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ABSTRACT 

Adsorption processes are typically designed with the aid of process simulators. Here, the 

Extended Langmuir model and derivates are frequently used when dealing with type I isotherms 

(Langmuirian). The Extended Langmuir model captures competition effects based on low 

coverage Henry selectivity. However, it does not account for adsorbate size effects where smaller 

adsorbates can be preferred at higher pressure. Still, in simulators the Extended Langmuir model 

is predominantly used over the implicit ideal adsorbed solution theory (IAST) which does predict 

a size effect. In this work, we define and explore two models, having an explicit form and aimed 

at introducing an adsorbate size effect. The aim is two-fold: First, the Extended Langmuir and new 



 2 

model predictions are compared to IAST to demonstrate the adsorbate size effect. Secondly, all 

models are tested in a process simulator case study where the performance results as well as 

execution time are considered. A TSA process simulation case study with a 10-component mixture 

was performed at high loading: the Extended Langmuir model shows large recovery differences 

over the models which do incorporate a size effect. Explicit models can be executed quicker than 

IAST (FASTIAS), although the manner of implementation in the process simulator is important. 

The new models may improve the Extended Langmuir predictions with respect to (IAST) size 

effects but also have their limitations.  

 

INTRODUCTION 

The design process for most adsorber units differs significantly from other unit operations as 

distillation or absorption due to the intrinsic transient behavior of contacting immobile solids 

with a mobile fluid. To this purpose, engineers typically rely on computational methods to design 

these units and their associated process cycles. Many industrial adsorption processes such as air 

separation use zeolites and carbon molecular sieves1 having type I isotherms for the pure 

components of the feed mixtures. In such cases, the pure component equilibria may be described 

using Langmuir based isotherm models. These models include the popular classical Langmuir 

model2–4 and dual Langmuir model5–7.  The pure component Langmuir model8 is well 

established:  

𝑞 = 𝑞𝑠𝑎𝑡
𝐾.𝑝

1+𝐾.𝑝
  (eq. 1) 

With q the adsorbed amount (mol/kg), qsat  the saturation capacity (mol/kg), K the Langmuir 

constant (Pa-1) and p the partial pressure (Pa). It is far more challenging to obtain and model the 
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multicomponent equilibria and thermodynamic separation performance for these materials, and 

engineers may be faced by limited or even absence of mixture equilibrium data9 especially 

during initial design stages or screening studies. Often, the Extended Langmuir model (EL) then 

offers a first choice. The EL or Markham-Benton extension was introduced to deal with 

mixtures10 and for a binary case this becomes: 

𝑞1 = 𝑞𝑠𝑎𝑡,1
𝐾1.𝑝1

1+𝐾1.𝑝1+𝐾2.𝑝2
 (eq. 2) 

𝑞2 = 𝑞𝑠𝑎𝑡,2
𝐾2.𝑝2

1+𝐾1.𝑝1+𝐾2.𝑝2
 (eq. 3) 

This model predicts the separation factor based on the ratio of Henry adsorption constants and 

captures competitive adsorption phenomena. This explicit model solely requires the two pure 

component parameters for each component to predict mixture adsorption. It is explicit in the 

sense that the adsorbed amounts can be calculated easily based on the fluid composition. In 

addition, the EL model serves as a basis for more advanced (heterogenous sites, multiple crystal 

phases) models7,11,12. Examples include the dual process Langmuir11 and the Jain and Snoeyink 

model13, where the latter addresses Langmuirian mixtures with differing saturation capacity by 

considering separate sites. The EL model and variants thereof are also often used14 to model 

pressure or temperature swing adsorption (PSA, TSA) units6,15–23. Nonetheless, the EL model is 

thermodynamically inconsistent when the molar saturation capacities of the various adsorbates 

are dissimilar, reflecting a difference in adsorbate size in the Langmuir theory. An entropic 

contribution of mixing unequally sized molecules with different saturation capacity is not 

incorporated in the EL model. At higher loadings, molecules with larger molar Langmuir 

saturation capacity (i.e. small adsorbates) can be preferred. Although other mechanisms as 
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adsorbent heterogeneity, segregation and size exclusion play a role in a real system, a general 

adsorbate size effect is predicted from statistical thermodynamics with polyatomic species24–26. 

