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Abstract

Two versions of nonlocal classical density functional theory (cDFT) have been proposed to 

predict multicomponent gas adsorption in nanoporous materials by using the Lennard-Jones model 

for gas mixtures and the universal force field for the adsorbents. With the modified fundamental 

measure theory to describe short-range repulsions or volume-exclusion effects, one version of 

cDFT adopts the mean-field approximation for van der Waals attraction (here referred to as cDFT-

MFA) as commonly used in porous materials characterization, and the other version accounts for 

long-range correlations through a weighted-density approximation (cDFT-WDA). For a number 

of gas mixtures in MOF-5 (without sub-pores in accessible to gas molecules), the adsorption 

isotherms predicted from cDFT-WDA are quantitatively consistent with results from grand 

canonical Monte Carlo (GCMC) simulations, while cDFT-MFA systematically underestimates the 

adsorption due to neglecting the correlation effects. Nevertheless, both versions of cDFT 

outperform the ideal adsorbed solution theory (IAST) at high pressure. Because IAST predicts 

mixture adsorption using only single-component data, it fails to capture the selective behavior 
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arising from asymmetric interactions among different chemical species. The cDFT calculations 

are implemented with massively parallel GPU-accelerated algorithms to achieve rapid yet accurate 

predictions of multicomponent adsorption isotherms with full atomistic details of the adsorbent 

materials. This work thus provides a theoretical basis for the computational design of adsorption-

based separation processes as well as for the selection and data-driven inverse design of 

nanoporous materials. 

1. Introduction

Selective adsorption represents one of the most important industrial separation processes, with 

widespread applications such as desulfurization in petroleum refining, H2 and CH4 purification 

and CO2 capture.1-5 As chemical separation takes about half of the industrial energy use in the US, 

the development of more efficient processes is imperative to reduce the energy cost.6 

Conventionally, adsorption-based separation processes are categorized into pressure swing 

adsorption (PSA) and temperature swing adsorption (TSA). In both cases, the adsorbent material 

is a dominating factor determining the separation efficiency and operation cost. Therefore, 

adsorbent design is of great importance in optimizing industrial separation processes.

Nanoporous materials, such as metal-organic frameworks (MOFs) and covalent-organic 

frameworks (COFs), are promising for adsorption separation because of their excellent mechanic 

stability, large surface area and adjustable pore geometry.7-9 More importantly, both adsorption 

capacity and selectivity can be tailored for specific applications by altering the secondary building 

blocks of such materials.10, 11 Compared with trial-and-error syntheses, a data-driven approach 

enables the inverse design of nanoporous materials over a broad range of parameters in chemical 

space.12-14 However, data-driven methods require a large set of data for multicomponent adsorption 
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isotherms. Such data are often scarce due to time-consuming experimental procedures and 

technical difficulties in controlling thermodynamic conditions.15, 16

Currently thermodynamic modeling of multicomponent adsorption isotherms is mostly based 

on the ideal adsorbed solution theory (IAST).17-20 Although IAST adopts ideal gas and ideal 

solution models for the bulk and adsorbed phases, respectively, it is able to predict the adsorption 

isotherms of many gas mixture systems (e.g., CH4/C2H6, C2H4/CO2 and CO/O2) with the input of 

pure component adsorption isotherms up to moderate pressures. Many attempts have been made 

to modify IAST by considering surface heterogeneity and the distinct properties of gas molecules 

such as polarity, size and interaction energy.21-23 Although modified IAST models are able to 

account for more realistic gas-absorbent interactions and improve the numerical performance, they 

often entail extra fitting parameters thus hamper transferability. Moreover, the modified models 

do not provide a consistent description of the thermodynamic non-ideality of gas mixtures in the 

bulk and inside the adsorbent materials, which also hinders their applications at high pressure.

Molecular simulation and statistical-mechanical methods, such as grand canonical Monte 

Carlo (GCMC) simulation and classical density functional theory (cDFT), are main alternatives to 

IAST for predicting mixture adsorption in nanoporous materials.24-27 For single-component 

adsorption, adsorption isotherms predicted by GCMC and cDFT are generally in good agreement 

with each other.28-31 In contrast to the IAST models, GCMC and cDFT are able to predict 

adsorption isotherms for single- and multi-component systems alike. More importantly, they offer 

atomistic details useful for the computational design of adsorbent materials. From a practical 

perspective, neither GCMC nor cDFT is perfect. In addition to intrinsic errors introduced by the 

atomistic models, GCMC is not suitable for massive calculations due to the excessive 

computational burden. Conversely, cDFT is often less accurate because it relies on the formulation 
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of the excess Helmholtz energy functional.32-34 While highly reliable models for the excess 

Helmholtz energy functional have been developed over the past few decades to describe single-

component adsorption isotherms,35 application of cDFT to adsorption in gas mixtures is mostly 

limited to slit pores36-38. Few cDFT calculations are focused on three-dimensional structures even 

though they are most relevant to practical applications. To bridge this gap, this work introduces 

two versions of cDFT for gas mixtures represented by the Lennard-Jones (LJ) model. The LJ model 

is often used to represent the thermodynamic properties of gas mixtures and relevant to industrial 

applications such as adsorption-based separation of noble gases and methane purification.26, 39 

