sites of a 

zeolite inside the micropores: (i) adsorption from the gas phase on the external 

surface, (ii) reorientation on the surface and pore entering, and (iii) transport 

within the micropores to the catalytically active sites. [127] We have shown that 

the rate determining step for the transport of aromatic molecules on MFI zeolites 

depends on the crystallite size. [127] For large MFI crystallites (> 1000 nm), 

diffusion inside the pores determines the overall rate of the transport process, 

while for particles smaller than 500 nm (having significantly shorter internal 

diffusion paths) the pore entering step begins to dominate the overall transport 

kinetics.  

The transport of the xylene isomers in the porous environment of MFI is crucial 

for the activity and selectivity in alkylation/isomerization reactions of aromatic 

molecules as it determines the effective residence time of the molecules in the 

pores and consequently the selectivity to the desired para products. [128] 

Diffusion coefficients for p-xylene in zeolites have been determined by several 

studies during the last decades for single component as well as in combination 

with other hydrocarbons. [109, 129-137] While these macroscopic processes are 

well-established, insight into the rate limiting steps of the transport is hardly 

available which is, however, required to mitigate negative effects of joint transport 

and to design better catalysts, e.g. for shape selective alkylation and 

isomerization reactions of alkyl substituted aromatic molecules. [6, 121] 

In the present study, we describe and discuss the transport of p-xylene in a purely 

siliceous MFI in presence and absence of m-xylene. We use small MFI crystallites 

(with a size close to industrially used zeolites) and study the process of 
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equilibration by fast time-resolved infrared spectroscopy and the frequency 

response experiments. We will identify the rate determining step by investigating 

the influence of the location of adsorbed m-xylene on p-xylene transport, which 

determines the rates for the entrance of p-xylene into straight and sinusoidal pore 

openings. 
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6.2. Experimental section 

6.2.1. Materials 

Siliceous MFI was synthesized via a hydrothermal synthesis route in a stainless 

steel autoclave with a PTFE inlay. [138] Water, tetraethyl orthosilicate and tetra 

propylammonium hydroxide (40 % solution in water) were added at a (mass 

based) ratio of 9:5:1 and aged under stirring at room temperature overnight. 

Hydrothermal synthesis was carried out at 443 K for 72 h rotating the autoclaves 

at 30 rpm. The samples were washed with deionized water, dried and calcined 

under synthetic air (100 mL∙min-1) at 823 K for 8 h to receive the template free 

siliceous MFI.  

 

6.2.2. Physicochemical characterization 

Scanning electron microscopy: Scanning electron microscopy (SEM) images 

were recorded on a JSM–7500 F microscope operating at 2 kV with a resolution 

of 1.4 nm and a nominal magnification of 1.0 ∙ 105. For SEM, the powdered 

sample was suspended in isopropanol, ultra-sonicated and dropped on copper 

tape. The sample was probed after complete evaporation of isopropanol. Particle 

sizes and proportions were determined graphically via ImageJ. [139] 

N2 Physisorption: Nitrogen physisorption isotherms were measured at 77 K 

using a PMI automated sorptometer. The sample was activated in vacuum at 

523 K for 2 h prior to the measurement and the BET surface area was calculated 

over a relative pressure range from 0.03 to 0.3 p/p0. The external surface areas 

was determined according to the benzene-filled pore method. [140] For these 

experiments, the sample was activated in vacuum at 523 K for 2 h and saturated 

with benzene at room temperature overnight. After cooling to 77 K and 

evacuating, N2 physisorption isotherms were recorded assuming that the pores 

were filled with benzene and thus N2 physisorption occurs only on the outer 

surface. 
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6.2.3. Concentration of pore openings 

The concentration of pore openings on the outer surface of siliceous MFI was 

determined by combining electron microscopy and external surface area 

measurements. SEM images were used to determine the ratio between the length 

of the edges along the a, b and c direction of the particles (orientation defined in 

Figure 6.1). A 3D model of the crystallite based on the dimensions obtained by 

SEM and the external surface area, determined via N2-physisorption on benzene 

filled pores, was created. N2-physisorption isotherms measured starting from the 

empty and the benzene filled zeolite are shown in the supporting information 

(Figure S6.1). 

For large MFI crystallites (in the µm range) it is widely accepted that they do not 

consist of single crystals but are rather composed of at least six pyramidal 

subunits. The crystal growth mechanism leads to a rotation of 90° between two 

(or more) of these subunits with respect to the channel orientation of the other 

subunits. [141-146] Depending on the number and orientation of the subunits 

located inside the crystal, 2-component as well as 3-component models have 

been proposed to describe the arrangement of subunits within one MFI crystal. 

[143, 147] For small MFI crystallites (< 1 µm), however, like the ones investigated 

in this study as well as for grown MFI membranes, electron diffraction patterns 

indicate the presence of single crystals. [148-151] 

The channel orientation of the MFI unit cell, shown in Figure 6.1, was assigned 

to the crystallite surface planes according to literature assuming the presence of 

single crystals. [147, 150] The straight channels are aligned parallel to the 

crystallographic b-vector, sinusoidal channels parallel to the a-vector. Sinusoidal 
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channel openings were also assumed to be present along the c-direction resulting 

from sinusoidal channel cut along the surface. 

 

 

Figure 6.1: Schematic representation of the MFI unit cell (left) and the crystallite 

model representing the determined ratio of 1 : 1.4 : 1.5 : 1 between x : y : z : h 

axis and the location of straight and sinusoidal pore openings (right). 

 

The number of pore openings for each type of channels was determined using 

the surface area of the unit cell site perpendicular to straight and sinusoidal 

channels and the corresponding area of the surface plane via: 

𝑐𝑜𝑝𝑒𝑛.,𝑖/𝑔(𝑧𝑒𝑜𝑙𝑖𝑡𝑒) =
𝑁𝑜𝑝𝑒𝑛.,𝑖/𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝑚𝑐𝑟𝑦𝑠𝑡𝑎𝑙
=

2 ∙ 𝐴𝑐𝑟𝑦𝑠𝑡𝑎𝑙,𝑖

𝐴𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙,𝑖 
∙

1

𝑚𝑐𝑟𝑦𝑠𝑡𝑎𝑙
 (6.1) 

with 𝑁𝑜𝑝𝑒𝑛.,𝑖/𝑐𝑟𝑦𝑠𝑡𝑎𝑙  being the number of pore openings i per crystallite surface 

orientation, 𝐴𝑐𝑟𝑦𝑠𝑡𝑎𝑙,𝑖 the surface area perpendicular to channel i of the crystallite 

and 𝐴𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙,𝑖 the surface area of the unit cell site perpendicular to channel i. 

 

6.2.4. Selective deposition of m-xylene  
 

The location of m-xylene was controlled by varying the time for equilibration and 

evacuation. For loading m-xylene into the pores, the sample was equilibrated with 

m-xylene at partial pressures between 0.010 and 0.500 mbar followed by 

evacuation at 10-6 mbar for 20 minutes. For deposition of m-xylene on the outer 

surface, the sorption time was decreased to 10 minutes, which ensures that 

m-xylene does not diffuse into the pore system in significant amounts on the time 

h

y z

x

sinusoidal 

channel

straight 

channel

cut sinusoidal channel

ac

b

c

b

a



6. Understanding Transport Steps in Xylene Mixtures in ZSM-5 Zeolites 

51 
 

scale of the frequency response and IR experiments. After loading the samples 

with m-xylene, p-xylene was added and equilibrated at a partial pressure of 

0.150 mbar. 

 

6.2.5. Fast time-resolved IR spectroscopy 

Experimental setup and measuring principle: The sorption kinetics of p-xylene 

in MFI zeolites was followed using fast time-resolved IR spectroscopy. A 

rectangular volume modulation with an amplitude of ± 4 % and a modulation 

frequency of 1/25 s-1 was applied to study the transport processes at conditions 

close to the equilibrium. A more detailed description of the method can be found 

in our previous work. [152] The concentration profiles of p-xylene and m-xylene 

were calculated from the intensity of the C–C stretching vibrations at 

1542-1475 cm-1 and 1550-1422 cm-1, respectively. Initial sorption rates were 

derived from the initial slopes of the concentration time profiles according to the 

following equations. 

Adsorption: 

∆𝑐(𝑡) = ∆𝑐𝑒𝑞 (1 − 𝑒
−

𝑡
𝑡𝑎𝑑𝑠)    ∀      0 < 𝑡 ≤ 𝑡𝑝/2 (6.2) 

Desorption: 

∆𝑐(𝑡) = ∆𝑐𝑒𝑞 ∙ 𝑒
−
𝑡−𝑡𝑝/2

𝑡𝑑𝑒𝑠     ∀      𝑡𝑝/2 < 𝑡 ≤ 𝑡𝑝 (6.3) 

Herein, ∆𝑐𝑒𝑞 denotes the change of the sorbate concentration when reaching the 

equilibrium after the volume perturbation. 𝑡𝑎𝑑𝑠  and 𝑡𝑑𝑒𝑠  represent the time 

constants of the adsorption and desorption process and  𝑡𝑝  the time for one 

modulation period. 

Sample preparation and activation: The powdered sample was carefully 

dispersed in isopropanol, dropped on a CaF2 infrared window and dried, which 

creates a thin uniform zeolite layer and insures measurements without diffusion 

limitations in inter-particle pores. The sample was activated at pressures below 
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10-6 mbar at 673 K for 1 h prior to transport studies. All diffusion experiments were 

carried out at 373 K.  

Deconvolution procedure of IR spectra: The time resolved series of infrared 

spectra from p-xylene/m-xylene mixtures were deconvoluted using contributions 

of spectra from the single substances adsorbed on the siliceous MFI sample. For 

deconvolution, the xylene C–C stretching vibrations located between 1550 and 

1400 cm-1 were used. Fitting was done using a least square method. For fast 

time-resolved IR measurements this procedure was applied for all spectra of the 

experiment series to obtain the individual sorption rates for p-xylene and 

m-xylene molecules. A graphical illustration of the deconvolution procedure can 

be found in the supporting information (Figure S7.2). 

 

6.2.6. Frequency response measurements 

Experimental Setup: The frequency response setup was already described in 

our previous work. [137] For calculating the in-phase and out-phase characteristic 

functions 𝛿𝑖𝑛 and 𝛿𝑜𝑢𝑡, a planar sheet diffusion model with the thickness 2 L was 

applied. 

𝛿𝑖𝑛 =
1

𝜂𝐹𝑅
∙ (

𝑠𝑖𝑛ℎ(𝜂𝐹𝑅) + 𝑠𝑖𝑛(𝜂𝐹𝑅)

𝑐𝑜𝑠ℎ(𝜂𝐹𝑅) + 𝑐𝑜𝑠(𝜂𝐹𝑅)
) (6.4) 

𝛿𝑜𝑢𝑡 =
1

𝜂𝐹𝑅
∙ (

𝑠𝑖𝑛ℎ(𝜂𝐹𝑅) − 𝑠𝑖𝑛(𝜂𝐹𝑅)

𝑐𝑜𝑠ℎ(𝜂𝐹𝑅) + 𝑐𝑜𝑠(𝜂𝐹𝑅)
) (6.5) 

with 

𝜂𝐹𝑅 = √
𝜔 ∙ 𝐿2

𝐷
;  𝜔 = 2𝜋𝑓 (6.6) 

where 𝜔 is the angular frequency and 𝐷 the transport diffusion coefficient. For 

describing the pore entrance processes, a diffusion length 𝐿  and diffusion 

coefficient 𝐷 cannot be defined. Therefore, 
𝐿2

𝐷
 is considered as the sorption time 
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constant, i.e., the time a molecule needs for the pore entering process after 

volume perturbation.  

In the case of two independent transport processes occurring simultaneously (like 

for p-xylene in MFI), a dual planar sheet model with n = 2 was applied.  

𝐾𝛿𝑖𝑛 = ∑𝐾𝑖𝛿𝑖𝑛,𝑖

𝑛

𝑖=1  

 (6.7) 

𝐾𝛿𝑜𝑢𝑡 = ∑𝐾𝑖𝛿𝑜𝑢𝑡,𝑖

𝑛

𝑖=1  

 (6.8) 

 

Sample preparation and activation: 15 mg of powdered sample was dispersed 

in a quartz sample holder on several layers of quartz wool to avoid bed effects. 

The glass-tube was connected to the vacuum setup, evacuated to 10-6 mbar and 

activated at 673 K for 1 h. During the experiment, the volume of the setup was 

periodically modulated with a square wave volume perturbation function in a 

frequency range of 10-4 Hz to 2 and an amplitude of ± 4 % of the total system 

volume.  

