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ABSTRACT Concept of pore hierarchization for enhancing zeolite catalytic performance has 

been the main focus during the last decade; the main research activities widely emphasized on the 

preparation of single-component hierarchical zeolite catalysts. Here we report on the critical aspect 

of interconnectivity of multi-components in hierarchical zeolite catalysts using an operando 

combined gravimetric and infrared spectroscopy (AGIR) analyses. The variances of macroscopic 

diffusion behaviors between the global multi-component catalyst (indexed as global diffusion time 

constant) and its zeolitic moiety (indexed as micropore diffusion time constant) are differentiated 

via simultaneous gravimetric and infrared analysis, respectively. The effectiveness factors 

correlated with the diffusion time constants show that the non-ideal interconnectivity between the 

zeolitic and non-zeolitic components weakens the full potential of the multi-component catalyst. 
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1. Introduction 

Zeolite-based catalysts have been successfully used in many catalytic processes such as energy 

conversion, chemical fabrication, environmental catalysis, etc1. However, the intrinsic 

microporosity of zeolites often leads to intracrystalline diffusion limitations when molecules with 

kinetic diameters larger than the pore size of zeolites are processed2. The concept of pore 

hierarchization, based on the introduction of mesopores into zeolites to improve internal diffusion 

properties has received much attention during the last decades3–5. Numerous studies have 

demonstrated substantial beneficial effects on alleviating diffusion limitations of hierarchical 

zeolitic materials6,7. Hierarchical zeolites also showed superior performances in many hydrocarbon 

conversion reactions such as catalytic cracking8, methanol-to-hydrocarbons9–11, alkylation12,13, 

aldol condensation14,15, esterification16, or hydrogenation17,18.  

Despite the promising progresses in the synthesis of hierarchical zeolitic materials, a question 

of urgent relevance is to quantitatively assess and correlate the actual diffusion properties of 

hierarchical zeolites used for the preparation of actual industrial catalysts. Different from single-

component hierarchical zeolite catalysts used at the laboratory scale, real industrial catalysts (pre-

shaped bodies) contain many non-zeolitic components like silica, alumina, amorphous 

aluminosilicate or clays to guarantee their mechanical strength, hydrothermal stability, and 

resistance to poisoning19,20. The introduction of such non-zeolitic components can unavoidably 

result in changes of catalytic performances of the catalyst bodies21,22. While the diffusion and pore 

interconnection properties of the single-component hierarchical zeolites synthesized by various 

methods have been intensively studied23–25, reports on the diffusivity measurements of hierarchical 

zeolites in an environment of multi-component catalyst are still scarce. One of the difficulties 

behind is that classical macroscopic measurements of diffusion (e.g. sole volumetric or gravimetric 



 4 

methods) only yields the global effective diffusivity in the multi-component  (industrial) 

catalyst26. Such methods cannot directly indicate whether the guest adsorbate molecules have a 

faster or slower access to the corresponding active sites, which are mostly located in zeolitic 

components of the multi-component catalyst27. Alternatively, pulsed field gradient nuclear 

magnetic resonance (PFG NMR) is used to evaluate the interconnectivity between microporous 

and mesoporous structures28,29. However, in order to understand the diffusivity in the microporous 

network of zeolitic component from the measured effective diffusivity, a combination of rules and 

various phenomenological models have to be relied on for the interpretation of PFG NMR data26. 

Therefore, a new analytical operando characterization technique able to differentiate the 

macroscopic diffusion behaviour of zeolitic component from multi-component catalyst, is being 

highly looked forward.  

In this paper, we report the macroscopic diffusion properties of 2,2,4-trimethylpentane 

(isooctane) in parent single-component ZSM-5 catalyst (ZSM-5-P), hierarchical single-component 

ZSM-5 catalyst (ZSM-5-A) and model multi-component zeolite-based catalyst (ZSM-5-AR) by 

simultaneous use of operando gravimetric and infrared spectroscopy analyses (AGIR). Isooctane 

was chosen as a probe molecule due to its kinetic diameter (0.62 nm)30,31 that is larger than pore 

openings of the ZSM-5 zeolite (0.55 nm)32–35. A model multi-component zeolite-based catalyst 

was prepared by sequential alkali dissolution of a commercial ZSM-5 followed by MCM-41 

like mesostructure re-assembly (denoted as ZSM-5-AR). The diffusivity and catalytic properties 

of the multi-component zeolite-based catalyst ZSM-5-AR were compared with the parent ZSM-5 

zeolite (ZSM-5-P) and its alkali treated counterpart (ZSM-5-A). In the ZSM-5-AR, MCM-41 

mesostructure, which are per se amorphous aluminosilicate is generated under the treatment with 

cetyl trimethyl ammonium bromide (CTAB)36; the MCM-41 is usually overgrown on the surface 
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of alkali-dissolved zeolite crystal phase8,37,38. This intimate contact between the two phases makes 

the mesostructured materials significantly different from a mechanical mixture of a hierarchical 

zeolite phase and an ordered mesostructure phase6; this material mimics the change of pore 

structure during the shaping of industrial catalyst. Details of the synthesis, textural and acid 

properties of the samples are presented in Supplementary Information (SI), Figures S1-S5 and 