Both versions of cDFT are based on the modified fundamental measure theory (MFMT) which is 

naturally applicable to systems containing gas molecules of different sizes.40 With the short-range 

repulsions or volume-exclusion effects described by MFMT, one version of cDFT adopts the 

mean-field approximation (herein referred to as cDFT-MFA) to represent the excess Helmholtz 

energy due to van der Waals attractions, and the other accounts for the correlation effects with a 

weighted density approximation (herein referred to as cDFT-WDA). For single-component 

systems, cDFT-MFA is essentially equivalent to the nonlocal DFT (NLDFT) that is commonly 

used for the characterization of porous materials by gas adsorption. Both versions of cDFT are 

able to generate adsorption isotherms in good agreement with GCMC simulation for a wide variety 

of gas mixtures, while cDFT-WDA yields slightly better numerical performance because it 

accounts for correlation effects. Compared with IAST, both versions of cDFT predict more 

accurate adsorption isotherms especially at high pressure wherein gas-gas interactions and 

correlation effects become more significant. Because cDFT contains atomistic details for 

adsorbent materials and can be implemented through massively paralleled GPU programming, it 
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empowers the rapid construction of large database potentially useful for the inverse design of 

nanoporous materials for gas separation.

2. Methods and Models

2.1 Classical Density Functional Theory (cDFT)

In principle, classical density functional theory (cDFT) is able to predict the thermodynamic 

properties of any macroscopic system at equilibrium.41-43 In its application to multi-component gas 

adsorption within the Lennard-Jones (LJ) model, the grand potential is minimized with respect to 

the gas density profiles

(1) 0        1,2,..[ ( ,]
(

.
i

i N






r)

r)
ρ

where N is the number of chemical species in the gas mixture,  is        21 , ,..., N     r r rrρ

a short notation for the density profiles of gas molecules, and  is the center-of-mass  , ,x y zr

position for each gas molecule. Specifically, the grand potential can be written as

(2),

1
[ ] [ ( ) ][ ( ] ( ) (  dex

N
bulk mixture
ii i

i

tF V  


  r) r r r) rρ ρ

where F is the intrinsic Helmholtz energy functional,  stands for the external potential for gas ext
iV

component i, i.e., the potential energy on a molecule of species i due to its interaction with the 

absorbent, and  represents the chemical potential for component i in the bulk phase. In ,bulk mixture
i

this work, we use the universal force field (UFF) to describe gas interaction with nanoporous 

materials.44  For the gas molecules considered in this work, the force-field parameters are provided 

in Support Information (SI). The modified Benedict-Webb-Rubin (MBWR) equation of state is 

used to calculate the chemical potentials of all species for the gas mixture in the bulk phase.45 It 

should be noted that cDFT calculations are thermodynamically self-consistent even when it does 
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6

not reproduce the equation of state for the bulk fluid (e.g., MBWR). This is because the latter is 

only used to generate the chemical potential or bulk density as the input for the cDFT calculation. 

In other words, cDFT calculations can be performed without the bulk equation of state if the 

chemical potential is given.

       The intrinsic Helmholtz energy can be divided into an ideal part and an excess:

. (3)]( ) ( ])[ ] [ ( )[i exdF F F r r rρ ρ ρ

With the gas molecules represented by the LJ model, the ideal part is exactly known

(4)
1

3[ ] {ln[ ] 1( ) ( ) ( ) d}
N

i

id
B i i iF k T  



 r r r rρ

where kB stands for the Boltzmann constant, T is the absolute temperature, and  represents the i

thermal wavelength of component i. One essential task of all cDFT calculations is to formulate an 

excess Helmholtz energy functional that is reliable for the specific system under consideration. 

According to the LJ model, the excess Helmholtz energy can be split into contributions due to 

short-range repulsion and long-range attraction. The former is often represented by the hard-sphere 

model, Fhs , and a perturbation term Fattr is applied to account for van der Waals attractions

. (5)]( ) ( [) )] ] ([ [ex hs attrF F F r r rρ ρ ρ

As well documented, the excess Helmholtz energy of a hard-sphere system can be accurately 

described by the modified fundamental measure theory (MFMT)32, 46

(6)[ ] [ ( )]( )  dhs hs
BF k T n  rr rρ

where

(7)     
 

 
2

33 3 30 2 V1 V1
0 3 2 2 V2 V222

3 3 3

1 ln 1
ln 1 3

1 36 1
hs n nn nn n

n
n n

n n n
            

 
n n n n

with
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. (8)
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
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In Eq (8),  are a set of weight functions characterizing the differential geometry of each ( )
iw 

spherical particle: 

(9)
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/
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d
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




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
 
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 
 
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 







w w r

where  denotes the Dirac-delta function,  is the Heaviside step function, and di is the hard- 

sphere diameter for component i. For all gas molecules considered in this work, the Barker-

Henderson theory is used to calculate the hard-sphere diameter from the LJ parameters47, 48

(10)
*

* *20.001047
1 0.2977

1 0.3316 73
i

i i
i i

d
T

T
T

 
 
  

where , εi and σi stand for the LJ energy and size parameters of the gas molecule i, * /i B ik TT 

respectively. 

