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Abstract

:

Transient uptake curves for propane gas in a bed of HZSM-5 using a volumetric frequency response setup (batch system) were obtained. Thereby, a perturbation, such as a change in volume, was applied to the solid/gas system, and the resulting change in pressure was detected. Two cases of mass transfer limitations (bed diffusion control and micropore diffusion control) were compared, and it was concluded that, in the presented case, micropore diffusion is the rate-determining process. The obtained micropore diffusion coefficient for propane in HZSM-5 was, on average, about 1.2 × 10−10 m2 g−1, which is in good agreement with other frequency response studies shown by literature data. The homemade setup and the modeling presented in this work serve as the basis for ongoing numerical simulations.
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1. Introduction


Zeolites, with their versatile channel structure and wide potential for functionalization and applications, are among the most relevant and frequently used heterogeneous catalysts and adsorbents in the industry. The optimization of these applications involves achieving a balance between high flow rates and high selectivity. Thereby, transport resistance plays a crucial role. The identification of the rate-determining step in mass transfer processes taking place in a solid/gas system is therefore essential. Macroscopic test methods that deal with the elucidation of diffusion processes and adsorption supply relevant data for process engineering purposes. One of these methods is the frequency response (FR) technique, a transient macroscopic method for studying mass transfer of gases in porous materials by recording the response of a system to a periodically varying concentration (gradient) [1,2,3,4,5,6,7]. The FR technique is based on the study of a system in thermodynamic equilibrium that is periodically slightly perturbed. The response to this perturbation allows the characterization of the system in terms of thermodynamic (e.g., adsorption constants) and kinetic (e.g., diffusion coefficients) properties, including synchronously ongoing processes [8,9,10,11,12]. The change in volume of the system can serve as a perturbation, and the resulting change in pressure over time can be recorded as output. For a complete process characterization, a wide frequency range must be investigated, and the so-called characteristic curves can be calculated. For this purpose, the measurement of the amplitude ratio and the phase shift of input and output for each frequency is necessary. When using a square wave as a perturbation function, a single response curve at a specific frequency can also be used for analyzing mass transfer processes. In these pressure curves, depending on the frequency, a short-term new state of equilibrium occurs after each compression and expansion step of the reactor volume. The course of these curves is distinctly influenced by diffusion as well as adsorption or desorption effects in a characteristic way.



For the validation and calibration of customized FR setups, the use and analysis of known porous materials or solid/gas combinations (e.g., from literature or industrial processes) is a suitable evaluation option. Due to its relevance in the chemical industry [13,14,15,16], where it is employed as a molecular sieve [17] or a carrier material for bifunctional catalysts [18,19,20], as well as due to its interesting pore structure, the zeolite ZSM-5 serves as a convenient material for conducting investigations regarding mass transfer of gases. ZSM-5 is a microporous zeolite with framework type MFI and comprises a three-dimensional framework structure. There are two types of pore channels (straight and sinusoidal channels) that intersect each other. The pore openings consist of 10-rings with a diameter of 5.1 Å to 5.6 Å [21,22].



In this work, propane with a kinetic diameter (4.3 Å), in the order of magnitude of the pore diameter of ZSM-5, was chosen as adsorptive. The selected combination of HZSM-5/propane is used to test the suitability of a custom FR apparatus built according to the principles of Rees [7], and individually adapted to the specific requirements. For this purpose, different FR measurements are carried out under variations in the sample amount. The resulting relevant uptake curves are derived and evaluated using two different models, both accounting for cases of diffusion limitation.



The distinctive feature here is that the sample material was neither dispersed in glass wool nor used as a monolayer; however, arranged as a relatively large bed of particles. One of the reasons to use this arrangement is that the experimental FR method is going to be coupled and tested with further numerical simulation models, in which the porous bed is represented as its own geometrical domain within the volume modulation unit of the FR device [23]. This novel coupling of experiment and simulation in the field of frequency response research offers the possibility to extend the evaluation of FR beyond characteristic curves and uptake curves to numerical simulations with parameter fits, which should provide quantities whose accessibility has previously been unavailable. The study of catalytically active materials in the form of a packed bed in particular is of immense importance for the industrial application of such catalytic systems.