Tables S1-S2. Quantitative correlations between the measured macroscopic diffusion properties 

of the zeolitic component from the catalyst (parent single-component ZSM-5 catalyst, hierarchical 

single-component ZSM-5 catalyst and model multi-component zeolite-based catalyst) and their 

catalyst effectiveness correlated via Thiele modulus were also established. 

2. Experimental 

2.1 Combined gravimetric analysis and infrared spectroscopy (AGIR) 

The three samples were tested by AGIR using isooctane as probe adsorbate. A SETARAM 

SETSYS-B microbalance with sensitivity of 0.1 μg was adopted for microbalance data acquisition, 

while Thermo Nicolet 6700 Fourier transform infrared spectrometer was used for IR data 

acquisition. Detailed information on AGIR apparatus can be found in ref. 32. All the samples were 

pressed into self-supporting wafers (diameter: 1.6 cm, mass: 20 mg) and activated at 723 K under 

a flow of argon of 25 mL min-1 for 6 hours and then maintained under the flow of argon at 423 K. 

Then isooctane was fed from a saturator at 293 K into the cell of AGIR under argon at 423 K. The 

isooctane pressure was estimated by Antoine Equation and the related parameters were available 

from National Institute of Standards and Technology of America (NIST).  

The quantification of the diffusion properties was derived from the following relationship, which 

is valid for the initial uptake for particles of arbitrary shapes assuming that the internal diffusion 

is rate controlling:26  
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where q(t) and q(∞) are the uptake of isooctane at time t and at equilibrium, respectively, Deff is 

the effective diffusivity, and L is an effective diffusion path length defined as the ratio of external 

surface area to particle volume. The characteristic diffusion time constant 𝜏−1 = 𝐷𝑒𝑓𝑓 𝐿2⁄  can be 

obtained from the slope of linear portion of the fractional uptake versus square root of time plots.  

Based on the gravimetric and IR spectroscopy analysis, two fractional uptakes (q(t)/q(∞)) were 

expressed as the following: (1) the global fractional uptake based on gravimetric analysis and (2) 

the BAS fractional coverage based on infrared spectroscopy analysis, from which two 

characteristic diffusion time constants were derived: 𝜏𝑔𝑙𝑜𝑏𝑎𝑙
−1  and  𝜏𝑂𝐻

−1 , respectively. 

2.2 Reaction conditions for isooctane cracking 

The three samples (granules with diameter of 200-400 μm) were tested in isooctane cracking 

reaction conducted at atmospheric pressure in a fixed bed reactor (10 mm internal diameter). Prior 

to the reaction, the samples were purged under a flow of air at 723 K for 4 hours. Afterwards, 

isooctane was fed into the reactor with nitrogen as carrier gas at the same temperature. The reactant 

and products were on-line analyzed by a Varian CP 3900 gas chromatograph equipped with a 25 

m × 0.25 mm × 0.25 μm HP-PONA capillary column and a flame ionization detector. Considering 

that the isooctane conversion of ZSM-5-A is higher than 10 %, the observed reaction rates were 

calculated based on the integrated equation39,40: 

𝑟0 =
𝐹

𝑊
ln

1

1 − 𝑋0
 (2) 

Where ro is the observed initial reaction rate of isooctane cracking, F is the molar flow rate of 

isooctane, W is the weight of the catalyst. In this study, F and W were fixed to 0.105 mmol min-1 
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and 40 mg, respectively. X0 is the initial conversion of isooctane, which was measured at 3 min 

after the commencement of the reaction. 