 In contrast to EL, the ideal adsorbed solution theory (IAST) is thermodynamically consistent for 

all species sizes. It also only requires the pure component data27, yet captures size effects as it 

has a higher selectivity for the component with the largest molar adsorption capacity28,29 at high 

pressures. IAST is implicit in nature and therefore requires an efficient solver. The FASTIAS 

method30 provides such a solver technique31 although other techniques have been reported as 

well32–34. Despite the stronger thermodynamic background of IAST (and variants12,35–37) 

compared to EL (and variants), the latter of the two methods appears to be predominantly used 

for process simulations.  

An adsorption size effect is visualized in Figure 1. This figure serves as a visual representation of 

EL and IAST calculations for an equimolar binary mixture, at 0.1, 1 and 10 bar. The red 

adsorbates have twice the Henry constant and half the saturation capacity (larger size) of the blue 

ones. At higher pressures the two models deviate as the smaller molecule is preferred for models 

which include a size effect. 
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Figure 1. Representation of an adsorption size effect: equimolar fluid mixture at increasing 

pressure. Red adsorbates have higher Henry constant and lower saturation capacity than the blue 

ones. 

 

IAST and EL are certainly not the only models used in process simulators. The Nitta model 

(multi-site Langmuir MSL)38,39 and extended Langmuir-Freundlich model40,41 as well as virial 

models42 have been used to model TSA or PSA units. It should be noted that the MSL model is 

also able to capture a size effect43, is thermodynamically consistent44 and has even been 

recommended over the EL model14. Still, the above models are not considered here as they do 

not start from a Langmuir isotherm for all pure components, as is the focus of this article. Put 

into perspective, all the above models are relatively simple (macroscopic) compared to molecular 

simulation. The latter offers a detailed insight on the nanoscale, yet the computational effort is 

currently prohibitive for process simulations45. The detailed selection of the equilibria model, 

considering the simulation goals and important experimental validation, and discussion of the 

complexities with using IAST28, go beyond this article.  

For adsorption process simulators execution time is important, and explicit isotherm models 

generally allow faster simulations than their implicit counterparts. We have recently presented an 

explicit multicomponent equilibrium model using only pure component Langmuir isotherm 

parameters29. This model is able to improve the EL model in capturing a size effect and can 

thereby better approximate IAST for pure component Langmuir isotherms, when the saturation 

capacities differ. In this work, two models dsEL-1 and dsEL-2 are presented to capture adsorbate 

size effects. First, the EL predictions, not accounting for a size effect, are compared to those of 

the dsEL models and IAST. Secondly, these models are applied in a process simulator for a 
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cyclic TSA process with 10 components. The recovery predictions for this case study are 

compared for these models, as well as their required execution time. 

METHODS 

The coding of the equilibrium models and adsorption process simulator scripts was done in 

Matlab version R2018b (Mathworks). FASTIAS coding was performed as outlined by Mangano 

et al.31 and Do46. The process simulator is set to solve an adiabatic and isobaric (ideal gas law) 

three-step TSA cycle case with 10 components. More details can be found in the S.I. 

RESULTS AND DISCUSSION 

Defining an explicit equilibrium model  

As noted above, the pure and extended Langmuir model are well established. More recently, a 

new model was proposed by adding species-by-species, differing in size, on a changing grid of 

adsorption sites29. Although simple in nature, the binary model passes the thermodynamic 

consistency test proposed by Franses et al.47 This model was shown to offer a significant 

improvement over the EL model in approximating the IAS theory for Langmuir components, as 

it is able to capture an adsorbate size effect. For a binary mixture, the core model is described by: 

𝑞1 = 𝑞𝑠𝑎𝑡,1
𝐾1.𝑝1

(1+𝐾2.𝑝2)
(
𝑞𝑠𝑎𝑡,2
𝑞𝑠𝑎𝑡,1

)
+𝐾1.𝑝1

 (eq. 4) 

𝑞2 = 𝑞𝑠𝑎𝑡,2
𝐾2.𝑝2.(1+𝐾2.𝑝2)