Data treatment: The amplitude and the phase lag were obtained from a Fourier 

transformation of the pressure response. The parameters of the characteristic 

functions were obtained by least square nonlinear parameter fitting. 
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6.3. Results and discussion 

6.3.1. Physicochemical characterization 

Nitrogen physisorption led to an apparent BET surface area of 384 m2∙g-1 and a 

micropore volume of 0.17 cm3
∙g-1 for the investigated siliceous MFI. The external 

surface area, determined via benzene pore filling method, [140] was 39 m2∙g-1. 

The average length of the crystals, determined from the analysis of the crystals 

by scanning electron microscopy (SEM, Figure 2), were 120 ∙ 165 ∙ 185 ∙ 120 nm 

(ratio 1 : 1.4 : 1.5 : 1) along the x · y · z · h axis (as defined in Figure 7.1). 

 

  

Figure 6.2: Scanning electron microscopy image of the siliceous MFI sample. The 

white scale bar represents 200 nm. 

 

6.3.2. Concentration of pore openings 

The concentration of pore openings on the outer surface was calculated 

combining crystal dimensions, obtained by SEM, with the external surface area, 

measured by N2 sorption after filling the pores with benzene. The overall 

concentration of pore openings was estimated to be 45 µmol∙g-1 with 19 µmol∙g-1 

for the straight and 26 µmol∙g-1 for the sinusoidal pore openings for siliceous MFI. 
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6.3.3. Fast time-resolved IR spectroscopy 

Single component diffusion (p-xylene in siliceous MFI): A typical example of 

an intensity profile of the C-C stretching vibrations is presented in Figure 6.3. The 

functions described in Equations 2 and 3, assuming a first order sorption process, 

were used to fit the concentration profiles. The same rate was observed for the 

adsorption and desorption process, with an initial change in p-xylene transport 

rate of 1.58 µmol·g-1, indicating complete reversibility of adsorption and 

desorption pathways. IR spectra of p-xylene adsorbed on siliceous MFI are 

shown in the supporting information (Figure S6.3). 

 

 

  
Figure 6.3: Concentration change profile for p-xylene (calculated from the C–C 

stretching vibrational bands) adsorbed on siliceous MFI induced by square wave 

pressure perturbations with a modulation frequency of 1/25 s-1. 

 

Dual component mixtures: Transport of p-xylene in the presence of 

m-xylene: To identify the rate determining step for the p-xylene transport for the 

investigated crystallite dimensions, slowly diffusing m-xylene was selectively 

adsorbed on the external surface or inside the micropores. As m-xylene diffuses 

about three orders of magnitude slower than p-xylene, [18] its presence should 

significantly retard the p-xylene transport if the transport processes compete at 

the surface or inside the pores in the rate determining step. The transport rates 

and the concentration changes of p-xylene in presence of m-xylene adsorbed on 
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the outer surface and inside the pores are shown in Figure 6.4. The p-xylene 

transport rates markedly decreased with increasing m-xylene coverage on the 

outer surface, while an increasing loading of m-xylene inside the pores showed 

only a minor influence on the p-xylene transport rates (Figure 6.4). In previous 

studies on the transport of single component aromatic molecules in zeolite 

crystals below 300 nm in diameter, we have identified the pore entrance step to 

be rate determining. [127] This is in perfect agreement with the present data, as 

m-xylene on the outer surface competes with p-xylene for the sites at the pore 

openings and, thus, reduces so the rate of uptake of the faster diffusing p-xylene 

molecules.  

 

 

Figure 6.4: a) Change in p-xylene sorption rate during ± 4 % volume modulation 

measured via fast time-resolved infrared spectroscopy as function of the 

m-xylene partial pressure at constant p-xylene partial pressure of 0.150 mbar. A 

sample concentration profile used for rate determination is shown in the 

supporting information (Figure S7.4). b) Adsorption isotherms of m-xylene on 

siliceous MFI at 373 K measured at constant p-xylene partial pressure of 0.150 

mbar. For measuring the m-xylene uptake on the external surface (m-xylene 

outside) and inside the channels (m-xylene inside) separately, the deposition 

procedure described for diffusion experiments was applied. 
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6.3.4. Frequency response measurements 

Single component diffusion: p-Xylene transport: The characteristic functions 

of the frequency response experiments for pure p-xylene transport with an 

equilibrium partial pressure of 0.150 mbar in siliceous MFI are shown in Figure 

6.5. 

 

Figure 6.5: Frequency response curves for 0.150 mbar p-xylene adsorbed on 

siliceous MFI at 373 K and the fit with a dual planar sheet model including an 

additional surface adsorption contribution. 

 

Two independent transport processes for p-xylene diffusion in siliceous MFI, 

characterized by two maxima in the out-of-phase characteristic function, were 

observed and assigned to transport processes in the straight and sinusoidal MFI 

channels. The slower transport process with the maximum occurring at lower 

frequencies (2) is attributed to transport into the slightly smaller (0.55 ∙ 0.51 nm) 

and more tortuous sinusoidal channels, while the faster transport (1) is related 

to transport into the straight channels. The appearance of two independent 

transport processes is attributed to the inability of p-xylene to re-orientate at the 

intersections at low temperatures, which would be necessary to change between 

sinusoidal and straight channels. Note that for molecules like benzene, which can 

reorient in the intersection, only one maximum is typically observed. [85, 126] 
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Additionally, another small contribution to the overall p-xylene transport was 

observed, which is attributed to xylene adsorbing at the outer surface of the 

zeolite. As this process occurs much faster (at frequencies above 2 Hz) 

compared to the pore entrance, a distinct maximum in the out-phase function was 

not detected. Its existence was deduced from a slight shift in the in-phase function 

(K= 0.01) to higher values throughout all frequencies measured. It must be noted 

that on (non-porous) silica this process was also observed (see Figure S6.6 in 

supplementary material).  

The overall characteristic in and out phase functions (Figure 6.5) were well 

described by using a dual planar sheet model with an additional contribution due 

to surface adsorption. An additional surface resistance term was not included, as 

the chosen model was able to fit the characteristic functions. The sorption time 

constant 𝜏 =
𝐿2

𝐷
 , determined from the position of the maximum in the out of phase 

function according to Equation 6.5, describes the time between the successful 

entering of two p-xylene molecule through the same pore opening during 

equilibration. For straight and sinusoidal channels, 10 and 83 s were determined 

as sorption time constants, which represents, in principle, the limit for the 

(macroscopic) transport rates in reactions and membrane permeation of p-xylene 

over MFI zeolites under the conditions (pressure, temperature) investigated. 

Membrane permeabilities calculated based on the assumption of a perfectly flat 

and oriented crystal surface using the determined sorption time constants (see 

Supporting Information for detailed calculation) lead to 9.3·10-8 
𝑚𝑜𝑙

𝑚2∙𝑠∙𝑃𝑎
 along the 

b-direction (straight channel pore entrance), 1.2·10-8 
𝑚𝑜𝑙

𝑚2∙𝑠∙𝑃𝑎
 along the a-direction 

(sinusoidal channel pore entrance) and 7.6·10-9 
𝑚𝑜𝑙

𝑚2∙𝑠∙𝑃𝑎
 along the c-direction, 

which is in excellent agreement to literature values reported for MFI membranes 

which is in the order of ~ 3·10-8 
𝑚𝑜𝑙

𝑚2∙𝑠∙𝑃𝑎
. [153-155] The number of molecules 

diffusing through the pores of the sample during the pressure modulation in the 

frequency response experiments is proportional to the uptake constant K 

obtained by fitting the characteristic functions. As the p-xylene molecules cannot 

change between channels and are equally distributed throughout the crystallite, 

the ratio between the number of accessible straight and sinusoidal channels and, 
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therefore, also of the corresponding pore openings, can be calculated from the 

ratio between the K values for the two transport processes. For the frequency 

response experiment with p-xylene only (i. e., all pores available), the ratio 

between the K values for straight and sinusoidal channels is in accordance to the 

ratio between straight and sinusoidal channels calculated from the crystallite 

model (Figure 6.1). 

 

m-Xylene sorption on the outer surface: To gain further insight into the kinetics 

of the p-xylene transport process, frequency response experiments were 

conducted with m-xylene partially blocking the pore openings (using increasing 

m-xylene partial pressures to change the coverage).  

 

  

Figure 6.6: a) Out phase functions for siliceous MFI equilibrated with 0.150 mbar 

p-xylene at m-xylene partial pressures indicated b) Characteristic out phase 

functions for straight (straight line: K1) and sinusoidal channel (dashed line: K2) 

channel pore entrance at m-xylene partial pressures indicated using a dual planar 

sheet approach. The individual frequency response curves are shown in the 

supporting information (Figure S7.5). 

 

With increasing m-xylene surface concentration the faster transport process 

through the straight channels described by K1 (0.56 ∙ 0.53 nm compared to 

0.55 ∙ 0.51 nm for sinusoidal channel) was impeded first, whereas transport 
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through the smaller sinusoidal channels (K2) remained unaffected (Figure 6.6). 

The selectively reduced uptake through the straight channels with increasing 

surface coverage of m-xylene indicates that m-xylene adsorbed on the outer 

surface of the zeolite preferably blocks the pore openings to the straight channels. 

The sorption time constant τ1 for the straight channels, however, is not affected 

by the presence of m-xylene. The slower transport process in the sinusoidal 

channels (represented by K2) is supressed only after the diffusion through the 

straight channels is almost completely hindered. This decrease in K2 after most 

of the straight channels were blocked by m-xylene is manifested by an increasing 

time constant τ2 for the pore entrance of p-xylene into the sinusoidal pore 

openings (Table 6.1).  

With increasing coverage of m-xylene on the external surface, the mobility of 

p-xylene weakly bound to the surface decreases thus lowering the probability for 

p-xylene to achieve the appropriate orientation to enter the pores, thus increasing 

the time constant τ2 for the pore entrance. 

Having determined the total pore concentration, the ratio between K1 and K2 can 

be used to estimate the fraction of straight and sinusoidal channels available for 

p-xylene for each measured m-xylene surface coverage according to Equation 

6.9. 

𝑐(𝑓𝑟𝑒𝑒 𝑝𝑜𝑟𝑒 𝑜𝑝𝑒𝑛𝑖𝑛𝑔𝑠)𝑖 =
𝐾𝑖

𝐾0, 𝑜𝑣𝑒𝑟𝑎𝑙𝑙
∙ 𝑐𝑜 =

𝐾𝑖

𝐾0, 𝑠𝑡𝑟. + 𝐾0, 𝑠𝑖𝑛𝑢𝑠.
∙ 𝑐𝑜 (6.9) 

With 𝐾𝑖  denoting the uptake constant for the straight and sinusoidal channel, 

𝐾0, 𝑠𝑡𝑟. and 𝐾0, 𝑠𝑖𝑛𝑢𝑠. the contributions of straight and sinusoidal channel for pure 

p-xylene (all channels available) and c0 the pore opening concentration without 

pore blocking. The pore concentrations as well as the sorption time constants at 

varying m-xylene partial pressure are presented in Table 6.1. 
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Table 6.1: Sorption time constants and available pore openings for p-xylene 

transport into straight and sinusoidal pore openings at varying m-xylene and 

constant p-xylene (0.150 mbar) partial pressure. 

 Straight pore openings Sinusoidal pore openings 

m-Xylene 

pressure 

[mbar] 

Available pore 

openings 

[µmol∙g-1] 

Sorption time 

constant τ1 [s] 

Available pore 

openings 

[µmol∙g-1] 

Sorption time 

constant τ2 [s] 

0.000 19 10 26 82 

0.010 11 9 26 101 

0.025 4.1 9 26 107 

0.100 2.3 9 21 220 

0.250 0.1 9 13 374 

0.500 0.0 - 9 741 

 

Having derived the concentration of available pore openings for the straight and 

sinusoidal channels as well as the specific sorption time constants, the transport 

rates of p-xylene can be calculated according to Equation 6.10, which is based 

on the assumption that only one p-xylene molecule can enter one pore opening 

at the same time. As p-xylene and the channels of MFI have similar kinetic 

diameter (0.59 and 0.56 ∙ 0.53 nm, respectively), [7, 156] it seems rather unlikely 

that two p-xylene molecules could fit through one pore at the same time. 