3. Results and Discussion 

3.1 Diffusion of isooctane in zeolite based catalysts studied by operando AGIR 

The isooctane uptake curves for all samples as determined by gravimetric analysis are depicted 

in Figure 1. The uptakes at equilibrium on samples ZSM-5-A and ZSM-5-AR are quite close and 

lower than that of the parent zeolite (ZSM-5-P). This is in agreement with the reduction of 

micropore volume and Brønsted acid sites (BAS) amount measured by infrared (IR) using a 

pyridine as a probe molecule (Figure S3 and Table S2). However, at the initial stage of the 

diffusion process, the apparent diffusion rate of isooctane in the ZSM-5-P is lower than that of the 

hierarchical samples (Figure 1B). Linear relationship between normalized global fractional uptake 

of isooctane and the square root of diffusion time obtained from the microbalance of all samples 

are depicted in Figure 1C. 𝐷𝑒𝑓𝑓 is typically calculated by assuming spherical particles so that L is 

one third of particle radius. However, as shown in the work of Vattipalli et al.41, the apparent 

diffusion lengths determined for hierarchical porous materials are significantly longer than those 

predicted by the physical structure (i.e., radius) of the adsorbent, indicating that diffusion of 

molecules in such structures is much longer than expected. Inappropriate estimation of this 

parameter can further cause errors in estimation of diffusivity. For these reasons, we have not 

attempted to derive the effective diffusivities 𝐷𝑒𝑓𝑓, and only considered the value of the global 

diffusion time constant 𝜏𝑔𝑙𝑜𝑏𝑎𝑙
−1 = 𝐷𝑒𝑓𝑓/𝐿2 derived from the slope of the fractional uptake versus 

𝑡
1

2 curves; the values obtained for the three samples are summarized in Table 1. The enhancement 

of two orders of magnitude of 𝜏𝑔𝑙𝑜𝑏𝑎𝑙
−1  for hierarchical ZSM-5-A and ZSM-5-AR in comparison 

to parent ZSM-5-P sample is revealing the large increase of the isooctane diffusion rate in former 
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samples. These results are in a good accordance with the work of Groen et al.42 and Pérez-Ramírez 

et al.,13 unambiguously showing the primary consequence of introducing mesopores into 

microporous (zeolite) structures in term of diffusion rate in the catalyst particles.  

The accessibility of acidic active sites of zeolite in a multi-component catalyst is governed by 

the location and distribution of bridged hydroxyl groups (Si-O(H)-Al); stretching vibrations at c.a. 

3610 cm-1 in the IR spectra is indicating their presence43. Consistent with the results based on 

pyridine and collidine adsorption (Figures S3-S5), the BAS of all samples are located in the 

micropores of zeolite phase and thus consist of framework bridged hydroxyl groups (Si-O(H)-Al), 

which also can be observed as stretching vibrations at c.a. 3610 cm-1 (Figure S6).  

Therefore, direct quantitative measurements of the diffusion towards the micropores of zeolite 

can be performed based on the coverage of Si-O(H)-Al as a function of time (Figure 2A, B, Figure 

S7). A linear relationship is obtained plotting the normalized relative coverage of Si-O(H)-Al 

versus the square root of time (Figure 2C). The corresponding micropore diffusion time constant, 

which is indexed as 𝜏𝑂𝐻
−1 , is summarized in Table 1. Comparison of this parameter for the three 

samples show an enhancement of the rate of diffusion towards the micropores for sample ZSM-5-

A and in a lesser extent for ZSM-5-AR with respect to the parent sample ZSM-5-P. 

Comparison of 𝜏𝑔𝑙𝑜𝑏𝑎𝑙
−1  and 𝜏𝑂𝐻

−1  for all samples show that they present close values for samples 

ZSM-5-P and ZSM-5-A. This indicates that the overall improvement of diffusion brought by the 

mesoporosity of sample ZSM-5-A improves in the same extent the diffusion towards the BAS sites 

located in the micropores13,42. This strongly reveals the good interconnectivity between meso- and 

micro- porous networks in sample ZSM-5-A made via alkali dissolution10. In contrast, 𝜏𝑂𝐻
−1  for 

sample ZSM-5-AR is one order of magnitude lower than 𝜏𝑔𝑙𝑜𝑏𝑎𝑙
−1  determined from the gravimetric 

analysis, with a difference far beyond the error of experimental measurements. Hence, while the 
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presence of the non-zeolitic component (MCM-41 like mesostructure) does enhance the overall 

rate of diffusion of isooctane in the ZSM-5-AR more than in ZSM-5-P, it leads to a significant 

decrease of the diffusion rate towards the BAS of ZSM-5-AR with respect to the single-component 

counterpart (ZSM-5-A). As mentioned above, bulky probe molecules like isooctane cannot 

directly interact with BAS within the zeolite pores. Instead, they have to adsorb firstly on the 

external surface and then transport from the surface to the BAS via micropore diffusion. Therefore, 