2. Materials and Methods


2.1. Sample Material and Its Characterization


HZSM-5 was obtained from Clariant (trade name HCZP 30, SiO2/Al2O3 molar ratio 25–30). This zeolitic sample material was used in a grain fraction of 315 to 400 µm. The propane used (purity 3.5) was supplied by Messer Industriegase GmbH.



The (loose) bulk density of the HZSM-5 sample was determined using a calibrated measuring cup. Mercury porosimetry (Quantachrome Poremaster 60-GT, Quantrachrome, Boynton Beach, FL, USA) was used to obtain the particle density of the material. Furthermore, for the purpose of characterizing the zeolite sample, the adsorption isotherm of argon was recorded: The sample underwent pretreatment at 573 K under reduced pressure conditions for a duration of 16 h. This pretreatment procedure was employed to eliminate trace gases and any residual water present within the sample’s pores. Following the pretreatment process, the sample was transferred to a 3P micro 200 instrument (3P Instruments GmbH, Odelzhausen, Germany). An argon isotherm was subsequently recorded at a temperature of 87.3 K. Temperature control was achieved by using cryoTune technology.




2.2. Propane Adsorption Isotherm


In order to perform the frequency response measurements, it was necessary to record the isotherm of propane with HZSM-5 at the selected temperature (308 K, sufficiently low to exclude a remarkable reaction on the zeolite [24,25]). This allowed the identification of the linear range of the isotherm. This is an important factor, as the linearity of the isotherms is a necessary condition for the application of the models in the later course. With this information, the measuring pressure range to be applied to the FR can be defined. The isotherm was recorded by a static volumetric method with the instrument Sync 440 A by 3P Instruments GmbH.




2.3. Frequency Response (FR)


The purpose-built apparatus [23] used complies with the volume-swing frequency response (VSFR) method in a batch system. The setup consists of vacuum components made of stainless steel; only the lower part of the sample holder consists of a glass tube (diameter 11 mm), which is permanently sealed to a steel tube. The apparatus is equipped with several valves and pump access points, allowing the separation of different sections, evacuation, or the introduction of sample gases. Each section contains a pressure sensor to detect the pressure of the gas to be metered or the final measuring pressure. In the upper section, the volume modulation unit consists of a plate connected to a steel bellow, allowing the relevant volume of the apparatus to vary during the measurement by moving the disc up and down with a specific frequency. The plate movement is induced by means of alternately magnetized coils under the control of a potentiostat (AUTOLAB PGSTAT302N, software NOVA 2.1.6, METROHM AUTOLAB B.V., Utrecht, The Netherlands) This device also handles the acquisition of the measurement signal. The change in pressure relative to the previously established equilibrium pressure is recorded. This is carried out by means of a differential pressure sensor between the two corresponding sections of the apparatus, namely, on the one hand, a section isolated from the measuring process by valves, and on the other hand, the volume modulation unit. A custom-made heating box with an integrated silicone heating mat and an axial fan ensures a uniform temperature distribution in the sample chamber. A temperature sensor inside this jacket, as well as a sensor protruding into the sample container by means of a vacuum-tight feedthrough assembly, monitor the temperature curve. The value recorded inside the heating box is used as the reference value for the temperature.



Prior to the tests, the zeolitic sample material was calcined for 5 h at 873 K under a flow of synthetic air. After transferring the solid sample into the apparatus, another degassing process was carried out at 383 K for 7 h under vacuum (up to 10−6 kPa). Thereby, HZSM-5 was used as a bed of particles. On top of this bed, a 9 mm layer of spherical nonporous glass beads (approx. 1 g) was placed. After the pretreatment, the adsorptive was introduced into the apparatus, followed by allowing a thermodynamic equilibrium to be established overnight. A perturbation in the form of a square wave was applied in a frequency range of 0.001–2 Hz to the solid/gas combination in equilibrium, and its pressure response was measured over time. The corresponding blank measurements were carried out without a solid sample but with propane and the glass beads in order to exclude mass transfer processes within the device and this glass beads bed. During the measurements, the temperature was kept constant at ±0.2 K. A protective cover made of acrylic glass was placed over the apparatus to protect it from external influences such as air circulation.



For the FR measurements, different amounts of sample material were employed. This amount was determined by means of the corresponding bed depth. The notation used for each sample can be taken from Table 1.