𝛥𝑟𝑖 =
𝑐(𝑝𝑜𝑟𝑒 𝑜𝑝𝑒𝑛𝑖𝑛𝑔𝑠)𝑖

𝜏𝑖
 (6.10) 

The indices i denotes the channel type (straight or sinusoidal) utilized by p-xylene 

for pore entering. The calculated and measured sorption rates are presented in 

Table 6.2 as well as in Figure 6.7. 
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Figure 6.7: Overall (filled symbol) as well as channel specific (open symbols) 

p-xylene sorption rates on Siliceous MFI as function of the number of available 

pore openings. 

 

Table 6.2: Calculated (frequency response) and measured (fast time-resolved IR) 

p-xylene sorption rates at varying m-xylene and constant p-xylene (0.150 mbar) 

partial pressure. 

p(m-Xylene) 

[mbar] 

r(straight) 

[µmol·g-1s-1] 

r(sinusoidal) 

[µmol·g-1s-1] 

r(overall) 

[µmol·g-1s-1] 

r(IR) 

[µmol·g-1s-1] 

0.000 1.9 0.32 2.2 3.1 

0.010 1.3 0.29 1.6 2.5 

0.025 0.5 0.26 0.8 1.9 

0.100 0.3 0.10 0.4 1.3 

0.250 0.02 0.03 0.05 0.82 

0.500 0.00 0.01 0.01 0.69 

 

Note that the rates derived from the frequency response experiments are lower 

compared to the rates obtained via fast time-resolved infrared measurements. To 

understand this difference, we must identify which transport processes are 

included in the rates determined. For the rates obtained via the frequency 

response method it can be seen from the two out phase maxima as well as the 

rate calculations (Equation 6.10), that the rate describes the pore entering 
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kinetics into straight and sinusoidal pore openings. On the other hand, IR 

spectroscopy measures adsorption-desorption processes in a time interval of 

12.5 seconds, which is too short to observe the eight times slower pore entering 

process of p-xylene through the sinusoidal pore openings. Therefore, primarily 

the fast transport process of p-xylene through the straight pore openings can be 

observed on the time scale of the fast time resolved infrared experiment (which 

contributes 86 % to the overall pore entering rate).  

Thus, in the rapid scan experiments only half the p-xylene uptake, expected from 

the (equilibrium) sorption isotherm, i.e., 1.6 µmol∙g-1 with the respect to the uptake 

from the p-xylene adsorption isotherm of 3.1 µmol∙g-1, was observed (Figure 6.8). 

This confirms that primarily the faster p-xylene transport through the straight pore 

openings occurs on the time scale of the fast time-resolved IR.  

 

 

Figure 6.8: p-Xylene isotherm on siliceous MFI measured (open symbols) at 

373 K and fit using a Langmuir type isotherm (full line). A pressure change from 

0.144 to 0.156 mbar resulted in concentration change of adsorbed p-xylene on 

siliceous MFI of 3.1 µmol∙g-1. 

 

The fast contribution of the p-xylene sorption on the external surface is included 

in the transport rate measured via fast time-resolved IR. As already described, 

this process contributes with a shoulder at high frequencies in the frequency 

response experiments (see Figure 6.5) but is not included into the rate calculation 
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based on frequency response. As the coverage with p-xylene was quantified by 

integration of the C–C stretching vibrations (1542 to 1475 cm-1) p-xylene 

molecules inside the micropores and molecules physisorbed on the outer surface 

were included into the sorption rates determined via IR. Therefore, the measured 

initial p-xylene adsorption rate is a combination of the adsorption rates from the 

gas phase to the external surface and the straight channel pore entrance.  

The adsorption rate on the external surface due to volume modulation can be 

estimated using the p-xylene collision frequency and sticking probability based 

on the Hertz-Knudsen equation. 

∆𝑟𝑎𝑑𝑠,𝑠𝑢𝑟𝑓. = 𝛼 ∙ (
𝑝2(1 − 𝜃2) − 𝑝1(1 − 𝜃1)

√2𝜋 ∙ 𝑚 ∙ 𝑘𝐵 ∙ 𝑇
) (6.11) 

where α denotes the sticking coefficient for p-xylene on ZSM-5, p the p-xylene 

partial pressure [Pa], θ the overall surface coverage, m the mass of one molecule 

[kg], kB the Boltzmann constant [J/K] and T the temperature [K]. The sticking 

probability was derived applying statistical thermodynamics, describing the loss 

of molecular degrees of freedom according to Equation 6.12. A detailed 

explanation on the sticking probability calculation can be found in our previous 

work. [152] 

𝛼 =
𝑞𝑟𝑜𝑡 ∙ 𝑞𝑣𝑖𝑏

𝑞𝑟𝑜𝑡
𝑔𝑎𝑠

∙ 𝑞𝑣𝑖𝑏
𝑔𝑎𝑠 (6.12) 

With 𝑞𝑟𝑜𝑡
𝑔𝑎𝑠

, 𝑞𝑣𝑖𝑏
𝑔𝑎𝑠

, 𝑞𝑟𝑜𝑡  and 𝑞𝑣𝑖𝑏  describing the rotational and vibrational partition 

functions of the sorbate molecule in the gas phase and in the physisorbed state, 

respectively. According to this equation, the sticking coefficient for p-xylene 

adsorbing on the external surface of siliceous MFI was determined to be 1·10-5.  

The overall surface coverage was derived using an m-xylene adsorption isotherm, 

where m-xylene, due to short equilibration times, was only located at the outer 

surface (Figure 6.4b). Note that the same equilibrium constant for meta- and 

para-xylene was assumed based on the identical heats of adsorption for both 

molecules. [157] The derived surface coverages as well as the calculated 

adsorption rates on the surface are presented in Table 6.3. 
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Table 6.3: Changes in the surface adsorption rate derived via statistical 

thermodynamics, as well as total surface coverages θ for low (1) and high (2) 

pressure state during volume modulation.  

p(m-xylene) 

[mbar] 

p(total)  

[mbar] 

𝜃1(total) 

 [%] 

𝜃2(total)  

[%] 

∆𝑟𝑎𝑑𝑠,𝑠𝑢𝑟𝑓. 

[µmolg-1s-1] 

0.000 0.150 60.0 61.4 1.34 

0.010 0.160 61.6 62.8 1.25 

0.025 0.175 63.8 65.0 1.17 

0.100 0.250 71.6 72.4 1.08 

0.250 0.400 80.1 80.7 0.77 

0.500 0.650 86.8 87.0 0.70 

 

After subtracting the surface adsorption rates from the rates measured via fast 

time-resolved infrared spectroscopy, the rates are almost identical to the p-xylene 

pore entrance rates determined via frequency response (Figure 6.9). 

 

 

Figure 6.9: Comparison of straight channel pore entrance rates derived via fast 

time resolved IR and frequency response method.  
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Figure 6.10: Siliceous MFI zeolite model with surface adsorbed m-xylene; a) 

adsorption in straight pore openings, b) sinusoidal pore openings, c) cut 

sinusoidal pore openings. 

 

For better understanding of the preferential sorption of m-xylene at the pore 

openings of the straight channels, a closer look at the zeolite surface is required. 

The location of m-xylene at the pore openings of the straight and sinusoidal 

channels, based on the crystal geometry of the MFI structure, is depicted in 

Figure 6.10. Using the size of the (unrelaxed) xylene molecules and the pores, a 

much tighter fit for m-xylene in the openings to the straight channels compared 

to sinusoidal and cut sinusoidal pore openings was observed. Thus, a higher heat 

of adsorption is expected, which can explain the preferential sorption of m-xylene 

into the straight pore openings. Note that we have observed that for the 

adsorption benzene in MFI zeolites the difference in the heat of adsorption of 3 - 4 

kJ∙mol-1 leads to a preferential adsorption of the molecules at intersection 

containing Brønsted acid sites. [158, 159]  

 

c) cut sinusoidal channel

a) straight channel

b) sinusoidal channel

a
c

b
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6.4. Conclusion 

The macroscopic transport rates of binary mixtures of xylenes strongly depend 

on the presence of slow diffusing molecules. We have shown that the overall 

p-xylene transport rate is directly proportional to the available fraction of straight 

channel pore openings. p-Xylene is transported through the straight channel pore 

openings about eight times faster than through sinusoidal channel openings. Due 

to preferentially impeding the p-xylene transport through the straight channel 

openings, even small surface concentrations of m-xylene have a significant 

impact on p-xylene transport rates for small zeolite crystals. As the pore entrance 

step is rate limiting for aromatic molecules with small crystallite medium pore 

zeolites, sorption of m-xylene inside the pores (up to 2.2 molecules m-xylene per 

unit cell) has only a minor effect on the (macroscopic) overall p-xylene transport 

rate. Therefore, the entrance rate into the pores defines the maximum rates for 

reactions and permeation of p-xylene. The sorption of molecules with slow 

diffusivity will decrease the number of available sites and thus presents an 

additional contribution decreasing the reaction rate. As, for p-xylene, the pore 

entrance into the straight channels is about one order of magnitude faster than 

into the sinusoidal channels, this further indicates that transport of substrate and 

products will predominantly occur through the straight channels and that blocking 

the openings of these channels e.g. by re-adsorption of bulky products on the 

external surface of the zeolite – even in small quantities – can lead to severe 

transport limitations for molecules unable to re-orientate between channels. 
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6.5. Supporting information 

 

Determination of surface area 
 

 
Figure S6.1: Determination of overall and external surface area from N2 

Physisorption measurements starting from empty and benzene-filled zeolite. 

 
 
 

IR spectra 
 

 
Figure S6.2: Deconvolution procedure used for separating m-xylene/p-xylene 

mixtures measured via fast time-resolved IR spectroscopy. 
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Figure S6.3: IR spectra for p-xylene adsorption on Siliceous MFI at 373 K. a) 

Difference IR spectra for p-xylene adsorption on Siliceous MFI b) Magnified 

section showing p-xylene C–H stretching vibrations c) Magnified section showing 

p-xylene C–C stretching vibrations. 

 

Fast time-resolved IR measurements 

 

Figure S6.4: Concentration profiles measured via fast time resolved IR for 

m-xylene/p-xylene mixtures on Siliceous MFI at 373 K. a) 0.100 mbar m-xylene 

followed by 0.150 mbar p-xylene (m-xylene adsorbed on the outer surface) and 

b) 0.500 mbar m-xylene followed by evacuation and equilibrated with 0.150 mbar 

p-xylene (m-xylene located inside the pores).  
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Frequency response measurements 

 

Figure S6.5: Frequency response curves measured for m-xylene/p-xylene 

mixtures at different m-xylene partial pressures on Siliceous MFI at 373 K. The 
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curves show the situation for m-xylene adsorbed primarily on the outer surface of 

the zeolite.  

 

Figure S6.6: Frequency response curve measured for 0.150 mbar p-xylene 

adsorbed on nonporous Silica at 373 K.  

 

 

Figure S6.7: Change in p-xylene sorption rate during ± 4 % volume modulation 

measured via fast time-resolved infrared spectroscopy as function of the 

m-xylene uptake at constant p-xylene partial pressure of 0.150 mbar at 373 K.  
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Calculating permeabilities for p-xylene at 373 K 

The number of pore openings per m2 for a-, b- and c- oriented MFI crystals are 

calculated from the unit cell dimensions. 

 
Table S6.1: MFI unit cell parameters 

MFI unit cell parameter Length [nm] 

 

a 2.009 

b 1.974 

c 1.314 

 
 
Table S6.2: Calculated surface areas for each unit cell plane. 

Channel Orientation Unit Cell Plane 
Surface Area 

[nm2] 

a-orientation b · c 2.594 

b-orientation a · c 2.640 

c-orientation a · b 3.966 

 
 

As every unit cell plane contains two pore openings, the number of pore 

openings per surface area is calculated according to: 

𝑁𝑜𝑝𝑒𝑛/𝑠𝑢𝑟𝑓,𝑖 =
2

𝐴𝑢.𝑐.𝑝𝑙𝑎𝑖𝑛 𝑖
 (S6.1) 

with i denoting one channel orientation. 

The flux 𝑗 of p-xylene molecules under the applied conditions is calculated by: 

𝑗𝑖 =
𝑁𝑜𝑝𝑒𝑛/𝑠𝑢𝑟𝑓,𝑖

𝜏𝑖 ∙ 𝑁𝐴
 (S6.2) 

with 𝜏𝑖 being the sorption time constant for channel orientation i and NA the 

Avogadro constant. 

The permeability 𝑃 is then calculated by: 

𝑃𝑖 = 𝐽𝑖/∆𝑝 (S6.3) 

ac

b
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with Δp=1.35 Pa being the pressure change in the system due to volume 

modulation. 