𝜏𝑂𝐻
−1  is related to the diffusion towards and within the micropores, while 𝜏𝑔𝑙𝑜𝑏𝑎𝑙

−1  only reflects the 

rate of uptake by the catalyst. 
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Figure 1. Isooctane uptake curves for parent ZSM-5 catalyst (ZSM-5-P), hierarchical single-

component ZSM-5 catalyst (ZSM-5-A) and multi-component zeolite-based catalyst (ZSM-5-AR) 

measured by microbalance using operando AGIR: normalized global uptake in the whole range of 

time (20000 sec) (A), normalized global uptake in a short range of time (400 sec) (B), and 

normalized global fractional uptake as square root of time (C). 
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Figure 2. Isooctane uptake curves of parent single-component ZSM-5 catalyst (ZSM-5-P), 

hierarchical single-component ZSM-5 catalyst (ZSM-5-A) and multi-component zeolite-based 

catalyst (ZSM-5-AR) measured by IR using operando AGIR technique: (A) Brønsted acid site 

coverage in the whole time range (20000 sec), (B) Brønsted acid site coverage in a short time range 

(400 sec), and (C) Brønsted acid site fractional coverage as square root of time. 



 12 

The deviation of the diffusion time constants for ZSM-5-AR sample can be interpreted in terms 

of undesired interconnectivity between the zeolitic and non-zeolitic components. In the case of 

ZSM-5-A, which is the single-component ZSM-5 based catalyst, its mesopores are traced back to 

the voids due to the removal of aluminosilicate species from zeolite crystals. Since the resulting 

voids originate from the zeolite framework, they are inherently connected to intracrystalline 

micropores and zeolite active sites (Figure 3B, E). On the contrary, the non-zeolitic ordered 

mesostructures in sample ZSM-5-AR are formed via overgrowth of alkali dissolved 

aluminosilicate species on the surface of single-component hierarchical ZSM-5 catalyst (i.e. ZSM-

5-A). As shown in the TEM image of ZSM-5-AR (Figure 3C), the direction and orientation of 

such non-zeolitic mesopores appear randomly distributed (Figure 3F). Therefore, there is no reason 

why such mesoporous structures should be well-connected with the zeolitic micropores and thus 

lead to the blockage or narrowing of the access to them. Furthermore, while the overall 

improvement of the global rate of uptake brought by mesoporosity is similar for ZSM-5-A and 

ZSM-5-AR (Figure 1), the improvement is much less for ZSM-5-AR when considering the rate of 

uptake measured based on OH groups (Figure 2). In this sense, the divergence between 𝜏𝑔𝑙𝑜𝑏𝑎𝑙
−1  

and 𝜏𝑂𝐻
−1  for ZSM-5-AR sample is a clear indication for undesired interconnection between micro- 

and mesoporous networks within the model catalyst. Here the operando AGIR technique can 

simultaneously determine the macroscopic diffusion rates of the global catalyst and the framework 

OH groups located at the zeolitic component, thus revealing it as an efficient analytical tool for 

pore interconnectivity in multi-component catalyst.  
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Table 1. Diffusion time constants of parent single-component ZSM-5 catalyst (ZSM-5-P), 

hierarchical single-component ZSM-5 catalyst (ZSM-5-A) and multi-component zeolite-based 

catalyst (ZSM-5-AR) calculated from the microbalance (𝜏𝑔𝑙𝑜𝑏𝑎𝑙
−1 ) and IR data (𝜏𝑂𝐻

−1 ) using AGIR 

technique.  

Sample 𝝉𝒈𝒍𝒐𝒃𝒂𝒍
−𝟏  [104/s-1] 𝝉𝑶𝑯

−𝟏  [104/s-1] 

ZSM-5-P (1.1±0.0) (1.1±0.0) 

ZSM-5-A (82.3±4.0) (87.8±2.5) 

ZSM-5-AR (106.1±5.8) (16.8±1.8) 

 

Figure 3.  TEM images and schematic diagrams of parent single-component ZSM-5 catalyst 

(ZSM-5-P) (A, D), hierarchical single-component ZSM-5 catalyst (ZSM-5-A) (B, E) and multi-

component zeolite-based catalyst (ZSM-5-AR) (C, F) 
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3.2 Assessment of catalyst effectiveness factor of the zeolite based catalysts in isooctane 

cracking  

The performances of the catalysts in isooctane cracking were assessed; the pore blocking or 

narrowing were quantitatively evaluated and their impact on the catalytic properties was 

determined. As shown in Figure 4, the initial conversions of the three samples are found to vary 

by a factor of 3, and the conversions gradually decrease due to coke accumulation44 (Figure 4A). 