(
𝑞𝑠𝑎𝑡,2
𝑞𝑠𝑎𝑡,1

)−1

(1+𝐾2.𝑝2)
(
𝑞𝑠𝑎𝑡,2
𝑞𝑠𝑎𝑡,1

)
+𝐾1.𝑝1

 (eq. 5) 

The resemblance to the EL model can be noticed: this model reduces to the EL model when the 

saturation capacities of the components are equal, it reduces to the Langmuir model for pure 
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components, and advantageously no new parameters need to be introduced. The equations for an 

arbitrary number of components have also been established29. An important aspect of this core 

model is its dependency on the order of assigning the species to a model component number 

(i=1,2,..)29, in sharp contrast to most other models. Since there are N! permutations on the filling 

order for N species (i.e. assigning the species parameters qsat,i and Ki), N! models (permutation 

variant models PVM) may arise from the core equations. To illustrate this for the binary case, 

which only has two permutations (1-2 or 2-1), the alternative PVM formulation to eq. 4-5 is: 

𝑞′
2
= 𝑞𝑠𝑎𝑡,2

𝐾2.𝑝2

(1+𝐾1.𝑝1)
(
𝑞𝑠𝑎𝑡,1
𝑞𝑠𝑎𝑡,2

)
+𝐾2.𝑝2

  (eq. 6)  

𝑞′
1
= 𝑞𝑠𝑎𝑡,1

𝐾1.𝑝1(1+𝐾1.𝑝1)
(
𝑞𝑠𝑎𝑡,1
𝑞𝑠𝑎𝑡,2

)−1

(1+𝐾1.𝑝1)
(
𝑞𝑠𝑎𝑡,1
𝑞𝑠𝑎𝑡,2

)
+𝐾2.𝑝2

  (eq. 7) 

Note that the component labelled ‘1’ still has the smallest saturation capacity in this notation. 

This yields a model (eq. 6-7) with different results, yet capturing the same trends as the original 

core model (eq. 4-5)29. Accordingly, the order of the component data input does play a role and 

this must be addressed first. 

Refinement to the equilibrium model dsEL-1 and dsEL-2 

A suitable filling order was identified by calculating all PVM for two up to five components (the 

latter has 120 permutations) and comparing the results to the reference IAST model (see S.I. for 

more details). It was found that from all the PVM, the model with the adsorbing components 

organized from smallest to largest saturation capacity is preferred. This selection approximates 

IAST (with size effect prediction) to the best extent for all components of the mixture. 

Accordingly, we may enforce the constraint of having larger values of i representing components 
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with increasing molar saturation capacity qsat,i. This fully determines the model, termed dsEL-1 

in this work. Translated to the binary case, dsEL-1 is simply represented by eq. 4-5, where 

component 1 has the smallest molar saturation capacity. 

Furthermore, combining PVM has been suggested as a practical improvement in approximating 

the behavior of IAST29 by reducing the observed over- and underprediction of PVM’s, yet also to 

establish an empirical symmetrical binary model (and thus avoid PVM). To further explore this 

opportunity, some combination models (combination variant models CVM) were tried (see S.I.). 

From this study, the geometric mean of the small-to-large and large-to-small order, based on 

saturation capacity, is suggested. Accordingly, a refined model is proposed here (S.I.): (I) 

Execute the dsEL-1 model, (II) inverse the order and execute once more, then (III) collect the 

two appropriate adsorbed amounts per species and take the geometric mean. This strategy is 

applied for any number of components. This model will be termed dsEL-2 here. As an example, 

dsEL-2 is represented by eq. 4-9 for a binary mixture:  

𝑞1 = √𝑞1. 𝑞′1   (eq. 8) 

𝑞2 = √𝑞2. 𝑞′2   (eq. 9) 

When the saturation capacities of all adsorbates are equal, all dsEL models reduce to the EL 

model. In this case IAST will also be identical to the (ds-)EL models. An important feature is 

that when only one component is considered, the dsEL models reduce to the pure component 

Langmuir equation.  

