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Abstract 

A novel adsorption differential volumetric apparatus was developed for the determination 

of diffusional time constants in nanoporous materials and applied to diffusion of nitrogen 

and argon in commercial pellets of 4A zeolite. The system is designed for high rates of data 

acquisition allowing to determine mass transfer time constants of seconds over the pressure 

range from vacuum to 130 kPa. Diffusion of N2 and Ar on a single pellet and fragments 

obtained from the pellet are studied between –10 ℃ to 35 ℃ and 0.8 to 55 kPa. These 

systems are chosen as representing weak adsorption to demonstrate the sensitivity of the 

apparatus that gives a good signal-to-noise ratio even with a single pellet in the entire 

pressure range. The systems studied confirm micropore diffusion control and an isothermal 

diffusion model was shown to reproduce accurately the observed kinetics using reduced 

pressure plots. As the crystal size in the pellet is not known accurately, the resulting 

activation energies and the ratio of diffusional time constants of N2 and Ar were used to 

validate the results against known literature values.  

 

Keywords: Micropore diffusion; Argon and nitrogen; 4A zeolite; Adsorption kinetics; 

Volumetric apparatus. 

 

 

  



1. Introduction 

The knowledge of adsorption kinetics in commercial pellets is important for designing 

efficient gas separation processes. An accurate kinetic time constant can help to improve 

the process performance significantly [1]. Volumetric systems are widely used to measure 

mass transfer kinetics, but a recent review of common practices over the past 20 years [2] 

has highlighted the fact that in most cases these experiments are carried out with systems 

designed for equilibrium measurements. Typically large sample masses are used, which 

often lead to either bed effects [3] or heat effects [4, 5] and yield apparent diffusion time 

constants that can be several orders of magnitude lower than the true values [6]. 

The history of the use of the single branch volumetric apparatus for kinetic measurements 

can be dated back to the 1940s-1950s, where Barrer and co-workers investigated the 

potential of cation-exchanged zeolite for the kinetic separation of inert gases from 

atmospheric gases [7] and the temperature and concentration dependence of diffusivity for 

various gas-zeolite systems [8]. In the early 70s Riekert used a volumetric system to study 

the intracrystalline diffusion of ethylene in NiY zeolite [9] and the sorption rate controlling 

mechanism of hydrocarbons in zeolites used as catalysts [10]. In the following two decades, 

the volumetric technique was employed by several research groups for sorption kinetic 

studies [11–16]. In particular, Bülow and co-workers carried out extensive studies with the 

technique [17–26] covering also theoretical models; Hashimoto and co-workers used a 

volumetric system to measure intracrystalline diffusivities of hydrocarbons in HZSM-5, MFI- 

and Y-type zeolites [27–33]; the use of commercial volumetric systems for kinetic studies 

began to emerge from the 90s [34, 35]. From 2000 onwards there has been an increasing 

number of adsorption kinetic studies with both commercial and purpose-built volumetric 

systems, of which 90 cases have been summarised in the review [2]. It is worth mentioning 

that Farooq and co-workers [36–39] employed a single branch volumetric system that 

incorporates two differential pressure transducers (0 – 55.2 kPa full scale, FS) to study 

adsorption kinetics in carbon molecular sieves and silicates. A common reference cylinder 

was used to provide a constant reference pressure and its pressure differences with both 

dosing and uptake cells were measured [36–39].  

A volumetric system designed for kinetic measurements should use small sample masses, 

typically below 50 mg; allow to change the configuration of the solid, including the addition 

of inert metal beads to increase the thermal mass of the system and ensure near isothermal 

conditions; use small pressure steps so that small changes in the adsorbed phase 

concentration can be monitored; and acquire data at a rate at least 10 times faster than the 

diffusional time constant being measured. Once the transient pressure data are collected, it 

is also important to use these directly in a reduced pressure plot [1] instead of converting 

the pressure data into uptake rate plots, introducing the assumption of negligible flow 

resistance between the dosing and uptake volumes, which can lead also to confusion as to 

which pressure is to be used at time zero [2]. A further key advantage of the use of the 



reduced pressure plot is that it not only allows to determine unequivocally the time 

constant of the valve and that of the mass transfer process, but also identify which 

transport mechanism is dominating the response [1, 40].  