 

Table S6.3: Calculated p-xylene flux and permeability for each channel  

 

Calculating the concentration of pore openings for individual 

MFI channel 

The total surface area given by the B.E.T. measurement (39 m2∙g-1) is the sum of 

the areas corresponding to straight, sinusoidal, and cut sinusoidal channel. 

𝐴𝐵.𝐸.𝑇. = 
𝐴𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝑚𝑐𝑟𝑦𝑠𝑡𝑎𝑙
=

𝐴𝑐𝑟𝑦𝑠𝑡𝑎𝑙,   𝑠𝑡𝑟.  + 𝐴𝑐𝑟𝑦𝑠𝑡𝑎𝑙,   𝑠𝑖𝑛. + 𝐴𝑐𝑟𝑦𝑠𝑡𝑎𝑙,   𝑐𝑢𝑡

𝑚𝑐𝑟𝑦𝑠𝑡𝑎𝑙
 (S6.4) 

The ratio between the channel specific areas is determined by the side ratio of 

the crystallite obtained via SEM. For the geometry and side ratio described here 

(1 : 1.4 : 1.5 : 1 = x · y · z · h axis), the areas are given by: 

𝐴𝑠𝑡𝑟. = 2 ∙ 𝑥 ∙ 𝑦 + 𝑦 ∙ (𝑧 − 𝑥) = 3.5𝑥2 (S6.5) 

𝐴𝑠𝑖𝑛. = 2 ∙ 𝑧 ∙ ℎ = 3.0𝑥2 (S6.6) 

𝐴𝑐𝑢𝑡. = 2 ∙ 𝑦 ∙ ℎ = 2.8𝑥2 (S6.7) 

From the side ratio of 3.5 : 3.0 : 2.8 (𝐴𝑠𝑡𝑟.: 𝐴𝑠𝑖𝑛.: 𝐴𝑐𝑢𝑡.) the absolute values for 𝐴𝑠𝑡𝑟., 

𝐴𝑠𝑖𝑛. and 𝐴𝑐𝑢𝑡. can be calculated based on Equation S6.4. The concentration of 

pore openings for each channel is derived based on Equation 6.1. 

 

  

Channel Orientation 𝑁𝑜𝑝𝑒𝑛/𝑠𝑢𝑟𝑓,𝑖 ·10-17 [m-2] 
𝑗  ·108 

[mol·m-2·s-1] 

𝑃  ·108 

[mol·m-2·s-1·Pa-1] 

a-orientation 7.71 1.56 1.16 

b-orientation 7.58 12.6 9.32 

c-orientation 5.04 1.02 0.76 
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6.6. Associated content 
 

This chapter is based on a peer reviewed article. 

 

Reprinted (minor changes) with permission from (M. Baumgärtl, A. Jentys, and J. 

A. Lercher. "Understanding Elementary Steps of Transport of Xylene Mixtures in 

ZSM-5 Zeolites." The Journal of Physical Chemistry C 123.13 (2018): 8092-8100) 

Copyright (2018) American Chemical Society. 
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7. Influence of Acid Sites on Xylene 

Transport in MFI Type Zeolites 
 

 

 

 

The influence of Brønsted acidic sites at the pore entrance of MFI type zeolites 

on the transport of p-xylene was investigated by comparing the diffusion rates on 

samples with and without Al. The pore entrance rate is directly proportional to the 

concentration of molecules on the external surface. Brønsted acid sites lead to a 

higher sorption equilibrium constant of xylene because of stronger binding by 

about 3 kJ∙mol-1, compared to a neutral surface. The stronger binding energy 

reduces the apparent but not the true energy of activation for the pore entrance 

step of p-xylene, leading to an enhanced pore entrance rate. Brønsted acid sites 

in the pores do not markedly influence the transport. 
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7.1. Introduction 

Catalysis in nanoporous materials depends on the reaction rate at the active site 

but may be limited by mass transport of reactants and products.  Both processes 

are interconnected, as active sites along diffusion pathways are involved in 

sorption and desorption of reactive substrates while converting these. [160-162] 

Understanding the relations between reaction and mass transport, therefore, is 

essential for developing catalytic processes and has stimulated significant 

fundamental research. [18, 163-165] In this context, several studies on the role of 

Brønsted acid sites on the intra-crystalline transport properties of aromatic 

molecules in ZSM-5 (MFI) [166, 167] reported that diffusivity in the channels 

decreases with increasing acid site concentration. This behavior have been 

attributed to stronger interactions between diffusing molecules and acid sites, 

leading to a prolonged residence time on these sites and, therefore, to lower 

transport rates. [167, 168] The MFI samples investigated in these studies 

consisted of crystallites in the micrometer range, for which intra-crystalline 

diffusion controls transport, [127, 169] while reactions at the surface and at the 

pore entrance hardly influence the overall transport process.  

Despite the large pore volume of zeolites, transport processes involve the 

external surface, as sorption at the outer surface is a critical step in the transport 

from the gas phase to the sites in the micropores, especially for molecules whose 

critical diameter approaches the diameter of the pore. We have previously shown 

that the pore entrance step is rate determining for the transport of aromatics in 

crystallites of siliceous MFI below 300 nm diameter. [169] Because Brønsted 

acidic SiOHAl groups are the active sites for catalytic reactions such as xylene 

isomerization, [47, 117, 118] insight into the impact of these sites on the kinetics 

of the transport process is crucial for further catalyst design.  Thus, we decided 

to investigate the role of Brønsted acid sites on the transport of molecules through 

the pores of MFI crystals. To address this experimentally, diffusion through MFI 

in presence and absence of SiOHAl sites was followed by fast time-resolved 

infrared spectroscopy. We determine transition state enthalpies and entropies for 

the p-xylene pore entrance in MFI with and without the presence of SiOHAl sites.  
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7.2. Experimental section 

7.2.1. Materials 

Small crystallite MFI type zeolites were synthesized via a hydrothermal synthesis 

as described previously. [169] Water, tetraethyl orthosilicate, and tetra propyl 

ammonium hydroxide (40% solution in water) were added together with the 

appropriate amount of sodium aluminate (for the Al containing sample; 3.1 mmol 

and 6.2 mmol for MFI-45 and MFI-27, respectively) at a mass-based ratio of 9:5:1 

into a stainless-steel autoclave with PTFE inlay and aged under stirring at room 

temperature overnight. Hydrothermal synthesis was carried out at 443 K for 72 h 

at 30 rpm. After washing with deionized water, the samples were dried and 

calcined under synthetic air (100 mL∙min-1) at 823 K for 8 h. [170] All samples 

were ion-exchanged three times with a 1 M ammonium nitrate solution for 5 h at 

343 K under stirring, separated by centrifugation and dried at 343 K overnight. 

[138] Ammonium hexafluorosilicate solution was used to remove extra-

framework aluminium from the pores of the zeolite according to reference [171]. 

To obtain the proton form of the zeolite, the materials were calcined at 823 K for 

5 h under synthetic air (100 ml·min-1). The aluminium containing zeolites are 

denoted MFI-X, with X representing the Si/Al ratio obtained after AHFS treatment, 

determined by elemental analysis. The purely siliceous sample is denoted Si-MFI. 

IR spectra of the activated samples are given in the Supporting Information 

(Figure S7.1). 

 

7.2.2. Physicochemical characterization 

Scanning electron microscopy: Scanning electron microscopy (SEM) images 

were obtained with a JSM–7500 F microscope at a resolution of 1.4 nm and a 

magnification of 1.0 ∙ 105 at 2kV. The powdered samples were prepared by 

dropping an ultra-sonicated isopropanol suspension on copper tape.  

Concentration of pore openings: The concentration of pore openings on the 

outer surface was determined analogous to the description in our previous study 
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by combining electron microscopy (Figure 7.2) and external BET surface area 

measurements. [169] 

Determination of Brønsted acid site concentration: Concentration of 

Brønsted acidic SiOHAl sites (BAS) was determined by adsorption of pyridine 

followed by IR spectroscopy. Self-supporting wafers of the samples were 

evacuated for one hour at pressures below 10-6 mbar at 723 K. Pyridine was 

adsorbed on the samples at an equilibrium pressure of 10-1 mbar at 423 K. The 

concentration of BAS was determined from the integration of the band at 1545 

cm-1 of protonated pyridine using a molar extinction coefficient of 0.73 cm2∙µmol-1. 

[172] 

Mesitylene was chosen to quantify the concentration of externally accessible BAS, 

as this molecule is structurally similar to xylenes, but – due to a kinetic diameter 

of 0.86 nm – cannot enter the 10 membered-ring pore openings of MFI. [173] 

Therefore, it interacts only with the Brønsted acid sites accessible from the pore 

mouth region or within the mesopores. The concentration of these externally 

accessible BAS was determined from the decrease of the band at 3608 cm−1, 

assigned to the OH stretching vibration of the SiOHAl groups. 

Uptake on external surface area: m-Xylene was chosen to estimate the 

p-xylene uptake on the external surface of the zeolite samples. The difference in 

heat of adsorption between p- and m-xylene for the adsorption on the external 

surface of MFI, estimated by calorimetric adsorption experiments on amorphous 

SiO2, resulted in heats of adsorption of -45 and -49 kJ∙mol-1 for p- and m-xylene, 

respectively. Based on these numbers and the measured equilibrium constants 

for m-xylene, the equilibrium constants and surface coverage of p-xylene for the 

zeolite samples were calculated.   
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Figure 7.1: Xylene concentration profiles measured by infrared spectroscopy for 

a) p-xylene transport, b) m-xylene transport and c) p-xylene subtracted by 

m-xylene transport (pore entrance contribution). 

 

7.2.3. Fast time-resolved IR spectroscopy 

Experimental setup and measuring principle: Fast time-resolved IR 

spectroscopy was used to follow the sorption kinetics of p-xylene in MFI zeolites. 

For a detailed description of this method we refer to reference [169]. To obtain 

the concentration profiles of p-xylene and m-xylene the C–C stretching vibrations 

were integrated in the range of 1542-1475 cm-1 and 1550-1422 cm-1, respectively.  

p-Xylene transport rates were derived from the initial slopes of the concentration 

time profiles according to the following equations. 

 

Fit of adsorption: 

∆𝑐(𝑡) = ∆𝑐𝑒𝑞 (1 − 𝑒
−

𝑡
𝜏𝑎𝑑𝑠)    ∀      0 < 𝑡 ≤ 𝑡𝑝/2 (7.1) 

Fit of desorption: 

∆𝑐(𝑡) = ∆𝑐𝑒𝑞 ∙ 𝑒
−
𝑡−𝑡/2
𝜏𝑑𝑒𝑠     ∀      𝑡𝑝/2 < 𝑡 ≤ 𝑡𝑝 (7.2) 

With ∆𝑐(𝑡)  being the concentration difference between t=0 and t and 

∆𝑐𝑒𝑞 between the equilibrated states. 𝜏  is the time constant for the sorption 

process. The measured concentration time profiles were fitted with Equation 7.1 

and 7.2 using a least-square method.  The derived parameters ∆𝑐𝑒𝑞and 𝜏 are 

used to calculate the transport rates. In this study only the adsorption process 

was investigated. 
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𝑟𝑎𝑑𝑠 =
𝑑(∆𝑐(𝑡))

𝑑𝑡
=

∆𝑐𝑒𝑞 (1 − 𝑒
−

𝑡
𝜏𝑎𝑑𝑠)

𝜏𝑎𝑑𝑠
= 

∆𝑐𝑒𝑞

𝜏𝑎𝑑𝑠
 

(7.3) 

The samples for IR spectroscopy were prepared by dispersing a zeolite sample 

in isopropanol and coating a CaF2 infrared window with this suspension to 

prevent diffusion limitations in inter-particle pores. [169] Samples were activated 

at pressures below 10-6 mbar at 673 K for 1 h prior to transport studies. Transport 

experiments with p-xylene were performed with pre-equilibrated samples in the 

pressure range on 0 to 4 mbar for temperatures of 323, 343 and 373 K applying 

a rectangular volume modulation with an amplitude of ± 4% and a modulation 

frequency of 1/16 s-1.  