Model comparison: equilibria prediction  
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The predicted adsorbed amounts from the EL (not including size effects), dsEL and IAST 

models are first compared based on over 3 x 106
 binary calculations with inputs spanning a wide 

range of partial pressures and isotherm parameter values (see S.I.). IAST is used as reference for 

the size effect as it is an established method for an ideal adsorbed mixture of non-interacting 

species. The saturation capacity qsat of the ‘bulkiest’ adsorbate is set to 1 mol/kg. The results are 

demonstrated for a binary mixture with qsat for the ‘smallest’ adsorbate set at 1.05, 1.2, 2 and 5 

mol/kg. Figure 2 shows the maximum deviation for the fractional adsorbate loadings between the 

EL, dsEL-1 and dsEL-2 model, compared to IAST. Results are expressed as the difference in a 

component’s fractional loading (model versus IAST, θi,model - θi,IAST) and plotted against the total 

fractional loading obtained with IAST (θtot,IAST, ranging from zero to one): 

𝜃𝑡𝑜𝑡 = 𝜃1 + 𝜃2 =
𝑞1

𝑞𝑠𝑎𝑡,1
+

𝑞2

𝑞𝑠𝑎𝑡,2
   (eq. 10)  

 

Figure 2. Maximum deviation envelope for the calculated fractional loadings of a binary mixture 

compared to IAST (θi,model - θi,IAST), for varying qsat,2/qsat,1 ratios. (left) The EL model, (middle) 
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dsEL-1 model, (right) dsEL-2 model. Top: Component 1 with smallest molar saturation capacity 

(largest size), Bottom: Component 2 with largest molar saturation capacity (smallest size). 

 

In Figure 2 each curve represents an envelope of calculated points (see S.I.).  The EL model can 

(strongly) overpredict the adsorption of the bulkiest component 1 and never underpredicts it 

compared to IAST: size effects will cause a decrease in the uptake of the largest species 

(compared to EL, Figure 1). This is especially true at high total fractional loading where size 

effects play a more significant role. Only in the low loading region can the same values be 

noticed (Figure 2) as EL, dsEL and IAST show the same limiting Henry behavior. Furthermore, 

EL will never overpredict the loading of the ‘smallest’ component 2. When the ratio of saturation 

capacities is increased from 1.05 to 5, the size effect plays a more dominant role and deviations 

between EL and IAST increase strongly. Even small saturation capacity ratios as 1.05 may cause 

the EL model to deviate significantly from the IAST model, and this is well-known48. However, 

Figure 2 shows that these EL-IAST deviations mainly occur at high total fractional loadings. 

This result indicates that process simulations with EL models may not deviate significantly from 

IAST (Langmuir input) based ones provided that the saturation capacity ratio is small, and the 

adsorbent is not experiencing too high total fractional loadings within the cycle. 

The dsEL models are able to approximate IAST up to higher total fractional loadings than EL, 

yet near total fractional loadings of 1 also larger differences can be noticed. The dsEL models, 

much like the EL model, have their limitations in predicting the size effect of IAST. As 

previously described29, there is mainly an underprediction of the largest component 1 and 

overprediction of the smallest component (exaggeration of the size effect) by dsEL-1 for the 

binary mixtures due to the simplified species-by-species model derivation. The proposed dsEL-2 

model compensates by using another PVM (which mainly overpredicts the largest component) 
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and is able to improve on the dsEL-1 model. As example, the total fractional loading predictions 

for EL, dsEL-1 and dsEL-2 differ less than  ~0.33, ~0.08 and ~0.03 to IAST respectively, under 

the challenging settings of a high saturation capacity ratio of 2 and high total (IAST) fractional 

loading of 0.9. Even though such differences are important, a strong improvement to EL can be 

noticed, and it must be stressed that Figure 2 shows the boundary of the results envelope and 

thereby represents the worst-case for the tried set of calculations.  

Figure 3 demonstrates the envelope of the points in a set of parity plots, now for a quinary case 

(see S.I.). From the five components, only the largest, middle-sized and smallest component are 

shown. Compared to IAST, the EL model never underpredicts the component with the smallest 

saturation capacity (component 1) while the component with the largest saturation capacity 

(component 5) is never overpredicted. Again, the larger the molar saturation ratio (here of 

component 5 over component 1), the larger the size effect, and the larger the deviations to IAST. 