The main challenge though is that for volumetric experiments the mass transfer information 

typically lies in the last 5% of the absolute pressure step. For example, if an adsorption step 

of 2 kPa at 50 kPa total pressure was to be performed with a pressure transducer with 100 

kPa full scale, the mass transfer kinetics will be sensitive to the measurement of only 0.1% 

of the full scale and the signal-to-noise ratio will be too low to extract a reliable time 

constant. At low pressures the addition of a second low pressure transducer can be an 

improvement, but the need to maintain small pressure steps indicates that a better 

approach is the use of a differential pressure transducer in a two branch system, allowing to 

maintain essentially the same accuracy at the different pressure levels. In this regard, a 

differential volumetric system becomes the perfect candidate. It has an additional reference 

branch that contains no sample and symmetrical to the sample branch present in a 

conventional system. A differential pressure transducer is attached between the two 

branches to measure the adsorbed amount. Differential volumetric systems have been used 

mainly for high pressure hydrogen adsorption equilibrium studies [41–45]. It has been 

shown that the differential configuration significantly improves the accuracy of isotherm 

measurements and minimises the effect of temperature instability [42].  

In this contribution we present a new Adsorption Differential Volumetric Apparatus (ADVA) 

designed for accurate determination of fast mass transfer kinetics in nanoporous materials 

from vacuum to atmospheric conditions. The main aim is to validate the new system 

through the study of N2 and Ar diffusion in a single zeolite pellet of 4A and its fragments in 

the pressure range 0.8 to 55 kPa. These systems are chosen for their weak adsorption 

feature in order to demonstrate the high sensitivity of the ADVA. The N2 – 4A system has 

been studied extensively [6, 46–53] while less data have been reported for Ar – 4A [50, 52–

54], with both systems showing micropore diffusion control.  

2. Theory 

The model for a volumetric system [55] includes diffusion in the adsorbent and flow through 

the valve. The main assumptions are a linear isotherm; isothermal diffusion; and absence of 

external and bed resistances [55]. The form of response curves and the limiting cases have 

been demonstrated in detail [1, 2, 40, 55]. The analysis is based on the reduced pressure in 

the sample dosing cell [1, 2] 

𝜎𝐷(t) =
𝑃𝑑𝑠(t)−𝑃𝑠

∞

𝑃𝑑𝑠
0 −𝑃𝑠

∞ = ∑ 𝑎𝑛 exp (−𝛽𝑛
2 𝐷

𝑅𝑃
2 𝑡)∞

𝑛=1  (1)                                                  

with the dimensionless parameters  
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There will be a root to Eq. 3 in each 𝜋 interval and an additional root in the interval where 

𝜔 = 𝛽𝑛
2 occurs. It is usually sufficient to sum the roots in the first 200 𝜋 intervals and check 

that the additional root is included in the calculated range.  

The parameters 𝛿 and 𝛾 represent 1/3 of the ratio of the accumulation in the gas phase and 

adsorbed phase for the dosing and uptake cells, respectively. These are not regressed but 

determined directly from the initial and final pressures of the system as the overall mass 

balance of the system gives 

(𝑞∞ − 𝑞0)𝑉𝑆 =
(𝑃𝑢𝑠

0 − 𝑃𝑠
∞)𝑉𝑢𝑠

𝑅𝑔𝑇𝑢𝑠
+

(𝑃𝑑𝑠
0 − 𝑃𝑠

∞)𝑉𝑑𝑠

𝑅𝑔𝑇𝑑𝑠

(5) 

The parameter 𝜔 is the ratio of the diffusion time constant to valve time constant. If the 

diffusional resistance is much greater than the valve resistance (𝜔 > 4𝜋2), the pressure 

response curve clearly shows two slopes, a short time slope limited by the valve and a long 

time decay limited by mass transfer inside the adsorbent. The two parameters, the diffusion 

time constant 
𝑅2

𝐷
 and 𝜔, are obtained from the slopes of the experimental long-time and 

short-time exponential decays, respectively [1]. A deviation in the long-time asymptote 

intercept between the model and experimental data may indicate the presence of 

secondary effects such as non-linearity, heat effects or surface barrier resistance, as these 

effects will lead to a shift of the intercept [2]. 

The absolute mode and differential mode experiments in an ADVA are depicted in Fig. 1. For 

absolute mode experiments the pressure in the reference branch is equal to the initial 

dosing pressure 𝑃𝑑𝑠
0 . The reduced differential pressure is essentially the same as the 

reduced absolute pressure from traditional single-branch volumetric experiments and the 

same model can be applied 

𝜎𝑑𝑠(t) = 𝜎𝐷(𝑡) =
𝑃𝑑𝑠(t) − 𝑃𝑠

∞

𝑃𝑑𝑠
0 − 𝑃𝑠

∞
=

(𝑃𝑑𝑠(t) − 𝑃𝑑𝑠
0 ) − (𝑃∞ − 𝑃𝑑𝑠

0 )