3. Results


3.1. Sample Characterization


The following values were yielded from the density measurements of the HZSM-5 (grain fraction) sample: a bulk density of 0.420 g cm−3 and a particle density of 0.943 g cm−3. This resulted in a bed porosity of 0.55.



The textural properties of HZSM-5 were subjected to further analysis. To this end, an argon isotherm was recorded at a temperature of 87.3 K, as illustrated in Figure 1. The surface area of the material was quantified employing the BET method, yielding a value of 440 m2 g−1. Additionally, the total pore volume was assessed at p/p0 = 0.988, resulting in 0.221 cm3 g−1, based on the application of the Gurvitch rule.




3.2. Propane Adsorption Isotherm


The physisorption test with propane at 308 K resulted in a type I(b) isotherm according to the IUPAC classification [26], as expected for HZSM-5 as a microporous material (see Figure 2). Accordingly, with a pressure in the range of 2.5–3.0 kPa for the FR measurements, the linearity of the isotherms (including volume change during the FR test) can be assumed for the applied models.




3.3. Uptake Curves from Frequency Response Measurements


A total of 16 single FR measurements in the mentioned frequency range were obtained for each sample. Figure 3 shows exemplary single measurements of sample Z5-19 and the corresponding blank tests at three different frequencies. It illustrates the impact of the input signal, corresponding to the plate position (driven by a square wave function), on both the blank and solid material sample pressure response measurements. Regarding the blank measurement (orange signal in Figure 3), the effect of the input signal on the pressure response can be qualitatively observed as the inverse of the original square wave function of the plate position. Concerning the measurements with solid sample material (blue signal in Figure 3), a deviation from the rectangular wave shown in the blank measurement can be observed. This deviation arises from triggered mass transfer processes in the solid/gas system, leading to a drop in the pressure curve when the pressure increases as a result of volume reduction and, conversely, an increase in pressure when the pressure decreases as a result of volume expansion. The apparent change in the amplitude of the pressure response with increasing frequency is due to the fact that the abrupt pressure change is resolved more clearly with increasing frequency due to a decreasing sampling time.



The FR measurements were used as inputs for the study of sorption uptake curves against time. For this purpose, an “adsorption branch” of the second-to-last pressure oscillation was “cut out”. After that, the corresponding branch of the respective blank test was subtracted, the curve inverted, and normalized. Taking the lowest frequency scan (0.001 Hz) as a base, the complete uptake curve is derived. From this low-frequency measurement, the maximum equilibrium adsorption is determined. However, the sampling time for this single scan is too high to capture the initial pressure/concentration jump; therefore, data points from the scans of other frequencies were added to the curve; see Figure 4.



It can be seen that the curve is linear within the first few (fractional) seconds, which indicates that this is the effect of the relatively fast volume change and thus pressure jump. Therefore, it is assumed that this is not related to mass transfer processes yet [27]. For this reason, the uptake curves of the experiment at a frequency of 0.004 Hz are used to model the diffusion within the sample.



In the present case, when using a bed of microporous zeolite particles of a certain size, different diffusional resistances can arise, such as diffusion into the sample bed, macropore diffusion, and micropore diffusion. The following two limiting cases are considered in the present work: (a) The diffusion within the bed and within the microparticles is so fast that the uptake rate completely depends on the diffusion into the bed of particles (bed diffusion control); (b) the opposite case: intracrystalline diffusion is the rate-determining step of uptake (micropore diffusion control). In order to analyze which option is predominant, the uptake curves of the measurements were evaluated with different models. Both approaches are based on the analytical solutions of Fick’s second law of diffusion for the uptake curves caused by a step change in adsorptive pressure. This formulation is valid under the condition that the adsorption regime lies within the linear part of the equilibrium adsorption isotherm (see Figure 2) and under the assumption that an isothermal system is present. For case (a), the equation of the limiting case of bed diffusion control of a dual diffusion resistance system was applied, Equation (1) [28,29].


     m t     m ∞    = 1 −   ∑   n = 0  ∞   2      n +  1 2     2   π 2    exp   −     n +  1 2     2   π 2    D t    l 2       



(1)







   m t    is the amount adsorbed at time  t ,    m ∞    the amount adsorbed in (temporary) equilibrium,  D  transport diffusion coefficient, and  l  corresponds to the bed depth of the solid. For the study of case (b), the solution for the uptake curve of uniform spherical particles was used, Equation (2) [28,29].


     m t     m ∞    = 1 −  6   π 2      ∑   n = 1  ∞   1   n 2    exp   −    n 2   π 2  D t    r 2       



(2)




with  r  as the radius of the particles. This was averaged across the grain fraction. For the fits, Equations (1) and (2) were solved up to   n = 100  , and the non-linear least squares curve fitting method was applied (with a Python script using SciPy [30]).