The dsEL models, with narrower bands in Figure 3, clearly outperform the EL model in 

approximating IAST, demonstrating the dsEL model applicability to mixtures beyond binary 

cases.  
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Figure 3. Parity plots for quinary mixture equilibria model predictions compared to IAST, for 

varying qsat,5/qsat,1 ratios. (left) The EL model, (middle) dsEL-1 model, (right) dsEL-2 model. Top: 

Component 1 with smallest molar saturation capacity, Middle row: Component 3, Bottom: 

Component 5 with largest molar saturation capacity. 

 

The differences between the models will impact the modelled adsorption behavior under flow 

condition (breakthrough), and by extension an adsorber’s performance in a process simulator, as 

discussed further. To demonstrate the strong impact of the model’s choice, Fig. S.1 shows a 

breakthrough profile example. The large discrepancy between the EL, without a size effect, and 

the other models is obvious. 

Execution time of explicit and implicit models  

Adsorption simulators often function by sequentially solving a set of equations, including stiff 

partial differential equations, until cyclic steady state (CSS). This task can be computationally 

very demanding, especially when various CSS scenarios are requested for optimization purposes. 

Explicit sub-models, as for equilibria or the heat of adsorption14, are preferred over implicit 
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counterparts due to faster execution. Here, the explicit models (EL, dsEL-1, dsEL-2) and implicit 

IAST were coded in Matlab to evaluate their execution times. In contrast to merely evaluating 

the final predictions of these models, the manner of coding becomes critical, especially for the 

implicit IAST. The FASTIAS approach by O’Brien was implemented30 and this can still be 

considered state-of-the-art31. Details on the implementation can be found in the S.I. 

To properly compare the execution speeds of the various equilibria models, these were placed 

subsequentially within a single script and the execution times reported (see S.I.).  Figure 4(left) 

shows the recorded execution times for mixtures of two up to 100 components. Overall, all 

calculations are quick to execute taking less than 2 ms for up to 100 species present. The explicit 

models are able to execute more rapidly than FASTIAS, although this is only true for mixtures 

with less than ~30 species for dsEL-2. Still, simulations with more than three components are 

only rarely encountered in literature. For binary mixtures the EL model is more than 30x faster 

than implicit FASTIAS, and this factor increases when more components are present. When a 

size effect is included in the binary case, the execution speed decreases and dsEL-1 and dsEL-2 

are roughly 10x and 2.5x faster than FASTIAS for binary mixtures. As may be anticipated, 

dsEL-1 is more than two times faster (double execution of dSEL-1 and calculating the 

geometrical mean) than dsEL-2. 
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Figure 4. Median execution times for models in function of the number of components in the 

mixture. (left) Single script execution times for 1 slice, (right) function called execution times for 

50 slices. 

 

For equilibria models to be used in a more flexible manner, as in a process simulator, they can be 

coded in a callable single script (function), here using a switch-case structure (see S.I.). Under 

such call conditions, the execution times increase strongly and the execution time differences are 

diminished. Due to the repeated calls, explicit models are now no more than 2.5 or 1.6 times 

faster than FASTIAS, for the EL and dsEL models with a size effect, respectively. Still, one can 

consider the process calculation of an adsorption unit to be often based on a finite difference or 

finite volume method, where a large number of slices can be solved simultaneously within a 

timestep. The processing of such multiple data requests can be accelerated using array 

programming (vectorization). Explicit functions were found to benefit more from vectorization 

than the iterative FASTIAS, yet FASTIAS was optimized to process array inputs by looping to 

reduce the number of script calls (see S.I.). 

The function-called execution times are given in Figure 4(right) for mixtures with up to 100 

components, vectorizing 50 slices as input before making a call. For binary mixtures all the 

explicit functions are more than 2x faster than FASTIAS. For mixtures of 10 components, EL is 



 15 

~15.4x faster than FASTIAS. dsEL-2 and dsEL-1 with a size effect are ~2.8 to ~4.9 times faster 

than FASTIAS respectively, yet 3.2-5.5 times slower than EL. For the process simulator 

example, the equilibrium models were implemented according to the above method, as a callable 

function with vectorization or looped processing of array inputs (see S.I.). 