(𝑃𝑑𝑠
0 − 𝑃𝑑𝑠

0 ) − (𝑃𝑠
∞ − 𝑃𝑑𝑠

0 )
=

∆𝑃(t) − ∆𝑃∞

∆𝑃0 − ∆𝑃∞
. (6) 



For differential mode experiments, the reduced differential pressure is not equivalent to the 

reduced pressure 𝜎𝐷(t) due to the varying reference pressure. The model needs to be 

modified to take into account the reference response which is essentially controlled by the 

valve resistance 

𝜎𝑑𝑟(𝑡) =
𝑃𝑑𝑟(t) − 𝑃𝑟

∞

𝑃𝑑𝑟
0 − 𝑃𝑟

∞
= exp (−

𝑃𝑑𝑟
0 − 𝑃𝑢𝑟

0

𝑃𝑑𝑟
0 − 𝑃𝑟

∞
𝜔𝑟𝑡) , (7) 

where 𝜔𝑟 is the ratio of diffusional time constant to the valve constant in the reference 

branch. For strongly adsorbed systems, the flow through the valve in the reference branch 

will be considerably smaller than the sample branch. Therefore 𝜔𝑟 should be smaller than 𝜔 

[2] and it may be necessary to determine 𝜔𝑟 separately by performing an expansion in the 

reference branch only. For the weakly adsorbed systems under study here, 𝜔𝑟 is assumed to 

be equal to 𝜔 which is determined from the absolute mode experiments. 

 

Fig. 1. Two ways of operating an ADVA: absolute mode and differential mode experiments. D 

stands for dosing; U for uptake; S for sample side; and R for reference side. In the US cell the 

adsorbent sample is mixed with inert metal beads while in UR only metal beads with a 

similar volume are loaded. Colour is an indication of the absolute pressure.  

 



The reduced differential pressure in differential mode is  

𝜎𝐷
𝑑𝑖𝑓𝑓

=
𝜎𝑑𝑠(t)(𝑃𝑑𝑠

0 − 𝑃𝑠
∞) − 𝜎𝑑𝑟(𝑡)(𝑃𝑑𝑟

0 − 𝑃𝑟
∞)

∆𝑃0 − ∆𝑃∞
. (8)   

In a real experiment, there is always a time difference between the opening of the valves in 

the different branches. It is possible to apply a time lag to the reference response and it 

becomes 𝜎𝑑𝑟(𝑡 − ∆𝑡). On the ADVA-1, this time difference ∆𝑡 is around 0.01s and its effect 

on the determination of 𝑅2/𝐷 was found to be negligible. 

3. Experimental  

ADVA-1 (adsorption differential volumetric apparatus – 1 bar)  

The ADVA-1, a differential volumetric apparatus, was designed and purposely built in our 

laboratory for fast adsorption kinetic measurements from vacuum to near ambient 

pressures. The schematic diagram is shown in Fig. 2. The system consists of gas inlet lines, 

the core differential volumetric part, vent and vacuum lines.  

 

 

 

Fig. 2. Schematic diagram of the ADVA-1 

 



The core differential part is made up of Swagelok® VCR parts and welded parts (Fig. 3). 

There are two symmetrical branches, a sample branch and a reference branch. Each branch 

is composed of a dosing volume and an uptake volume. A GE Druck PMP5028 differential 

pressure transducer with ±3.5 kPa full scale is attached between the two dosing volumes. It 

has an accuracy of ±0.04% FS BSL which takes into account the effect of non-linearity, 

hysteresis and repeatability. Two MKS 626C pressure transducers (accuracy 0.25% of 

reading) are used to monitor the absolute pressures in the system. A 133.3 kPa FS 

transducer is attached on the sample dosing cell whereas a 1.3 kPa transducer is attached 

on the reference side. Along with the differential transducer, the pressures of two dosing 

cells can be accurately measured at both low pressure and high pressure. On the uptake 

side, the sample and inert material (reference) holders are adapted from Swagelok® VCR ½ 

inch blind glands. The gland is drilled to create an internal volume and at the bottom a 1/16 

inch tube fitting is welded to insert a thermocouple. K type reduced tip fast response 

thermocouples (Omega TJFT72, 1/16 inch diameter) are inserted into the sample and 

reference holders as well as the two dosing cells (see Fig. 3). 

 

Fig. 3. Core differential volumetric part (DS: sample dosing, US: sample uptake, DR: reference 

dosing, UR: reference uptake).  