In general, when employing these solutions for uptake curves, care must be taken to fit the experimental method. The mentioned models are typically used for the so-called “constant volume/variable pressure” methods [31]. These methods are based on setups in which a reservoir is loaded with gas and, in a second step, connected to another volume that contains the solid sample material. This kind of procedure has an impact on applicable models, and presents additional effects, such as valve effects, that have to be considered. However, the apparatus used in this work employs a version of FR in which pressure or, to be more precise, pressure change correlates directly with the mass of the adsorbed amount. Therefore, the use of these formulas is justified.



Regarding case (a), Figure 5 illustrates the solutions of Equation (1) applied to the individual measurements at f = 0.004 Hz for the samples Z5-9, Z5-15, and Z5-19. It can be observed that the resulting diffusion coefficient (limiting case bed diffusion control) increases with increasing bed depth. Based on the obtained magnitude of diffusion coefficients, no significant bed diffusion limitations are expected in the present systems.



Figure 6, in contrast, shows the solutions of Equation (2) applied to the same individual measurements of all three samples. As it can be seen, the resulting diffusion coefficient (limiting case micropore diffusion control) was found to be three to four orders of magnitude smaller than the bed diffusion coefficients derived from the other model and relatively independent of the bed depth. This is noteworthy, considering that the depth of the solid bed in sample Z5-19 is more than twice as large as in sample Z5-9.



This indicates that micropore diffusion is the rate-determining mass transfer process in the systems studied. This is also plausible considering that the diameters of the mouths of the micropores are of the same order of magnitude as propane as an adsorptive. Hence, the diffusion of propane within the channels of HZSM-5 is expected to be slow, especially compared to intercrystalline and bed diffusion. Under these conditions, thermal effects are expected to be negligible.





4. Discussion


In order to evaluate the obtained diffusion coefficients, various references on the diffusion of propane in ZSM-5 or ZSM-5/silicalite were investigated. The reason for taking into account ZSM-5/silicalite is that it has been shown that the diffusion behavior of paraffines in ZSM-5 and its Si-rich analogue, silicalite, presents very minor differences [29]. Table 2 provides a comparison of several references with their specific devices/systems and models. For details on the models mentioned in the cited references, the original source should be consulted.



Figure 7 illustrates graphically the diffusion coefficients of the references cited in Table 2 at the same or as close to the given temperature as possible. In most cases, different measurement methods or devices cannot be compared one-to-one; however, they can give an overview of the expected order of magnitude of (micropore) diffusion, especially since the selection above is limited to similar macroscopic measurement methods. The average value of 1.2·× 10−10 m2·g−1 obtained in this work is within the range of diffusion coefficients of propane in ZSM-5 described in this literature. When compared with FR methods only [33,34], the value obtained here is in good agreement with the respective diffusion coefficients. This is taken as a basis for the validation of the self-built FR apparatus.



The presented work provides a first step towards the combination of the analytical evaluation of frequency response and numerical simulations. In fact, the latter rely on a defined macroscopic domain of porous sample material, which encounters certain challenges for experimental FR studies. On the way to reconcile experiments and analytical and numerical models, a COMSOL Multiphysics® model for the FR analysis with the specific presented setup was recently developed [36]. The model imitates the behavior of the FR experimental procedure to gain insights into what is locally occurring within the device geometry, such as the gas velocity and pressure distribution, as well as other magnitudes such as the adsorption rate per volume unit in the porous material. In order to perform that, the transport phenomena are solved by means of a computational fluid dynamics (CFD) formulation in the domain with no solid material, whereas a porous media flow is computed in the porous material-gas domain. This model can be used in synergy with the uptake curves, as the model computes the pressure response curves depending on the system parameters (bed porosity, adsorption model, permeability, etc.). The simulation provides pressure response curves that can be directly compared to the uptake curves. The contrary is also possible; an adsorption model can be potentially implemented in the COMSOL simulation with the diffusion data obtained from the uptake curves. Furthermore, the source of deviations between the two evaluation methods can also be checked.