 

7.2.4. Determination of pore entrance rates 

Volume modulation experiments followed by IR spectroscopy were used to 

monitor the dynamic changes in p-xylene uptake. The time-dependent 

concentration change is shown in Figure 7.1. The uptake rate observed in these 

experiments is a combination of adsorption on the external surface and in the 

pores. Spectroscopically, a differentiation between both processes is not possible, 

therefore, the contribution of the surface adsorption of p-xylene was estimated by 

using m-xylene, for which pore entrance can be excluded on the time scale of the 

transport experiment (periodicity of the volume perturbation 16 s) and subtracted 

from the p-xylene rate (containing both contributions) to obtain transport rates 

into the pores. To account for the differences in adsorption strength and surface 

coverage between p- and m-xylene, the measured m-xylene concentration 

profiles were corrected with the ratio of the equilibrium constants derived from the 

differences in heat of adsorption measured on SiO2.  The rates derived from the 

total p-xylene uptake is referred to as p-xylene transport rate, the rate corrected 

by the surface adsorption term (m-xylene measurement) is referred to as pore 

entrance rate. 
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7.3. Results and discussion 

7.3.1. Physicochemical characterization 

Nominal specific surface areas of 384 m2·g−1, 369 m2·g−1, and 380 m2·g−1 for the 

siliceous MFI (Si-MFI), MFI-45 and MFI-27 were determined by N2 physisorption. 

The external surface areas, determined by the benzene filling pore method, were 

39 m2·g−1, 63 m2·g−1 and 37 m2·g−1 for Si-MFI, MFI-45 and MFI-27, respectively. 

The concentration of bridging hydroxyl groups (SiOHAl), determined by IR 

spectroscopy of adsorbed pyridine, were 491 μmol·g−1 and 369 μmol·g−1 for 

MFI-27 and MFI-45, with 6.3 % (MFI-27) and 4.1 % (MFI-45) of these sites being 

accessible from the external surface, as determined by IR spectroscopy of 

adsorbed mesitylene (Figure S7.2). The concentration of extra framework 

aluminum was determined by Al27-NMR to 7.7% for both MFI-45 and MFI-27 

(Figure S7.3). The larger external surface area for the MFI-45 sample reflects its 

rougher external surface (shown in SEM, Figure 7.2) compared to the Si-MFI and 

MFI-27 sample. 

 

 
Figure 7.2: Scanning electron microscopy images of a) Si-MFI b) MFI-27 and c) 

MFI-45. 

 

7.3.2. Concentration of pore openings 

The overall concentration of pore openings (PO) was estimated to be 45 μmol∙g-1 

consisting of 19 μmol∙g-1 straight and 26 μmol∙g-1 sinusoidal pore openings for 

Si-MFI, 43 μmol∙g-1 (19 μmol∙g-1 straight and 24 μmol∙g-1 sinusoidal) pore 

openings for MFI-27 and 71 μmol∙g-1 (32 μmol∙g-1 straight and 39 μmol∙g-1 

sinusoidal) pore openings for the MFI-45 sample (details given in reference [169]). 

200 nm 200 nm

a) b) c)

200 nm
Si-MFI MFI-22 MFI-45
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To obtain the fraction of pore openings containing externally accessible Brønsted 

acid sites, the concentration of externally accessible BAS (determined by 

mesitylene adsorption) is divided by the concentration of pore openings. This 

results in a ratio of externally accessible Brønsted acid sites to pore openings of 

74% for MFI-27 and 21% for MFI-45 (i.e., 3/4 and 1/5 of the pores openings 

contained an externally accessible SiOHAl group, respectively). While this 

indicates evenly distributed aluminium throughout the MFI-27 sample (inside and 

outside), the MFI-45 sample is slightly aluminium deficient on the external surface. 

 

7.3.3. p-Xylene sorption 

p-Xylene adsorption on the three materials (Figure 7.3 a) at low pressure (p < 1 

mbar) showed a larger sorption equilibrium constant in presence of Brønsted acid 

sites, leading to a higher p-xylene uptake on the acidic materials at same partial 

pressure. After complete saturation of Brønsted acid sites with p-xylene at higher 

pressure (p > 1 mbar) the isotherms proceed parallel, indicating the same 

equilibrium constant for sorption on intersection without BAS.  

 

  

Figure 7.3: a) p-Xylene sorption isotherms for adsorption on Si-MFI (black) and 

MFI-45 (blue) and MFI-27 (orange) b) Decrease of SiOHAl sites (vibration at 

3610 cm-1) on MFI-45 and MFI-27 with p-xylene adsorption. 
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The preferential adsorption on SiOHAl sites is due to a higher heat of adsorption 

(3-5 kJ∙mol-1), which is manifested in the saturation of SiOHAl sites already at 0.5 

mbar (Figure 7.3 b). [158, 159] 

 

7.3.4. m-Xylene isotherms for sorption on external surface 

To estimate the p-xylene coverage on the external surface, m-xylene was 

adsorbed, which rapidly equilibrated on the external surface, but did not enter the 

micropores on the time scale of the experiments. [18] This allows to 

spectroscopically differentiate the uptake rates on the surface and into the pores. 

Two components, i.e., the adsorption on non-porous sections and the adsorption 

at the pore mouth were differentiated from the isotherms for m-xylene adsorption 

on the external surface of MFI (Figure 7.4 and 7.5). Fitting the isotherm with a 

dual Langmuir model allows to separate the preferential adsorption of m-xylene 

on the pore mouth sites (i.e., a higher equilibrium constant), which is attributed to 

a higher enthalpic stabilization for the adsorbed molecules in the more confined 

environment. Unlike Si-MFI, on non-porous SiO2 this contribution is missing and 

only surface adsorption was observed (described with a single Langmuir isotherm, 

Figure S7.4).  

 

, 

Figure 7.4: Illustration of the external surface of an MFI zeolite, indicating the 

location of the two different sorption sites at 1) the pore opening (PO) and 2) the 

non-porous section of the external surface.  
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Figure 7.5: m-Xylene adsorption isotherms at 323, 343 and 373 K fitted by a dual 

Langmuir model (contributions for external surface without and with pore 

openings) for adsorption on a) Si-MFI and b) MFI-27 and c) MFI-45. The colored 

curves correspond to the m-xylene contribution adsorbed at the pore openings, 

the black line to the total uptake on the external surface. A direct comparison 

between MFI-27 and Si-MFI isotherms is included in the supporting information 

(Figure S5). As higher pressures and temperatures favor m-xylene pore 

entrances, the range above 1 mbar was not included in the calculations. This is 

indicated by the dashed line above 1 mbar. 

 

The enthalpy and entropy (ΔH° and ΔS°) of m-xylene adsorption at pore openings 

(PO) with and without Brønsted acid sites were derived from the temperature 

dependence of equilibrium constant obtained from fitting the adsorption 

isotherms (Table 7.1, Equation 7.4). Si-MFI was selected as the acid site free 

sample. The K values for a (hypothetical) sample with [BAS]external/[PO]=1 were 

extrapolated from equilibrium constants measured for Si-MFI, MFI-45 and MFI-27 

(Figure 7.6 a, b).  
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Figure 7.6: a) Dependency of equilibrium constants on acid site concentration per 

pore opening and temperature on Si-MFI (square), MFI-45 (circle) and MFI-27 

(triangle). Extrapolated values to [BAS]external/PO]=1 are given as open circles. b) 

van't Hoff plot for equilibrium constants extrapolated to [BAS]external/[PO]=1. 

 

Table 7.1: Equilibrium constants for m-xylene adsorption at MFI pore openings 

for Si-MFI, MFI-45, and MFI-27 as well as a hypothetical sample with 

[BAS]external/[PO]=1. 

 Kpore entrance [103] 
[BAS]external/[PO] [%] 

 323 K 343 K 373 K 

Si-MFI 47 14 3.7 0 

MFI-45 82 22 7 21 

MFI-27 210 40 14 74 

extrapolated 340 57 21 100 
 

The heats of adsorption for m-xylene at the pore opening with and without acid 

sites were -55 kJ∙mol-1 and -51 kJ∙mol-1, respectively, indicating an additional 

contribution of 4 kJ∙mol-1 for the localized interaction with Brønsted acid sites. 

(Table 7.1). This difference leads to a substantial increase of surface coverage 

on MFI-27 for pressures below 0.3 mbar (Figure 7.5; Table 7.1). Heats of 

adsorption for p-xylene at pore openings with and without acid sites were 

calculated based on the respective values derived for m-xylene and the difference 
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in heat of adsorption between p- and m-xylene for amorphous silica (-45 and -49 

kJ∙mol-1; 8 %) (Table 7.2). 

 

Table 7.2: Adsorption enthalpies and entropies for p-xylene adsorption at MFI 

pore openings (PO) with and without acid sites present. 

 

7.3.5. p-Xylene transport 

The concentration profiles for p-xylene during a pressure modulation over MFI-27 

and Si-MFI are compared in Figure 7.7 and show a faster transport rate – 

indicated by a steeper initial slope – for the MFI sample containing acidic SiOHAl 

sites. These samples also show a higher uptake, related to the higher coverage 

under all pressures in this range (see p-xylene isotherm Figure 7.3). 
 

  

Figure 7.7: Concentration profile for p-xylene adsorbed on Si-MFI (open 

squares), MFI-45 (open triangles) and MFI-27 (filled circles). Adsorption process 

induced by square wave pressure perturbations with a modulation frequency of 

1/16 s-1 at a starting pressure of p-xylene of 0.3 mbar and 373 K. 
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The p-Xylene pore entrance rates were determined from the volume modulation 

experiments at different p-xylene partial pressures according to Equations 7.1-3 

and the entropic and enthalpic barriers for the pore entrance were determined 

from the temperature dependence of these rate constants. The pore entrance 

rate linearly correlates with the surface concentration and can be described by a 

first order rate law (Figure 7.8, Equation 7.5). 

 

 

Figure 7.8: Normalized p-xylene pore entrance rates as a function of p-xylene 

surface concentration for Si-MFI (orange circles, 𝑘 = 0.24
𝑚2

𝜇𝑚𝑜𝑙∙𝑠
), MFI-45 (black 

triangles, 𝑘 = 0.29
𝑚2

𝜇𝑚𝑜𝑙∙𝑠
) and MFI-27 (blue squares, 𝑘 = 0.35

𝑚2

𝜇𝑚𝑜𝑙∙𝑠
) at 373 K.  

 

The apparent transition state barriers for p-xylene transport into pore openings 

with and without Brønsted acid sites were derived from the temperature 

dependence of the rate constants measured for Si-MFI, MFI-45 and MFI-27 

(Table 7.3-4, Figure 7.9). 
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Figure 7.9: a) Dependence of rate constants on acid site concentration per pore 

opening and temperature determined from Si-MFI (square), MFI-45 (full circle) 

and MFI-27 (triangle). Extrapolated values to [BAS]external/PO]=1 are given as 

open circles. b) Eyring plot for rate constants extrapolated to [BAS]external/PO]=1. 

 

Table 7.3: Rate constants for p-xylene pore entrance for Si-MFI, MFI-45 and 

MFI-27 as well as a hypothetical sample with [BAS]/[PO]=1. 

 𝑘𝑝𝑜𝑟𝑒 𝑒𝑛𝑡𝑟. [
𝑚2

𝜇𝑚𝑜𝑙∙𝑠
]  

[BAS]external/[PO] 

 323 K 343 K 373 K 

Si-MFI 0.08 0.13 0.24 0 

MFI-45 0.09 0.13 0.29 0.21 

MFI-27 0.12 0.20 0.35 0.74 

extrapolated 0.14 0.22 0.38 1.00 

 

Table 7.4: Apparent and true transition state entropies, enthalpies, and free 

energies for the p-xylene pore entrance with and without a SiOHAl sites present 

at the pore opening. 

[BAS]external/[PO] ΔH‡
app [kJ·mol-1] ΔS‡

app [J·mol-1·K-1] ΔH‡
 [kJ·mol-1] 

0 20 -205 67 

1 17 -208 67 
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For a first order reaction the apparent reaction barrier is determined by the 

difference between the true barrier (for the elemental step) and the heat of 

adsorption (Equation 7.6). [76] 

The apparent enthalpic barrier for p-Xylene pore entrance into the Si-MFI sample 

is 3 kJ∙mol-1 higher compared to transport through pores with SiOHAl sites. The 

energy diagrams for the transport of p-xylene into Si-MFI and MFI samples are 

compared in Figure 7.9.  

 

 

Figure 7.10: Energy profiles for the p-xylene transport into the micropores of MFI 

zeolites. p-Xylene transport involving a SiOHAl site on the surface (black) and on 

the purely siliceous material (blue) are included. 

 

While the apparent barrier for the transport of p-xylene into Si-MFI is larger, the 

true barriers are identical for the transport of p-xylene in pores with and without 

SiOHAl sites, indicating that the SiOHAl sites stabilize ground and transition state 

in an identical way (Figure 7.10). 