Magnetic latching valves are used in the core part. The actuation of the valves is realised by 

moving the internal plunger with magnetic forces provided by solenoid coils and permanent 

magnets. There are two main advantages. Firstly, the valves only require a short pulse of 



power input to latch or unlatch. The plunger can then be held in the latched position by the 

sole force of the permanent magnet or remain in the unlatched position. This means no 

continuous electrical power is required to hold the valve in either position, thus avoiding 

generating heat and changing the temperature profile of the system. The other advantage is 

that the internal volume of the valve stays the same for both positions. This is especially 

important for systems with small volumes and hence high sensitivity. A small valve internal 

volume change can have non-negligible impact on the mass balance.  

To calibrate the cell volumes, stainless steel beads with known volume are used. By 

performing He expansion experiments with empty uptake cells and the cells filled with 

beads, the volume ratios between dosing and uptake are obtained and the cell volumes are 

calculated (Table 1). The cell volumes are very small compared to most of the volumetric 

systems present in literature [36, 56–62]. This is to increase the sensitivity of the system and 

to allow to reduce the amount of sample in the kinetic tests. 

Table 1. ADVA core part cell volumes  

 Sample branch × 106 Reference branch × 106 

Dosing volume 𝑉𝑑 , m3 15.193 15.665 

Uptake volume 𝑉𝑢 , m3 8.432 8.522 

 

The sample regeneration is performed in-situ. This is realised by setting up the system 

configuration with the sample and reference holders in a vertical orientation while the rest 

of the core is on a horizontal plane (Fig. 3). As the sample holder is enclosed and heated by 

an oven, all the parts on the horizontal plane, especially the most vulnerable LV4, are away 

from the heat. T3, the thermocouple that measures the temperature inside the sample 

uptake cell, is connected to a Eurotherm 3216 process controller during sample 

regeneration. The controller has an 8 segment setpoint programmer that allows the desired 

temperature ramping and dwelling process to be set up. As over-temperature protection, an 

additional thermocouple is inserted into the oven and connected to a Tempatron on/off 

mode temperature controller (TC4810-02, 0 to 400℃). On the on/off controller the 

maximum temperature is set at around 395 ℃. In-situ regeneration greatly simplifies the 

kinetic testing procedure and avoids the possible air contamination of sample during 

transfer if the regeneration is performed on a separate station. Once the sample is loaded, 

all the relevant parameters for kinetic analysis can be measured without opening the cell. 

As shown in Fig. 2, a part of the sample and reference uptake cells are controlled at the 

process temperature. For a differential volumetric system it is crucial to maintain symmetry 

on the two sides, which includes a symmetric temperature profile. For this reason, a bath 

with a weir is used to ensure that the circulating liquid covers the two branches in the same 



way. The fluid temperature and circulation are controlled by a thermostatic circulating bath 

(Thermofisher Haake SC100).  

The data acquisition and the operation of solenoid and magnetic latching valves are 

controlled by a Labview program. Pressure signals from HPT, LPT and DPT are acquired at 

100 Hz while the temperature signal is acquired at 10 Hz which is limited by the 

thermocouple response time.  

Zeolite 4A Sample 

 

Fig. 4. The two samples used for the kinetic study. Left: A single pellet of zeolite 4A (41mg) 

loaded in the sample holder. Right: 10 fragments cut from pellets (46mg). 

In this study, a single pellet of UOP zeolite 4A (Lot No. 2102004052, base diameter ~3.1mm 

and length ~5.2mm) and 10 fragments (~1.7×1.7×1.7 mm) cut from pellets (Fig. 4) have 

been used. The weight of the wet sample is 41mg for the pellet and 46 mg for the 

fragments. The crystal size of the sample is not known accurately.   

In order to achieve isothermal conditions, the 4A sample and 120 stainless steel beads of 

1/8’’ diameter are mixed and loaded into the sample holder. The use of the stainless steel 

beads results in increased thermal mass as well as increased heat transfer surface area for 

the sample. It also offers an additional advantage of reducing the void uptake volume and 

accordingly increasing the sensitivity of the analysis.  

The sample is degassed in-situ under vacuum with a turbomolecular pump (Pfeiffer HiCube 

80 Eco). The regeneration of the sample is achieved by heating the cell at a ramping rate of 

1℃/min up to 110℃. The temperature is held at 110℃ for 2 hours, followed by a further 

ramping rate of 1℃/min up to 350℃. The temperature is held at 350℃ for 6 hours, after 

which it is cooled to start the experiment. 

Void volume and temperature zone calibration 

After the regeneration, He expansion experiments were performed at room temperature 

first to determine the void cell volume. Next the bath was raised to submerge the sample 

and reference holders. Once thermal equilibrium was reached, the expansion experiments 



were repeated. This was used to determine the fraction of the uptake volume at the bath 

temperature.  