As a typical cracking reaction that is widely used in petroleum refinery industry, the contemporary 

fluid catalytic cracking (FCC) processes is normally carried out in riser reactors, where the contact 

time of the feedstock with the FCC catalyst is very short45.  

Further the discussion will be focused on the cracking behaviour of the samples in the beginning 

of the reaction. The initial cracking rate constants are 0.369, 0.232 and 0.110 mmol g-1 min-1 for 

samples ZSM-5-A, ZSM-5-AR and ZSM-5-P, respectively (Figure 4B). It is worth mentioning 

that ZSM-5-A and ZSM-5-AR present lower numbers of BAS with respect to the parent zeolite 

sample, but higher observed reaction rates, suggesting that increased accessibility of BAS 

ameliorate the performance of the zeolites. Further, the initial rate constants are clearly correlated 

to 𝜏𝑂𝐻
−1 , rather than to 𝜏𝑔𝑙𝑜𝑏𝑎𝑙

−1 , even after correcting the differences of acid site concentrations 

(vide infra). This further validates the interest in monitoring the framework OH groups by 

operando AGIR.  

The internal diffusion of zeolite based catalysts using operando AGIR was utilized to assess the 

catalyst effectiveness factor in isooctane cracking. The calculation protocol applied is presented in 

the SI. The plot representing the catalysts effectiveness factor versus Thiele modulus with 

highlighting the value for the three catalysts in the current study is shown in Figure 5. The catalyst 

effectiveness factor of the hierarchical samples, ZSM-5-A (0.86-0.93) and ZSM-5-AR (0.72-0.84), 
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are much higher than for the parent zeolite (0.07-0.11), confirming that the introduction of 

hierarchical zeolitic component decrease the inherent diffusion limitations of the microporous 

channels.  

 

Figure 4. Isooctane cracking conversion as a function of time on stream (A) and initial cracking 

rates (B) for parent single-component ZSM-5 catalyst (ZSM-5-P), hierarchical single-component 

ZSM-5 catalyst (ZSM-5-A) and multi-component zeolite-based catalyst (ZSM-5-AR) 
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However, the lower efficiency of ZSM-5-AR compared with that of ZSM-5-A confirms that 

non-ideal pore interconnection between zeolitic and non-zeolitic ingredients of the model multi-

component zeolite-based catalyst body may prevent the full utilization of zeolite crystals in 

catalytic cracking of isooctane. Therefore, industrial exploitation of hierarchical zeolites should 

not only focus on the rational structural design of hierarchical zeolitic materials themselves, but 

also pay more attention on the pore connectivity between zeolitic and non-zeolitic components 

within multi-component catalyst. 

 

Figure 5. Estimated catalyst effectiveness factors (η) of parent ZSM-5 catalyst (ZSM-5-P), 

hierarchical single-component ZSM-5 catalyst (ZSM-5-A) and multi-component zeolite-based 

catalyst (ZSM-5-AR) in isooctane cracking. 

Conclusion 

In summary, combined gravimetric and IR spectroscopy analysis (AGIR) was used to study the 

diffusion properties of a zeolite-based multi-component catalyst consisting of meso- and micro- 

porous components and compared to hierarchical single-component ZSM-5 catalyst (ZSM-5-A) 

and multi-component zeolite-based catalyst (ZSM-5-AR). The kinetics of isooctane uptake on the 

catalyst and on Brønsted acid sites were determined. The corresponding characteristic diffusion 
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times were consistent for both single-component catalysts, indicating in particular a good 

interconnectivity between meso- and micro- porous networks. In contrast, for the model multi-

component zeolitic catalyst (ZSM-5-AR), the deviation of characteristic diffusion time constants 

obtained from the global fractional uptake (𝜏𝑔𝑙𝑜𝑏𝑎𝑙
−1 ) and the BAS fractional coverage (𝜏𝑂𝐻

−1 ) indicate 

the non-ideal interconnectivity between the zeolitic and non-zeolitic components. This conclusion 

was confirmed by comparing the catalysts performance in isooctane cracking and assessing the 

Thiele moduli and catalysts effectiveness of zeolite based materials. The interplay between zeolitic 

and non-zeolitic components may be detrimental and decrease the potential of a single-component 

hierarchical catalyst. Hence, more attention on the pore connectivity between zeolitic and non-

zeolitic components should be paid for the development of efficient multicomponent catalysts. 

Finally, monitoring the uptake kinetics of zeolite acid sites by operando spectroscopy can be 

considered as a promising analytical tool of zeolite-based multicomponent catalysts. 
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