Process simulator example 

Next, the EL model and models with a size effect included (dsEL and FASTIAS) are applied in a 

process simulator to reveal the impact of the size effect on process performance, yet also to study 

the execution times. The TSA application studied is the separation of light and heavy 

hydrocarbons, including inert gas in the feed. The adsorption of a complex mixture of 10 

components (C1-C10 alkanes) on zeolite 13X is considered. The large difference in molecular size 

of the species is reflected by the ratio of saturation capacity and ranges up to a very high 6.3 for 

qsat,C1/qsat,C10. Furthermore, the total fractional loading reaches over 0.99 within the cycle. 

Accordingly, size effects are anticipated to play an important role. The equilibrium data for the 

10 adsorbates, available as temperature dependent Langmuir and heat of adsorption parameters, 

are taken from Garcia-Perez et al49. A three-step thermal swing process is used with a 300K 

adsorption, 550K methane purge gas desorption and a 290K methane purge cooling step. The 

feed contains mostly C1 to C4 alkanes and only traces of the higher alkanes, reflecting their vapor 

pressures. The three-step non-isothermal process cycles are repeated until CSS is reached. The 

process is shown graphically in Figure 5. CSS calculations were performed for all four 

equilibrium models, and this was repeated for three different adsorption step (step 1) times of 

1200, 1800 and 2400 s. 
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Figure 5. Representation of a three-step TSA process involving a 10-component alkane mixture. 

 

The recoveries are calculated on a cycle basis, for each component i and process step j (see S.I.) 

The calculated recoveries for methane to pentane at the column’s exhaust at process step 1 are 

shown in Figure 6. The recoveries of the higher alkanes (>C5) are near zero and not shown. 

Figure 6 shows the similarity between FASTIAS and dsEL-2 model results, with methane-

pentane recoveries deviating less than 1.6%. EL which does not account for a size effect deviates 

more strongly. The recoveries of the small alkanes methane and ethane are very similar for all 

models. For methane, the recovery is relative to all the methane entering the adsorber (also as 

desorption and purge gas). For propane to pentane, the differences between the models are 

greater, with lower recoveries for the EL model. EL without a size effect predicts the separation 

based on the Henry coefficients and thereby a stronger adsorption of the heavier hydrocarbons. 

While the effect plays in both adsorption as desorption steps, the recovery of these components 

in the exiting fluid of step 1 is lower than these of the size effect models, when considering that 

the bed is nearly completely desorbed at the end of the cycle (step 3). 
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Figure 6. Recovery of small alkanes from the first step in the simulated TSA process, calculated 

using various equilibrium models (CSS results). Results shown for cycle step 1 times of 1200, 

1800 and 2400 s. 

 

Pentane has its main mass transfer zone near the end of the adsorber bed after step 1 and the 

impact of the adsorption time becomes clear for most models. Doubling the adsorption time from 

1200 to 2400 s barely increases the pentane recovery from 0.3% to 1.3% for the EL model. In 

contrast, this is respectively from 0.7% to 19.7% and from 0.8% to 21.1% for the size effect 

models FASTIAS and dsEL-2. For dsEL-1 the rise is more modest from 0.7% to 8.4%. 

In this case study, the very high saturation capacity ratio (>6) and high fractional loading (>0.9) 

can cause a strong deviation between dsEL-1 and IAST. Such large deviations have also been 
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reported for a case with a saturation capacity ratio of 4 and total fractional loadings in excess of 

0.96 26. Remarkably, combination models as reported before29 and dsEL-2 are able to improve on 

mimicking IAST size effects, even in a process simulation. 

An insightful look at all 10 components can be obtained by considering the recoveries at the 

exhaust of process step 2 (desorption). In this step, the recoveries of the higher alkanes are not 

zero and can be used to better compare the model results. Figure 7 shows the results for an 

adsorption time of 1800 s. The recoveries for large alkanes (C6-C10) are considerably less for the 

EL model compared to the size effect models. The EL model predicts a stronger adsorption of 

the larger alkanes, and less efficient desorption. For these alkanes, a larger part of the desorption 

occurs in the cooling step (step 3), when using the EL model. 