Diffusion measurements 

As shown in Fig. 1, for the differential mode experiments, expansion happens in the two 

branches simultaneously and the initial uptake and dosing pressures for the two are the 

same. To start an experiment, the whole system is brought to the initial uptake pressure 

𝑃𝑢𝑠
0 . LV4 and LV5 are closed to isolate the uptake cells and the dosing cells are then charged 

to the target dosing pressure 𝑃𝑑𝑠
0 . LV1, LV2 and LV3 are closed to isolate the two sides, after 

which the adsorption is initiated by opening LV4 and LV5 and the pressure response is 

acquired until equilibrium is reached. The desorption experiment at the same pressure level 

is performed directly after to check for isotherm linearity over the step [2]. The final 

equilibrium pressure of the adsorption step becomes the initial uptake pressure for the 

desorption step. The desorption pressure step is similar to the adsorption.  

For the absolute mode experiments, LV5 is kept open throughout and the expansion only 

happens in the sample branch. The conditions investigated first are small pressure steps 

(e.g. 𝑃𝑑𝑠
0 − 𝑃𝑢𝑠

0 <2.5 kPa) where the segment of the isotherm is close to linear. Experiments 

were carried out at 5℃, 20℃ and 35℃ and the pressure range of 0.8 to 55 kPa. 

4. Results and discussion 

In this section we present the first experimental results from the ADVA-1 with the aim of 

validating the new apparatus and the technique. N2 and Ar diffusivities in zeolite 4A single 

pellet and fragments are determined and compared to literature values. 

 



Fig. 5. Raw signal from HPT and DPT during a typical absolute mode experiment (𝑁2 on 4A 

single pellet at 35℃). 

Fig. 5 shows raw HPT and DPT signals during a typical adsorption kinetic experiment 

(absolute mode). The whole experiment lasts less than 100s. The HPT signal clearly indicates 

the dosing step after isolating the sample uptake cell while the adsorption starting time is 

obvious from both HPT and DPT signals. The equilibrium pressures 𝑃𝑢𝑠
0 , 𝑃𝑑𝑠

0  and 𝑃𝑠
∞ are 

extracted from the HPT signal and they are used to calculate the adsorbed amount. ∆𝑃0 and 

∆𝑃∞ are extracted from the DPT signal and used for the conversion to the reduced 

differential pressure. 

Experimental checks for isothermality and linearity 

Before using the volumetric model to match adsorption kinetic data from the experiments, 

the validity of the underlying assumptions of the model needs to be checked: 

1. The process is isothermal. 

2. The isotherm over the pressure step is linear. 

3. There are no external or bed mass transfer resistances. 

As discussed before, experiments have been performed with the aim of minimising heat 

effects by using a small mass of sample and inserting stainless steel beads. Pressure steps 

were kept small for isotherm linearity while checking that a satisfactory signal was obtained. 

To check the validity of the assumptions the recommendations given in [2] for the workflow 

of experiments were followed.  

First, examine assumptions 1 and 3 by comparing the kinetics of pellet and fragment runs, 

i.e. changing sample configuration. As evident from the reduced pressure plot (Fig. 6), the 

consistency between the N2 adsorption kinetics on the two samples at similar conditions 

confirmed that the system was indeed isothermal and external/bed resistances were 

negligible. The same conclusion was found for the Ar-4A system and the comparison of 

pellet and fragment results is reported in the Supplementary Information. The fact that the 

adsorption kinetics were independent of the sample particle size confirms that the system 

was under micropore diffusion control, in agreement with previous findings [46, 49]. 



 

Fig. 6. Comparison of N2 adsorption dynamics on 4A fragments and a single pellet at 3 

temperatures. 

 

In order to check assumption 2, a desorption experiment with the same step size was 

performed along with each adsorption experiment. It was found that adsorption and 

desorption curves overlap at all conditions, thus confirming isotherm linearity over the 

steps. An example of adsorption-desorption kinetics comparison is reported in the 

Supplementary Information. Having established the validity of the three assumptions, the 

isothermal volumetric model was applied to the experiment data. 

Comparison of HPT and DPT signals 

  



Fig. 7. Comparison of the reduced pressure response from HPT and DPT (N2-4A pellet 35℃).  

 

Fig. 7 shows the reduced pressure responses derived with the HPT and DPT signals using Eq. 

6. The DPT curve exhibited better signal to noise ratio and allows to extract a more accurate 

diffusional time constant. The superiority of the DPT response was maintained at all the 

pressure levels.  