𝛥𝐻𝑡𝑟𝑢𝑒
≠ = 𝛥𝐻𝑎𝑝𝑝

≠ − 𝛥𝐻𝑎𝑑𝑠
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Figure 7.11: Relative increase in pore entrance rate in presence of externally 

accessible acid sites as function of temperature and pressure. 𝑟𝐵𝐴𝑆 is the pore 

entrance rate for [BAS]external/[PO]=1. A detailed description of the rate calculation 

is shown in the supporting information.  

 

Based on the energy profile, pore entrance rates for a pure p-xylene/MFI system 

were extrapolated in a broad range of (catalytically relevant) temperatures and 

pressures (Figure 7.11). As shown in Equation 7.5, the pore entrance rate is 

defined by the product of rate constant and surface coverage.  When starting 

from low temperatures, the pore entrance rate in presence of acid sites initially 

decreases because of a decrease in the ratio between 
kBAS

kno BAS
 with increasing 

temperature (Figure S7.6), as higher temperatures generally favor the rate of the 

reaction with the higher apparent energy barrier (in this case the non-acidic 

material over the acidic one). With increasing temperature, the ratio between the 

rates ( 
 BAS

 no BAS
) reached a maximum (i.e., at 500 K for 1 mbar), which is the result 

of the higher surface coverage for adsorption on acidic compared to non-acidic 

materials (Figure S7.6). Note that for low temperatures, both acidic and non-

acidic surface sites are fully covered, leading to 
θBAS

θno BAS
= 1 . With increasing 

temperature, the coverage of the non-acidic surface will decrease stronger 

compared with the acidic surface due the weaker interaction (increase in 
θBAS

θno BAS
 ), 

while at higher temperatures the isobars get less steep and the differences 

0

1

2

3

4

270 470 670 870 1070

Temperature [K]

2000

1

10

100

500

10000 mbar

 B  
 no B  



7. Influence of Acid Sites on Xylene Transport in MFI Type Zeolites 

91 
 

between them gets smaller (decrease in 
θBAS

θno BAS
 ). For higher pressures, this 

maximum becomes less pronounced, as higher temperatures are required to 

reach the steep part of the isobar, resulting in a lower ratio between 
KBAS

Kno BAS
 (see 

isobars Figure S7.7). This estimation indicates that for low partial pressures of 

p-xylene (1-10 mbar) and typical xylene isomerization temperatures (500-700 K), 

[133] the pore entrance rate can be increased by externally accessible Brønsted 

acid sites by a factor of 3-4 (Figure 7.11). 
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7.4. Conclusion 

The presence of externally accessible SiOHAl sites increases the pore entrance 

rate by increasing the sorption strength on the external surface. The stronger 

interaction of p-xylene with acidic SiOHAl surface sites results in an energetically 

preferred sorption state (3 kJ·mol-1), leading to a higher surface coverage and a 

lower apparent transition state barrier (-3 kJ·mol-1) compared to the purely 

siliceous sample. A higher first order rate constant for the pores entrance rate 

with SiOHAl sites and, therefore, a faster mass transport into the micropores of 

the zeolite was observed. Although the apparent energy barrier for the pore 

entrance step of p-xylene was reduced by externally accessible SiOHAl sites, the 

true energy of activation was identical for acidic and on non-acidic materials, 

pointing towards the same pore entrance mechanism for pores with and without 

acidic sites present. Extrapolation to catalytically relevant temperatures and 

pressures showed that the presence of SiOHAl sites at the pore entrances can 

increase the transport rate of p-xylene by a factor of four.  
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7.5. Supporting information 

 

IR spectra 

 

Figure S7.1: IR spectra of zeolite samples at 373K and pressures below 10-6 

mbar after activation at pressures below 10-6 mbar at 673 K for 1 h. 

 

 
Figure S7.2: Series of differential infrared spectra of mesitylene adsorbed on 

MFI-27 at 323K. 
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Al27-NMR 

 

 
Figure S7.3: Al27-NMR of MFI-27 (left) and MFI-45 (right). The octahedrally 

coordinated portion of aluminum was determined to 7.7% of the overall Al content 

for both samples. 

 

 

Figure S7.4: Isotherm for p-Xylene adsorption on amorphous SiO2 at 373 K. Note 

that the isotherm can be described perfectly by a single site adsorption Langmuir 

model. 
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Figure S7.5: Comparison of m-xylene adsorption on pore openings for MFI-27 

(straight) and Si-MFI (dashed) at different temperatures. 

 

 

Figure S7.6: Relative increase in surface coverage (black) and rate constant 

(blue) in presence of externally accessible acid sites as function of temperature 

and pressure. 
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Figure S7.7: Isobars for p-xylene adsorption on acidic (dashed) and non-acidic 

(solid) external surface as well as differences in coverage between both materials 

(black line) for 1 and 5000 mbar.  

 

Extrapolation of transport rates 

The used thermodynamic values (𝛥𝐻≠, 𝛥𝑆≠, ΔH0, ΔS0) are listed in Table 7.2 

and Table 7.4. 
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𝑐0, 𝑃𝑂
= 𝑘𝑝𝑜𝑟𝑒 𝑒𝑛𝑡𝑟. ∙ 𝑐(𝑝⎼𝑥𝑦𝑙𝑒𝑛𝑒)𝑒𝑥𝑡. 𝑠𝑢𝑟𝑓. 

7.5 

𝑐(𝑝⎼𝑥𝑦𝑙𝑒𝑛𝑒)𝑒𝑥𝑡. 𝑠𝑢𝑟𝑓. = 𝑐0 ∙
𝐾𝑝

1 + 𝐾𝑝
 

7.7 

with Equation 7.4 in 7.2 

𝑟𝑝𝑜𝑟𝑒 𝑒𝑛𝑡𝑟. = 𝑐0,𝑃𝑂 ∙ 𝑘𝑝𝑜𝑟𝑒 𝑒𝑛𝑡𝑟. ∙ 𝑐0 ∙
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1 + 𝐾2𝑝

 
 

7.9 

 

𝑘 =
𝑘𝐵𝑇

ℎ
∙ 𝑒−

𝛥𝐻≠

𝑅𝑇 ∙ 𝑒
𝛥𝑆≠

𝑅  

 

7.7 

𝐾 = 𝑒−
𝛥𝐻0

𝑅𝑇 ∙ 𝑒
𝛥𝑆0

𝑅  7.4 



7. Influence of Acid Sites on Xylene Transport in MFI Type Zeolites 

97 
 

7.6. Associated content 

 

This chapter is based on a peer reviewed article. 

 

Reprinted (minor changes) with permission from (M. Baumgärtl, A. Jentys, and J. 

A. Lercher. "Influence of Acid Sites on Xylene Transport in MFI Type 

Zeolites." The Journal of Physical Chemistry C 124.7 (2020): 4134-4140.) 

Copyright (2020) American Chemical Society. 
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8. Surface Effects determining 

Transport in Binary Xylene Mixtures 

 

 

 

The effect of adsorbed m-xylene on the p-xylene transport rate in MFI type 

zeolites with and without Brønsted acidic SiOHAl groups was investigated with 

and without isomerization occurring. At 373 K, p-xylene is hindered entering the 

pores by competitive adsorption of m-xylene, causing a low p-xylene surface 

coverage. The long residence time of m-xylene at pore openings compared to 

p-xylene statistically blocks the entrance for p-xylene under these conditions. The 

higher heat of m-xylene adsorption (58 kJ·mol-1) compared to the activation 

energy of the p-xylene pore entrance (18 kJ·mol-1 on MFI-27), strongly depletes 

the m-xylene coverage with increasing temperatures. At 453 K, the desorption 

rate constant of m-xylene and of the pore entrance of p-xylene are comparable 

and the p-xylene transport is not inhibited by m-xylene.  

MFI
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8.1. Introduction 

Zeolites are an important group of catalysts, with active sites located in the 

micropores. [59, 174] During the reaction, molecules are transported from the gas 

phase to active sites in the pores. To avoid transport limitations, the transport 

rates of the substrate and product molecules must be equal or faster than the 

intrinsic reaction rate. The similarity of the zeolite pore diameters and the size of 

reacting molecules allow to realize shape selective reactions, utilizing subtle 

differences in diffusion coefficients between reactant and product molecules as 

well as limitations to the possible transition states of catalyzed conversions. 

Under those conditions reaction rates frequently approach and exceed transport 

rates in the micropores. [175]  

For shape selective xylene isomerization or disproportionation, controlling the 

mass transport of xylene mixtures in medium pore zeolites like MFI is essential 

for ensuring high para selectivities. [48, 117-120] Xylene transport of single 

components in MFI has been investigated, [102, 127, 129, 132, 134, 137, 166, 

176, 177] while multicomponent diffusion is far more challenging and less well 

understood. It is, for example, unclear, how the adsorption strength, molecule 

diameter, diffusivity, and framework type influence multicomponent diffusion. The 

p-xylene pore entrance rate shows a first order dependence on the concentration 

of externally adsorbed p-xylene for small crystallites where the rate determining 

step is the pore entrance. [178] Under these conditions, diffusion is directly 

proportional to the concentration of pore openings at the external surface and the 

p-xylene surface concentration. We have shown that the co-adsorption of 

m-xylene on the external surface reduces the overall p-xylene transport rate on 

MFI at 373 K by reducing the concentration of pore openings available for the 

p-xylene transport. [169] However, it remains unclear, by what mechanism 

m-xylene blocks sorption sites as adsorption of m-and p-xylene is equilibrated. 

To understand the transport of xylenes during shape selective isomerization, 

p-xylene transport in binary mixtures with m-xylene was followed by fast time-

resolved infrared spectroscopy for MFI in the presence and absence of SiOHAl 

sites under reactive (453 K) and non-reactive conditions (373 K). Thus, it is aimed 
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not only to provide an in-depth understanding of the inhibition of p-xylene 

transport by m-xylene at 373 K, but also to better understand the impact of 

m-xylene present during isomerization at 453 K. 
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8.2. Experimental section 

8.2.1. Materials 

Small crystallite MFI type zeolites with a particle size of 150-200 nm and Si/Al 

ratios of 27 (MFI-27) and 34000 (Si-MFI) were synthesized as described 

previously. [169, 178]   

A larger purely siliceous MFI zeolite with an average crystal size of 700 nm 

(Si-MFI/LC) was synthesized by adding 6.4 g of tetraethyl orthosilicate to a 

solution of 4.0g of tetra propyl ammonium hydroxide (40% solution in water) at 

room temperature. The dense gel was added to a solution of 1.0 g of tetra propyl 

ammonium bromide and 50 mL of deionized water. This mixture was aged at 

room temperature for 20 h under stirring. Hydrothermal synthesis was carried out 

at 453 K for 48 h at 30 rpm. After washing the samples with deionized water, they 

were dried and calcined under synthetic air (100 mL∙min-1) at 823 K for 8 h.  

A 1 M ammonium nitrate solution was used to ion-exchange all samples for 5 h 

at 343 K under stirring. After centrifugation, the samples were dried at 343 K 

overnight. [138] Extra-framework aluminium was removed from the pores of the 

zeolite with an Ammonium hexafluorosilicate solution according to ref. [171] The 

proton form of the zeolite was obtained by calcination at 823 K for 5 h under 

synthetic air (100 ml·min-1). The study the influence of externally accessible 

Brønsted acid sites tri-tert-butylphosphine was anchored on the SiOHAl groups 

via reaction from the gas phase. In this reaction the sample was activated at 

673 K below 10-7 mbar and exposed to tri-tert-butylphosphine for 1 h at 323 K. 

Subsequently the sample was evacuated for 1h at 673 K below 10-7 mbar to 

remove physisorbed tri-tert-butylphosphine. 

 

8.2.2. Physicochemical characterization 

Scanning electron microscopy: Scanning electron microscopy (SEM) images 

were obtained with a JSM–7500 F microscope at a resolution of 1.4 nm and a 
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magnification of 1.0 ∙ 105 at 2kV. The powdered samples were prepared by 

dropping an ultra-sonicated isopropanol suspension on copper tape.  

Concentration of Brønsted acid sites (BAS):  The concentration of BAS was 

determined by pyridine adsorption followed by infrared spectroscopy. Samples 

were prepared as self-supporting wafers and activated at 723 K and pressures 

below 10-6 mbar for one hour. Pyridine was adsorbed at 423 K and physisorbed 

pyridine was removed by subsequent evacuation. The band at 1545 cm-1 

(protonated pyridine) was integrated to determine the BAS concentration using a 

molar extinction coefficient of 0.73 cm2 ∙ µmol-1. [172] The concentration of 

externally accessible BAS was quantified by mesitylene adsorption. [173, 178] 

monitoring the decrease of the OH stretching vibration of SiOHAl groups 

(3608 cm−1). 