5. Conclusions


Especially when using porous materials such as zeolites in large-scale processes, mass transfer limitations play a central role in process design. Insights into the rate-determining step of the mass transfer processes taking place in solid/gas systems are fundamental for material and process optimization. This work aimed to assess the suitability of the current FR device for analyzing such aspects. To achieve this, FR measurements were performed using the solid/gas combination of HZSM-5/propane while varying bed depths. An overall uptake curve was built to identify the single frequency/scan of interest for the governing mass transfer phenomena. After selecting the frequency of interest, the equations of two mass transfer limitation cases were fitted to the mentioned uptake curve. It was found that the micropore diffusion control model provided more consistent results that remained independent of the bed depth. This resulted in an average diffusion coefficient of 1.2·× 10−10 m2·g−1. Other literature diffusion coefficients of the same investigated system with related measurement procedures were gathered. The comparison of the presented result against diffusion coefficients determined by the VSFR method (as in this work) from the literature revealed good agreement.



In general, it should be noted that heat effects cannot be disregarded when dealing with particle beds, especially for large sample amounts. This consideration is particularly important in systems with high mass transfer rates. In such cases, it is advisable to ensure isothermal experimental conditions if possible; otherwise, non-isothermal adsorption models should be chosen [37,38,39,40,41,42]. However, the isothermal state of the system cannot be proven on the basis of individual uptake curves since the corresponding models have a similar mathematical structure. For this reason, it is particularly necessary to carry out these studies with a suitable series of measurements. Generally, it is recommended to perform comparative tests with systematically varied parameters (sample amount, particle size, sample configuration, etc.). This is planned on a larger scale for future work.
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Figure 1. Argon isotherm at 87.3 K (3P micro 200, 3P Instruments GmbH) of HZSM-5. Full symbols show adsorption; empty symbols denote desorption. The lines are solely to guide the eye. 
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Figure 2. Isotherm of HZSM-5/propane at 308 K (Sync 440 A, 3P Instruments GmbH) and marked pressure range for the FR measurements. 
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Figure 3. FR curves of Z5-19 and blank tests with propane at three different exemplary single frequencies (p = 2540 Pa, T = 308 K). 
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Figure 4. Total uptake curve of sample Z5-19 with propane (p = 2540 Pa, T = 308 K). 
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Figure 5. Normalized uptake curves from FR tests of the HZSM-5/propane samples with their corresponding fits and diffusion coefficients resulting from Equation (1). 
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Figure 6. Normalized uptake curves from FR tests of the HZSM-5/propane samples with their corresponding fits and diffusion coefficients resulting from Equation (2). 
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Figure 7. Diffusion coefficients from references cited in Table 2 (Bülow 1986 [32], Van-den-Begin 1989 a [33], Van-den-Begin 1989 b [34] and Zhang 2022 [35]) and the value yielded in this work. 






Figure 7. Diffusion coefficients from references cited in Table 2 (Bülow 1986 [32], Van-den-Begin 1989 a [33], Van-den-Begin 1989 b [34] and Zhang 2022 [35]) and the value yielded in this work.



[image: Minerals 13 01244 g007]







 





Table 1. Sample names with their respective measurement parameters and bed depth for each FR measurement.
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	Sample Name
	p/Pa
	T/K
	Bed Depth l/mm





	Z5-9
	2660
	308
	9



	Z5-15
	2900
	308
	15



	Z5-19
	2540
	308
	19










 





Table 2. Comparative data for HZSM-5/propane from the literature.
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	System
	Type of Diffusion Coefficient
	Model
	Reference





	“Constant volume/variable pressure”
	intracrystalline
	(1) from characteristic FR functions: identical spheres (monodisperse)
	[32]



	“Constant volume/variable pressure”
	intracrystalline
	(2) from the uptake curve: statistical moments theory, corrected by the Darken equation
	[32]



	VSFR
	self-diffusion
	from characteristic FR functions: “diffusion of a single diffusate in an isotropic sphere”, corrected by the Darken equation
	[33]



	Single step VSFR
	intracrystalline
	“diffusion by a sphere in a stirred solution of limited volume”, corrected by the Darken equation
	[34]



	Gravimetric, commercial
	effective
	Equation (1)
	[35]
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