Experiments at different pressures   

  



 

Fig. 8. Comparison of adsorption response curves of N2 on a 4A pellet at different pressure 

levels (T = 5℃). Top: long time; bottom: short time. The diffusional time constant 
𝑅2

𝐷
= 230𝑠 

was used to match the curves at the two lower pressures (1 kPa and 14 kPa) and 
𝑅2

𝐷
= 200𝑠 

was used to match the 54 kPa curves. 

 

Fig. 8 compares the reduced pressure response of N2 adsorption on the 4A pellet at 

different pressures at the lowest experimental temperature of 5 ℃. Both absolute and 

differential mode curves are shown. The differential curves have higher intercept since the 

pressure drop due to the initial gas expansion is almost cancelled by the differential mode, 

as demonstrated in Eqs 6-8. For all the steps, the pressure changes in the sample cell (𝑃𝑆
∞ −

𝑃𝑢𝑠
0 ) are smaller than 2 kPa. The small shift of intercept with increasing pressure is linked to 

the small decrease in the adsorption capacity and the dimensionless K values are 15, 13.5, 

11.3 for the three pressures. There is no clear difference in the long-time slopes between 

the 1 kPa and 14 kPa curves and the time constant of 230s is used for both. The kinetics at 

54 kPa were slightly faster and a time constant of 200s was obtained. This pattern of 

behaviour is consistent with the previous study by Ruthven and Derrah [50] in that the 

micropore diffusivity increases at higher concentration due to the nonlinearity of the 

isotherm. As the isotherm is more linear at 20℃ and 35℃, the diffusivity was found to be 

invariant with pressure and only a single time constant was extracted for each temperature. 

It should also be noted that this set of data was obtained with the latest system 

configuration. To prevent sample contamination in the dosing volume, two 60 𝜇𝑚 filters 



were installed at the outlets of LV4 and LV5. The filter adds a resistance to the gas flow, thus 

resulting in a slower initial response especially at low pressures. This can be observed clearly 

in Fig. 8 (bottom) and the absolute mode response at 1kPa is directly affected by the filter 

up to ~1 s. The differential mode responses, by comparison, are almost not affected by the 

presence of the filters since their effects are largely cancelled by the double branch 

expansion. This shows the advantage of differential mode experiments over absolute mode 

experiments for fast diffusing systems. The slope that contains diffusion information 

appears ~0.8 s earlier than that of the absolute mode. 

 

Fig. 9. Ar adsorption kinetics on 4A fragments at −10 ℃ and match with volumetric model: 
𝑅2

𝐷
= 180𝑠. 

 

Since Ar was more weakly adsorbed and there was a relatively higher uncertainty in the 

determined time constants at 35℃, additional experiments at a lower temperature –10℃  

were performed to obtain a reliable activation energy. The kinetic curves of Ar on 4A 

fragments at −10 ℃ are shown in Fig. 9. Similarly to N2, at each pressure adsorption and 

desorption experiments are performed and consistency of the two was checked. The 

intercept of the long-time asymptote of Ar was lower than N2 due to the lower adsorbed 

amount. The fact that at the lowest experimental temperature all the curves at different 

pressures overlap indicates the linearity of the Ar-4A isotherm over the pressure range (0 – 

55kPa) and this should also be true for higher experimental temperatures (5 – 35℃).  



Summary of diffusional time constants at different temperatures 

Since the fragment and pellet results show good agreement, the kinetic curves of the pellet 

are used to extract diffusional time constants due to the better signal to noise ratio. As the 

diffusivity is found to be almost constant over the pressure range studied, only the lowest 

pressure curves are presented here. The N2 and Ar signals along with the volumetric model 

curves are shown in Fig. 10 and Fig. 11. With increasing temperature the intercept of the 

long-time asymptote was found to shift down due to the reduced adsorption capacity and 

the slope became steeper due to the increase in the diffusivity. Excellent match of long-time 

asymptotes with the isothermal volumetric model was obtained for both differential mode 

and absolute mode data.  

 

Fig. 10. Volumetric model match of N2 kinetic response on 4A pellet. Model parameters are 

reported in Table 2.  

 

 

 



 

Fig. 11. Volumetric model match of Ar kinetic response on 4A pellet. Model parameters are 

reported in Table 2. 

 

It can be noted from Fig. 11 that relatively large steps (~7kPa) are used for Ar at the higher 

temperatures. Due to the low adsorbed amount, these steps were found to be optimal for 

achieving a good signal while maintaining isotherm linearity and isothermal conditions. 