  

Figure 7. Recovery of all alkanes from the second step in the simulated TSA process, calculated 

using various equilibrium models (CSS results). Results shown for a cycle step 1 time of 1800 s. 

 

Finally, the execution speed is examined. The average cycle execution time was taken as a 

measure for execution speed (Table 1). In this study, the average cycle execution time ranged 
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from ~45 s for the EL model up to ~150 s for the FASTIAS model. Although the equilibrium 

calculation plays a key role, a significant part of the execution time is spent on other commands 

thereby reducing the achievable gains of Figure 4. Still, the explicit EL model is roughly 3.4x 

faster than the implicit FASTIAS, the size effect models dsEL-1 and dsEL-2 can be roughly 2.6x 

and 1.8x faster than FASTIAS for this case study. It must be clear that the potential of tapping 

into the execution time reduction depends very strongly on the simulator structure, number of 

slices and the importance of the equilibrium calculation on the total execution time. Still, this 

study confirms the explicit nature of models offers an advantage over implicit models.  

Table 1. Performance parameters for various adsorption models  

Performance parameter EL dsEL-1 dsEL-2 FASTIAS 

Adsorbate size effects incorporated No Yes Yes Yes 

Max. fractional loading difference to IAST A 0.96 0.20 0.09 0 

Max. fractional loading difference to IAST B 0.21 0.08 0.02 0 

Max. recovery error TSA example to IAST C 35.2% 12.9% 1.6% 0% 

Avg. recovery error TSA example to IAST C 8.0% 2.8% 0.4% 0% 

Relative cycle execution time (to FASTIAS) 
C 0.29 0.39 0.56 1 

Relative cycle execution time (to EL) 
C 1 1.35 1.91 3.44 

A: At high total fractional loading (0.9), binary case qsat2/qsat1=5   

B: At medium total fractional loading (0.5), binary case qsat2/qsat1=5  

C: For the 10-component three-step TSA example  

 

CONCLUSIONS 

The popular EL model does not capture adsorbate size effects where smaller molecules can be 

more selectively adsorbed at high pressures. Even small saturation capacity ratios of 1.05 for 

Langmuirian components may give large differences in predicted equilibria by EL as compared 

to IAST that does account for size effects, although mainly at high fractional loadings. Two 

explicit different saturation capacity EL (dsEL) models are proposed to introduce a size effect 

and thereby mitigate equilibrium prediction differences between EL and IAST. The prediction 
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differences become more important at larger saturation capacity ratios and at higher total 

fractional loading, as size effects become more important. For low total fractional loadings 

throughout the process and small saturation capacity ratios, the difference between EL and IAST 

(Langmuir components) can be sufficiently small. dsEL models extend these ranges of fractional 

loading and saturation capacity ratio. For very high loadings, IAST is recommended to capture 

size effects. 

As a case study, a process simulation of a TSA was performed focusing on size effects: a 

complex mixture of 10 components was used, the saturation capacity ratios range up to 6.3 and 

total fractional loadings reach over 0.99. The calculated recoveries of the EL model deviated 

significantly from the size effect models. Still, also large differences between dsEL-1 and IAST 

exist under these challenging conditions. Remarkably, dsEL-2 is able to yield reasonably similar 

recovery results as IAST for the tested example, when compared to EL. Due to the explicit 

nature of the (ds)EL models, they are able to execute faster than FASTIAS. Overall, relatively 

modest time gains of a factor 1.8 (dsEL-2) to 3.4 (EL) were obtained. However, this must also be 

placed into perspective considering the long CSS calculation times which can take up to several 

hours. Furthermore, it is important to stress again that the implementation of the equilibria 

models in the process simulator plays a critical role with respect to calculation times. 

Considering the popularity of EL in process simulators, converting EL to dsEL (especially facile 

for binary systems) offers a means to improve in incorporating size effects, and to check whether 

size effects impact the process performance for Langmuirian systems, without a too severe time 

penalty. When size effects are considered crucial, especially under high loadings, other (implicit) 

methods such as IAST can be advised.  
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