 

8.2.3. Fast time-resolved IR spectroscopy 

Experimental setup and measuring principle: The sorption kinetics of p-xylene 

in MFI zeolites were followed by fast time-resolved IR spectroscopy. The C–C 

stretching vibrations of p-xylene and m-xylene (1542-1475 cm-1 and 1550-1422 

cm-1, respectively) were integrated for time resolved concentration profiles. From 

the initial slope of theses concentration profiles p-Xylene transport rates were 

derived according to: 

Adsorption: 

∆𝑐(𝑡) = ∆𝑐𝑒𝑞(1 − 𝑒−𝑡∙𝑘𝑥)    ∀      0 < 𝑡 ≤
𝑡𝑝

2
 (8.1) 

Desorption: 

∆𝑐(𝑡) = ∆𝑐𝑒𝑞 ∙ 𝑒−(𝑡−
𝑡
2
)∙𝑘𝑥     ∀     

𝑡𝑝

2
< 𝑡 ≤ 𝑡𝑝 (8.2) 

with ∆𝑐(𝑡)  being the concentration difference between t=0 and t and ∆𝑐𝑒𝑞 

between the equilibrated states A and A`. Assuming an equilibrium between A 

and B at t=0, 
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𝑑𝑐𝐴
𝑑𝑡

= −𝑘+1𝑐𝐴(𝑒𝑞) + 𝑘−1𝑐𝐵(𝑒𝑞) = 0 (8.3) 

with  

𝑘+1𝑐𝐴(𝑒𝑞) = 𝑘−1𝑐𝐵(𝑒𝑞) (8.4) 

During the volume modulation, a concentration change x is induced: 

𝑑𝑐𝐴
𝑑𝑡

= −𝑘+1(𝑐𝐴(𝑒𝑞) + 𝑥) + 𝑘−1(𝑐𝐵(𝑒𝑞) − 𝑥)

= −𝑘+1𝑐𝐴(𝑒𝑞) − 𝑘+1𝑥 + 𝑘−1𝑐𝐵(𝑒𝑞) − 𝑘−1𝑥 

(8.5) 

With Equation 8.4 

𝑑𝑐𝐴
𝑑𝑡

= −(𝑘+1 + 𝑘−1)𝑥 (8.6) 

𝑘𝑥 = 𝑘+1 + 𝑘−1 (8.7) 

As  

𝐾 =
𝑘+1

𝑘−1
 (8.8) 

𝑘1 =
𝐾𝑘𝑥

1 + 𝐾
 (8.9) 

For K≫1 

𝑘1 ≈ 𝑘𝑥 (8.10) 

Equation 8.1 and 8.2 were used to fit the measured concentration time profiles. 

The transport rate was calculated according to Equation 8.11. 

𝑟𝑎𝑑𝑠 = ∆𝑐𝑒𝑞𝑘+1 = ∆𝑐𝑒𝑞𝑘𝑥 (8.11) 

Zeolite samples used for fast time-resolved IR spectroscopy studies were 

prepared by coating a CaF2 infrared window with a suspension of the respective 

zeolite in isopropanol. Activation was done at pressures below 10-6 mbar at 673 K 

for 1 h. [169, 178] 
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8.3. Results and discussion 

8.3.1. Physicochemical characterization 

The surface areas and acid site concentrations for the investigated samples are 

summarized in Table 8.1:  

 

Table 8.1: Physicochemical properties of investigated samples. 

 Asurface 

[m2·g−1] 

Aexternal surface 

[m2·g−1] 

c(SiOHAl) 

[μmol·g−1] 

c(ext. SiOHAl) 

[μmol·g−1] 

Si-MFI 384 39 - - 

Si-MFI/LC 349 28 - - 

MFI-27 380 37 491 31 

 

 
Figure 8.1: Scanning electron microscopy images of a) Si-MFI b) MFI-27 and c) 

Si-MFI/LC (larger crystallite). 

 

 

 

 

 

 

 

 

200 nm 200 nm
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1 μm
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8.3.2. Concentration of pore openings  

The concentration of pore openings, determined from the external surface area 

and the crystallite geometry, is given in Table 8.2. [169, 178] 

 

Table 8.2: Concentration of pore openings for investigated samples. 

 c(pore openings) 

[μmol·g−1] 

c(straight openings) 

[μmol·g−1] 

c(sinusoidal openings)  

[μmol·g−1] 

Si-MFI 45 19 26 

Si-MFI/LC 31 14 18 

MFI-27 43 19 24 

 

8.3.3. Binary sorption of xylenes 

The transport of p-xylene in the presence of m-xylene in Si-MFI and MFI-27 was 

investigated by fast time-resolved infrared spectroscopy at 373 K and 453 K. 

Under these conditions the sorption of m- and p-xylene is equilibrated and both 

molecules are highly mobile on the surface, while only p-xylene can enter the 

pores on the time scale of the pressure modulation experiment.  

As reported previously, [169] p-xylene transport is severely impeded by m-xylene 

adsorbed on the external surface of Si-MFI at 373 K (Figure 8.2a). This behavior 

holds also true in presence of BAS on MFI-27, where a higher transport rate for 

p-xylene was observed compared to Si-MFI at same p-xylene partial pressure. 

The preferential adsorption of p-xylene on SiOHAl sites leads to a higher surface 

coverage and following the first order rate process already reported  to a higher 

sorption rate. [178] 
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Figure 8.2: Influence of m-xylene partial pressure on p-xylene transport rate for 

Si-MFI (open symbols) and MFI-27 (orange symbols) at constant p-xylene partial 

pressure of 0.150 mbar. m-Xylene is located at the external surface due to short 

exposure time.  

 

Due to the stronger interaction of hydrocarbons with acidic sites at the pore 

openings, the equilibrium constant for adsorption on the external surface for 

MFI-27 is higher than that of the siliceous MFI (KSi-MFI = 3700 , KMFI-27 = 13600 for 

m-xylene at 373 K). [158, 159] As m-xylene is slightly more basic than p-xylene 

(due to the higher electron density in the ring, resulting from the stronger inductive 

effect of the CH3-group in meta position), the surface concentration of m-xylene 

is higher than that of p-xylene at same partial pressure (Figure 8.3a). 
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Figure 8.3: a) Competitive adsorption isotherm for p-xylene adsorption at the 

external surface for a constant p-xylene partial pressure of 0.15 mbar at 373 K. 

The isotherm was calculated with a Langmuir model based on the equilibrium 

constants derived in section 3.4. b) p-xylene transport rate for constant p-xylene 

pressure (0.15mbar) as function of the p-Xylene external surface concentration 

at 373K (combination of Figure 2 and 3a). Dashed lines represent the rate 

dependence found for the pure p-xylene situation for MFI-27 (orange) and Si-MFI 

(white). Note that the two points showing the estimated rate dependence on 

p-xylene for MFI-27 and Si-MFI (dashed lines) are measured without m-xylene.  

 

A lower p-xylene surface concentration will lead in consequence to a lower 

transport rate into the pores. [178] In presence of m-xylene, the transport rate of 

p-xylene decreased stronger as predicted from the first order rate dependency 

and the p-xylene surface concentration (Figure 8.3b). 

We have reported previously that m-xylene blocks pores for the p-xylene 

transport. [169] In order to effectively impede p-xylene transport by reducing the 

concentration of available pore openings, the average residence time of m-xylene 

at the pore openings must be significantly higher than the average time required 

for the pore entrance of p-xylene. If this boundary condition is not met, a rapid 

exchange between xylene isomers on the surface would eliminate the transport 

resistance induced by pore blocking. 

The residence time of m-xylene at the external surface and at the pore openings 

was determined by desorption experiments in different pressure regimes for 
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Si-MFI at 373 K. Evacuation from 0.1 to 10-7 mbar primarily results in desorption 

from m-xylene adsorbed at the pore openings, whereas during a pressure 

reduction from 5.8 to 1.6 mbar m-xylene desorbs from sites at the external 

surface (Figure 8.4a). The desorption rate constants were calculated from the 

measured desorption rates according to Equation 8.12. 

with 𝑐0,𝑠𝑖𝑡𝑒𝑠 being the concentration of surface sites and 𝜃 the coverage of these 

sites by m-xylene molecules at respective partial pressure. The mean residence 

time of a molecule on the surface т𝑠𝑢𝑟𝑓 is defined by the rate of desorption and 

the concentration of molecules on the surface (Equation 8.13). 

 

Table 8.3: Rate constants and average residence times for m-xylene on the outer 

surface of Si-MFI. Adsorption rate constants were derived from equilibrium 

constants according to 𝐾 =
𝑘𝑎𝑑𝑠

𝑘𝑑𝑒𝑠
. 

 

 

 

 

𝑟𝑑𝑒𝑠 = 𝑘𝑑𝑒𝑠 ∙ 𝑐0,𝑠𝑖𝑡𝑒𝑠 ∙ 𝜃 8.12 

т𝑠𝑢𝑟𝑓 =
𝑐0,𝑠𝑖𝑡𝑒𝑠 ∙ 𝜃

𝑟𝑑𝑒𝑠
=

1

𝑘𝑑𝑒𝑠
 

8.13 

adsorption at kads [s-1] kdes  [s-1] т𝒔𝒖𝒓𝒇 [s] 

external surface 993 5.7 0.2 

pore opening 59 0.01 80 
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Figure 8.4: a) m-Xylene surface adsorption isotherm on Si-MFI (black) fitted with 

a dual site Langmuir adsorption model including a site at the pore opening (blue) 

and at the external surface (red) at 373 K. Blue and orange marked areas indicate 

the pressure range for the two desorption experiments. Concentration profiles for 

the m-xylene desorption induced by a pressure decrease b) from 0.1 to 10-7mbar 

and c) 5.8 to 1.6 mbar for Si-MFI.  

 

A substantially slower desorption rate for molecules leaving the pore mouth sites 

compared to the molecules desorbing from the external surface was observed 

(Figure 4b and c) at 373 K. The stronger binding of xylenes adsorbed at the pore 

openings compared to the sorption on the external surface (indicated by a larger 

equilibrium constant and a preferential sorption) resulted in a longer residence 

time of m-xylene on the surface sites (Table 8.3). [178] Note that the average 

residence time of m-xylene at the pore opening was found to be 80 s at 0.15 mbar, 

which is 8 times larger compared to the average time for the pore entrance of 

p-xylene under the same conditions for Si-MFI and is sufficiently large to 

effectively impede the p-xylene transport by pore blocking. [169] 

To compare the blocking of the pore entrance for a dynamic and an irreversible 

process, tri-tert-butyl phosphine (TtBP) was used to permanently block SiOHAl 

sites at pore openings. TtBP cannot enter the micropore channels of MFI because 

of the molecule dimensions and therefore, only binds (irreversibly) to SiOHAl sites 

at the pore opening positions accessible from the external surface. Infrared 

spectra of parent and TtBP modified sample are compared in Figure 8.5 a. The 

concentration of SiOHAl sites decreased by 7.2 % after TtBP modification (note 

that mesitylene adsorption indicated a fraction of 6.3 % for the externally 

accessible SiOHAl sites), while SiOH groups remained unaffected. With the 

phosphine modification, p-xylene transport rate decreased from 6.8 μmol∙g-1∙s-1 
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to 1.6 μmol∙g-1∙s-1 for 0.15 mbar p-xylene at 373 K (Figure 8.5b). This decrease 

is in good agreement with the decrease observed when all external SiOHAl sites 

were covered by m-xylene (0.15 mbar). It allows us to conclude that m-xylene, 

although reversibly bound to the SiOHAl sites and equilibrated with the gas phase, 

can effectively block pore openings for p-xylene transport by competitive 

adsorption on the surface. 

 

 

Figure 8.5: a) Infrared spectra of MFI-27 (parent material, dashed line) and TtBP 

modified sample (solid line). A slight decrese of the SiOHAl vibration (3610 cm-1) 

as well as the presence of the tert-butyl species, indicated by C−H and C−C 

stetching vibrations (2900-3030 cm-1and 1450-1510 cm-1, respectively). b) 

Concentration profile for p-xylene adsorbed on the parent (open symbols) and 

TtBP modified sample (filled symbols) from a starting pressure of p-xylene of 

0.150 mbar. 
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effectively reduced in presence of m-xylene. The fraction of pore openings (PO) 

available for the p-xylene transport 𝜃𝑃𝑂
∗  (calculated using competitive Langmuir 

adsorption) was included in Equation 8.14. [178] 
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Figure 8.6: p-Xylene transport rate at 373 K and in presence of 0.15 mbar 

p-xylene and varying m-xylene partial pressures normalized to the concentration 

of available pore openings as function of the p-xylene surface concentration. 