Generally there is a trade-off between these two conditions. A simple procedure to find the 

optimal step is to perform a small step experiment first and then increase the step gradually 

until the desired signal-to-noise ratio is obtained. In order to confirm the absence of any 

secondary effects, it is necessary to check that the long-time slope remains the same. A 

comparison of Ar signals with small and large steps is shown in the Supplementary 

Information. 

Table 2 summarises the dimensionless slope of the isotherm, 𝐾 =
𝑅𝑔𝑇𝑢𝑠(𝑞∞−𝑞0)

𝑃𝑠
∞−𝑃𝑢𝑠

0  , and the 

micropore diffusional time constants obtained. Both values decrease with temperature, 

corresponding to reduced adsorption capacity and an activated diffusion process. The 

absolute value of the slope of the isotherm is dependent on the value used for the solid 

volume as the experiment determines the adsorbed amounts directly, but this would not 

affect the diffusional time constants.  

 



Table 2. Summary of dimensionless model parameters and diffusional time constants 

 𝑁2 𝐴𝑟 

𝑇, ℃ 𝛿  𝛾 𝜔 
𝑅2

𝐷
, s 𝐾 𝛿 𝛾 𝜔 

𝑅2

𝐷
, s 𝐾 

–10 - - - - - 29.3 13.2 8000 180 4.4 

5 8.3 3.6 10000 230 15.0 40.5 17.6 5000 108 3.4 

20 14.2 6.0 5000 125 10.1 49.2 20.7 5000 70 2.9 

35 23.9 9.8 4000 78 6.3 64.7 26.5 3000 50 2.3 

 

Fig. 12 displays the Arrhenius plots for N2 and Ar. For N2 the values of 𝐷/𝑅2 at three 

temperatures conform well to the linear dependence vs 1/T while for Ar the value at 35 ℃ 

shows a slight deviation. This small deviation at the highest temperature is due to the 

uncertainty in the extracted time constant as a result of the small adsorbed amount. The 

𝐷/𝑅2 values at the other three temperatures are deemed more reliable to determine the 

activation energy for Ar. The activation energies are listed in Table 3.  

 

Fig. 12. Arrhenius plot of N2 and Ar diffusion on zeolite 4A 



 

Table 3. Comparison of activation energies with literature 

 Technique Sample 

Crystal 

diameter, 

𝜇𝑚 

Temperatu

re range 

𝑵𝟐, K 

𝑬𝑵𝟐
, 𝒌𝑱

/𝒎𝒐𝒍 

Temperatu

re range 

Ar, K 

𝑬𝑨𝒓, 𝒌𝑱

/𝒎𝒐𝒍 

Present 

study 

Differential 

volumetric 

UOP 4A 

pellet 
1.85* 278-308 26.5 263-308 20.5 

Cao et al. 

(2000) [51] 

Tracer 

exchange  

UOP 4A 

bead 
1.95 253-333 21.9 - - 

Ruthven 

& Derrah 

(1975) [50] 

Gravimetric 
Linde 4A 

crystals 
3.2 215-277 25.5 200-275 24.3 

Van de 

Voorde et 

al. (1990) 

[52] 

Chromatogr

aphic 

Commer

cial 4A 

crystals 

100-150 298-373 22 298-373 21 

Shah & 

Oey (1988) 

[54] 

Chromatogr

aphic 

Linde 4A 

pellet 
3.6 - - 298-373 19.7 

Eagan & 

Anderson 

(1975) [53] 

Volumetric 
Linde 4A 

crystals 
4.1 195-213 34.7 173-193 19.7 

Yucel & 

Ruthven 

(1980) [49] 

Gravimetric 
Linde 4A 

crystals 
4.1 243-323 24.3 - - 

* Estimated with N2 diffusivity from Cao et al. [51]. 

Table 3 also lists some previous studies on N2 and Ar diffusion in commercial 4A pellets or 

crystals. It is evident that the activation energies obtained are in good agreement with those 

in the literature. Since the crystal size of the UOP sample is not known, the micropore 

diffusional time constant extracted cannot be directly converted to a diffusivity. However, if 

the N2 diffusivity in a similar material measured by Cao et al. [51] is used to estimate the 

crystal size of the sample, a reasonable value of 1.85 𝜇𝑚 is obtained.  



   

Fig. 13 Comparison of ratio of Ar diffusivity to N2 diffusivity in zeolite 4A with Ruthven 

and Derrah [50]. 

 

To further validate our approach, the ratio of the Ar diffusivity to N2 diffusivity is compared 

in Fig. 13 with the ratio from Ruthven and Derrah [50] who studied kinetics on 3.2𝜇𝑚 

crystals of Linde 4A zeolite using a gravimetric method. Although the diffusivity values can 

show large variations across different samples due to difference in the fraction of windows 

that are blocked by a cation or have undergone framework damage, these blockages should 

have the same effect on different molecules [63]. Therefore, the ratio 𝐷Ar/𝐷𝑁2
 should not 

vary significantly between samples and it is also the parameter that determines the kinetic 

selectivity in a separation process [64]. The values shown in Fig. 13 are very close around 

5℃, indicating good consistency. The main difference is due to the slightly lower activation 

energy for Ar found in the UOP pellet.  

5. Conclusions 

In this study, a novel differential volumetric apparatus (ADVA-1) developed for the accurate 

determination of gas diffusional time constants in nanoporous materials over the pressure 

range from vacuum to 130kPa was presented. On the ADVA-1 a ±3.5 kPa differential 

pressure transducer was employed to measure adsorption kinetics and thanks to the fast 

data acquisition module, time constants of a few seconds can be measured. Since for kinetic 



measurements a small sample mass is desirable to minimise any secondary effects, ADVA-1 

was built with small cell volumes for high sensitivity and this allows the measurements of 

even weakly adsorbed molecules on individual beads or pellets.  

To demonstrate the advantages of ADVA-1 and also to validate the system, N2 and Ar 

diffusion in zeolite 4A fragments and a single pellet (both ~40 mg) were studied. The results 

showed that even for weakly adsorbed systems, a good signal-to-noise ratio can be 

achieved with a single pellet at all the experimental conditions. The consistency between 

fragment and pellet confirms that the measurements were isothermal and under micropore 

diffusion control, which is in line with literature data.  

Both absolute and differential modes of the experiment have been demonstrated and yield 

consistent results. The approach has been validated in three aspects. Firstly, the activation 

energies, 26.5 kJ/mol for N2 and 20.5 kJ/mol for Ar, are in good agreement with literature 

values. Secondly, with the N2 diffusivity measured on a sample from the same 

manufacturer, the crystal size of the sample used in this study is estimated to be 1.85 𝜇𝑚, 

which is similar to values reported in the literature. Finally, the ratio between N2 and Ar 

diffusivities is consistent with the ratio determined for 4A crystals by other researchers.  
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Notation 

𝐷 Micropore diffusivity, m2 s–1 

𝐸 Activation energy, kJ mol–1 

𝐾 Dimensionless slope of the isotherm, 
𝑅𝑔𝑇𝑢𝑠(𝑞∞−𝑞0)

𝑃𝑠
∞−𝑃𝑢𝑠

0  

𝑃 Absolute pressure, kPa 

∆𝑃 Differential pressure, kPa 

q Adsorbed phase concentration, mol m–3 

𝑅 Crystal radius, m 



𝑅𝑔 Ideal gas constant, J mol–1 K–1 

𝑡 Time, s 

∆𝑡 Time lag between LV4 and LV5 opening for differential mode 

experiments, s 

𝑇𝑑 Temperature of dosing cell, K 

𝑇𝑢 Temperature of uptake cell, K 

𝑉𝑑 Volume of dosing cell, m3 

𝑉𝑆 Volume of adsorbent solid, m3 

𝑉𝑢 Volume of uptake cell, m3 

Superscript 

0 Initial  

∞ Final 

 

Subscript  

ds Sample dosing 

us Sample uptake 

dr Reference dosing 

ur Reference uptake  

 

Greek letters 

𝛽𝑖 Eigenvalues, Eq. 3 

𝛿 1/3 ratio of accumulation in the dosing volume to accumulation in the 

solid 

𝛾 1/3 ratio of accumulation in the uptake volume to accumulation in the 

solid 



𝜎𝐷 , 𝜎𝑑𝑠 Reduced pressure in dosing volume, Eq. 1; Reduced differential pressure 

under absolute mode, Eq. 6 

𝜎𝐷
𝑑𝑖𝑓𝑓

 Reduced differential pressure for differential mode experiments, Eq. 8 

𝜒̅ Valve constant, mol s–1 Pa–1  

𝜔 Ratio of diffusion time constant to the valve time constant 

𝜔𝑟 Ratio of diffusion time constant to the valve time constant in reference 

branch 
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Fig. S1. Comparison of Ar adsorption kinetics on 4A fragments and pellet at 4 

temperatures. The fragment signals are plotted at reduced frequency ( 50 Hz) for 

better visibility.  

  



 

 

Fig. S2. Comparison of adsorption and desorption reduced pressure responses for 

N2 −4A fragments at 1 kPa (5℃). 

 

 

Fig. S3. Comparison of two pressure steps for Ar adsorption on 4A single pellet at 35 ℃.  

 

 