Dashed lines represent the rate dependence found for the pure p-xylene system 

for MFI-27 (orange) and Si-MFI (black). [178] The corresponding m-xylene 

pressures in mbar are indicated.  

 

Although the normalized pore entrance rates clearly show a better linear 

correlation to the p-xylene surface concentration (straight lines in Figure 8.6), for 

small m-xylene concentrations the results do not fit the proposed trend sufficiently. 
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sinusoidal transport (8 times at 373 K and 0.15 mbar p-xylene partial pressure), 

blocking selectively straight channels reduces the overall transport rate stronger 

than predicted by rate constants and equilibrium constants averaged over all pore 

openings. It also shows that p-xylene uptake is controlled at the pore mouth and 

that a later change in direction (random transport at intersections) is 

inconsequential. The differentiation between straight and sinusoidal pore opening 

sites is spectroscopically not possible, and thus, rate constants could not be 

differentiated between channel types. Therefore, the dashed lines in Figure 8.6 

represent the average rate constants with no pore blocking involved and blocking 
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m-xylene will consequently lower the (average) rate constant (from dashed to 

straight lines in Figure 8.6) for the overall transport process.   

To confirm the influence of a reduced concentration of pore openings on the 

p-xylene transport rate, we investigated a Si-MFI sample with larger crystallites 

(700 nm; Si-MFI/LC). As the ratio of volume to surface area increases with crystal 

size, the concentration of pore openings per mass is lower for larger crystallites. 

Note that after normalization of the pore entrance rate to the concentration of 

pore openings, the same rate constants for Si-MFI/LC and Si-MFI were found, 

confirming the observed first order rate dependence (Figure 8.7). 

 

  

Figure 8.7: Normalized pore entrance rates vs. p-xylene surface concentration 

for two purely siliceous MFI samples with different concentration of pore openings 

due to different crystallite size. 
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After having studied the role of m-xylene on the transport we want to focus on the 

influence of competitively adsorbed m-xylene on the p-xylene transport under 

reactive conditions for the p-xylene isomerization at 453 K. In these experiments 

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4

[s
-1

]

c(p-xylene)surface [μmol∙m-2]

Silicalite-1
Silicalite-1/LC
Si-MFI

Si-MFI/LC



8. Surface Effects determining Transport in Binary Xylene Mixtures 

113 
 

a wafer of MFI-27 was activated in vacuum below 10-7 mbar at 673 K and 4 mbar 

of p-xylene were added at 453 K, mimicking a batch wise operation. The change 

in surface concentration for p- and m-xylene was monitored by IR spectroscopy 

as a function of time, while the gas phase composition was analyzed 

simultaneously by GC-FID. Over the course of the reaction, p-xylene transport 

rates were determined by short volume modulation experiments (7 min per 

experiment). The concentration of xylenes adsorbed on the zeolite (a) and in the 

gas phase (b) during p-xylene isomerization are shown in Figure 8.8. While 

m-xylene formed from isomerization of p-xylene can be initially detected on the 

zeolite surface by IR spectroscopy, the gas phase composition did not change 

during the first 200 minutes, which indicates that due to the low diffusivity, 

m-xylene formed inside the pores cannot leave the pores immediately and 

accumulates inside the zeolite. This effect leads to an increased coverage on 

acid sites during the first 200 min (Figure S8.2). For the p-xylene isomerization, 

a rate constant of 0.15 s-1 was determined from the initial slope of the p-xylene 

concentration profile (Figure 8.8a). 

 

 
Figure 8.8: p-Xylene isomerization at 453 K and an initial p-xylene partial 

pressure of 4 mbar. a) Concentration profile for p-xylene (red), m-xylene (blue) 

and o-xylene (green) adsorbed on MFI-27 and b) in the gas phase during the 

reaction. 
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Figure 8.9: a) Evolution of p-xylene transport rate with reaction time. b) p-Xylene 

pore entrance rate normalized to the p-xylene concentration on the external 

surface. 

 

Over the course of the reaction, the p-xylene transport rate decreased with 
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temperature increase from 373 to 453 K leads to a decrease in the m-xylene 

residence time at pore openings from 130s to 4s. At the same time, the p-xylene 

pore entrance time decreases from 6 s (373 K and 0.15 mbar p-xylene) to 0.5 – 

2s (453 K and 4 – 2 mbar p-xylene), being in the same range as the m-xylene 

desorption rate. Consequently, an inhibition from pore blocking was not observed 

at 453 K. 

 

  

Figure 8.10: Calculated p-xylene pore entrance and m-xylene desorption times 

for various temperatures and p-xylene pressures. In grey areas the p-xylene pore 

entrance is faster, in orange areas the m-xylene desorption. Small numbers on 

the right side indicate p-xylene partial pressures in mbar. 
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temperature dependence of the m-xylene residence time and the p-xylene pore 

entrance time is illustrated in Figure 8.10. For temperatures below 500 K, 
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p-xylene pore entrance rate is lower than the m-xylene desorption rate and, thus, 

transport limitations from pore blocking of adsorbed m-xylene are not expected 

in this temperature range (beige area in Figure 8.10). 
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8.4. Conclusion 

For binary xylene mixtures, m-xylene competes with p-xylene for sorption sites 

by stochastic competitive adsorption and reduces in this way the concentration 

of p-xylene on the surface. Under conditions when m-xylene desorbs much 

slower compared to the p-xylene pore entrance rate (low temperatures), the 

concentration of available pore openings for p-xylene transport is reduced 

effectively by pore blocking. Both contributions add up to a strong decrease in 

p-xylene transport rate in binary mixtures with m-xylene. This effect is stronger 

the lower the local interaction of the molecules with the surface is, i.e., smaller 

molecules like benzene instead of p-xylene, which due to a lower heat of 

adsorption, can be suppressed from the external surface more efficiently by a 

stronger adsorbing component like m-xylene. At elevated temperatures, the 

residence time of m-xylene is strongly reduced and, therefore, loses the ability to 

block pore openings for the p-xylene transport. Under these conditions, m-xylene 

does affect the pore entrance of p-xylene by reducing the surface concentration 

in a competitive manner, but not by reducing the concentration of available pore 

openings. 
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8.5. Supporting information 

 

 

Figure S8.1: Comparison of p-xylene and benzene transport rates for Si-MFI in 

binary mixtures with m-xylene at 323 K. The partial pressure of m-xylene was 

varied at constant p-xylene or benzene partial pressure of 1.0 mbar. 

 

 
Figure S8.2: SiOHAl site coverage over the course of a p-xylene isomerization 

reaction (batch operation) at 453 K. 
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Figure S8.3: Desorption curves of m-xylene form the surface of MFI-27 to 

determine the energy barrier for the m-xylene desorption from the pore mouth 

site. 
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8.6. Associated content 

 

This chapter is based on a peer reviewed article. 

 

Reprinted (minor changes) with permission from (M. Baumgärtl, A. Jentys, and J. 

A. Lercher. "Surface Effects Determining Transport in Binary Xylene 

Mixtures." The Journal of Physical Chemistry C 124 (2020): 26814-26820.) 

Copyright (2020) American Chemical Society. 
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9. Concluding Summary 

Understanding mass transport of hydrocarbons in the nanoporous environment 

of zeolites is of great importance for a vast majority of industrially relevant 

processes. On the way from the gas phase to the catalytically active sites in the 

pore network, molecules must pass through a series of consecutive or parallel 

transport steps. For understanding the entire transport pathway, the individual 

transport steps and the parameters influencing them must be apprehended.  

For the small MFI crystallites (< 250 nm) used in this study, the pore entrance 

step has been confirmed as the rate determining step for the xylene transport. 

The pore entrance rate has a first order dependence on the xylene concentration 

on the external surface and therefore increases with partial pressure. Due to a 

careful characterization of the external surface, equilibrium constant for the 

adsorption on different surface sites were feasible. This allowed for the 

determination of activation energies for the pore entrance with and without acid 

sites. An additional energetic contribution of 3 kJ/mol was measured for the 

adsorption of xylenes on Brønsted acid sites compared to a purely silicious 

material. This leads to a higher surface coverage at same partial pressure and 

therefore, to an enhanced pore entrance rate for zeolites with externally 

accessible acid sites.  

For industrially applied processes, like the xylene isomerization over MFI, 

mixtures of xylene isomers are present.  Due to the steric constrains of m- and o-

xylene, transport in the pores of MFI is significantly slower for theses isomers 

compared to p-xylene. For xylene mixtures, competitive adsorption on the 

external surface becomes a decisive factor determining the transport rate. Adding 

m-xylene to a p-xylene gas phase will reduce the para concentration on the 

external surface of the zeolite and lead to a reduced pore entrance rate compared 

to the single component system at same partial pressure. For conditions, where 

the desorption time of m-xylene is lower compared to the p-xylene pore entrance 
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(low temperatures and high pressures), m-xylene additionally blocks pore 

openings by quasi static adsorption. This additionally reduces the number of pore 

openings available for the pore entrance and therefore impedes the transport rate. 

As the activation energy for the desorption is higher compared the pore entrance, 

high temperatures favor the desorption and reduce transport limitations due to 

pore blocking.  
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10. Abschließende Zusammenfassung 

Für eine Vielzahl großtechnisch relevanter Prozesse spielt der Transport von 

Kohlenwasserstoffen in der nanoporösen Umgebung von Zeolithen eine 

entscheidende Rolle. Auf dem Weg aus der Gasphase zu den katalytisch aktiven 

Zentren im Poreninneren müssen Moleküle eine Reihe aufeinanderfolgender 

oder parallel geschalteter Transportvorgänge durchlaufen. Um den gesamten 

Transportprozess zu verstehen, ist es wichtig die einzelnen Transportschritte und 

die Parameter, die diese beeinflussen zu begreifen.  

Für die kleinen MFI Kristallite, welche in dieser Studie Verwendung fanden, 

konnte der Poreneintritt als geschwindigkeitsbestimmender Schritt für den Xylol 

Transport bestätigt werden. Dabei weist die Poreneintrittsrate eine Abhängigkeit 

erster Ordnung bezüglich der Oberflächenkonzentration an Xylol auf. 

Demzufolge wird die Poreneintrittsrate mit steigendem Partialdruck erhöht. 

Aufgrund einer genauen Charakterisierung der äußeren Oberfläche konnten 

Gleichgewichtskonstanten für die Adsorption von Xylol an verschiedenen 

Adsorptionszentren der äußeren Oberfläche bestimmt werden. Dadurch war es 

möglich Aktivierungsenergien für den Poreneintritt unter An- und Abwesenheit 

von Säurezentren zu bestimmen. 

Für die Absorption von Xylol an Brønsted Säurezentren wurde ein zusätzlicher 

energetischer Beitrag von 3 kJ/mol verglichen mit dem rein Silizium-basierten 

Material ermittelt. Diese erhöhte Adsorptionswärme führt zu einer höheren 

Oberflächenbedeckung bei gleichem Partialdruck und demzufolge zu einer 

erhöhten Poreneintrittsrate für Zeolithe mit extern zugänglichen Säurezentren. 

Für industriell angewandte Prozesse wie der Xylol Isomerisierung auf MFI sind 

stets Gemische von Xylol Isomeren vorhanden. Aufgrund der sterischen 

Hinderung von m- und o-Xylol können diese verglichen mit p-Xylol nur sehr 

langsam in den MFI Poren diffundieren.  
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Für solche Gemische wird die Transportrate durch Kompetitive Adsorption an der 

äußeren Oberfläche entscheidend beeinflusst. Zugabe von m-Xylol zu einer 

p-Xylol Gasphase wird demzufolge die Oberflächenkonzentration von p-xylol 

aufgrund kompetitiver Adsorption mit m-xylol reduzieren und zu einer kleineren 

Poreneintrittsrate verglichen mit dem Einkomponentensystem führen. 

Für Bedingungen bei denen der Poreneintritt von p-Xylol schneller als die 

Desorptionsrate von m-xylol ist, blockiert das adsorbierte m-Xylol 

Porenöffnungen für den p-Xylol Transport. Da dadurch die Anzahl an 

Porenöffnungen reduziert wird, verringert sich die Transportrate für den p-Xylol 

Poreneintritt weiter. Da die Aktivierungsenergie für die Desorption von der 

Oberfläche größer als die des Poreneintritts ist, können Transportlimitierungen 

durch Temperaturerhöhung verringert werden. 
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