For the attraction part of the excess Helmholtz energy, one convenient choice is that from the 

mean-field approximation (MFA)

(11)     
1 1

1 ' d d '
2

'MFA attr
i ij

j

N N

j
i

F u 
 

    r r rr r r

where
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(12)  12 6

0                                   

4

ij

ij ij
ij i

j
j

attr
iu

r
r

r

r

r




 






  



  

 
   


 

and the cross parameters are calculated from the Lorentz-Berthelot mixing rule. In this work, the 

excess Helmholtz energy given by eq (5) to (12) is referred to as cDFT-MFA. Whereas MFA is 

commonly used in cDFT calculations including characterization of porous materials by gas 

adsorption, it reduces to an equation of state for bulk systems similar to the van der Waals equation. 

While more accurate formulations are available for one-component LJ fluids,49 extension of 

existing formulations to multicomponent systems is theoretically challenging due to the lack of 

analytical expressions for the bulk correlation functions. 

In this work, we account for the correlation effects using van der Waals one-fluid theory (vdW1) 

and the weighted density approximation (WDA)33, 34

(13)[ ] [ ] [ ]( ) ( ) ( )cattr MFA orF F F r r rρ ρ ρ

where Fcor corresponds to the local correlation Helmholtz energy

. (14)
1

[( )[ ] ( d)]
N

cor

i

cor
BF k T 



  rr rρ

The reduced local correlation Helmholtz energy per volume, , is approximated by that cor

corresponding to the bulk phase at weighted density 

. (15)   
1

3

3( )
4 i i

i i

N

d
dd  



    r r'r'r r'

In the bulk phase,  can be written in the following formcor

(16)       LJ hs MFA
cor bulk bulk bulkF F F

V
  

 
 


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where  stands for the excess Helmholtz energy of a bulk LJ fluid calculated from the  LJ
bulkF 

MBWR equation of state,45  denotes the hard-sphere Helmholtz energy according to the  hs
bulkF 

Carnahan-Starling equation of state,50  represents the mean-field Helmholtz energy for  MFA
bulkF 

the one-component fluid, and . Explicit expressions are available for the hard-sphere  1/ BTk 

and MF excess Helmholtz energies shown in Eq (16): 

, (17)
 

2

2
[ ( )] 4 3 ( )

1

hs
bulkF y y

V y
 




r r

(18)2 3[ ( )] 16 ( )
9

bulk
x x

MFAF
V
    

r r

where . According to the vdw1 approximation, dx, εx and xi stand for the hard-sphere 
3( )

6
xy d 


r

diameter, the LJ energy and size parameters for the mixture: 

, (19)3 3

1 1

( )( )
( ) ( )

N N
j

x ij
i

i

j
d d


  


rr

r r

, (20)3 3

1 1

( )( )
( ) ( )

N N
j

x j
i j

i
i

 
  


rr

r r

. (21)3
3

1 1

( )1 ( )
( ) ( )

N N
j

ij
i j

i
x ij

x

 
  

 
 

 
rr

r r

 Combing Eqs. (1) – (4) leads to the following Euler-Lagrange equations

. (22)     ,
, exp         1,2,...,

ex
ex mixture ext

i bulk i i i
i

iFV N    


 
 

  
 

r
r

From Eq (22), we can calculate the density profiles of individual species for the adsorption of an 

N-component gas mixture in nanoporous materials. In comparison with cDFT for single-

component systems, the computational cost scales linearly with the number of chemical species in 
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the gas mixture. With an explicit expression for the excess Helmholtz energy functional as given 

by Eqs. (5) ~ (21), we can solve the density profiles using conjugate gradient descent method.51 

As explained in our previous work,52 the cDFT calculations can be implemented with massively 

paralleled algorithm through graphic processing unit (GPU). The GPU-accelerated parallel 

implementation drastically reduces the computational cost thereby empowering potential 

industrial applications. In this work, all cDFT calculations are carried out with an Nvidia Tesla 

P100 graphic card. The time cost is at the scale of few seconds for each cDFT calculation. More 

information on the computational details is given in Support Information.

2.2 Ideal Adsorbed Solution Theory (IAST) 

The basic concepts and numerical procedure of ideal adsorbed solution theory (IAST) have 

been well documented.17-19 Here, we recapitulate only the key equations for easy reference. With 

an N-component gas mixture inside an adsorbent represented by a two-dimensional system, pure 

reference states are defined for all chemical species that share the same spreading pressure of the 

mixture

. (23)

For each pure component i in equilibrium with its pure bulk phase, the spreading pressure at 

pressure  can be written as:0
ip

(24) 0 0

0

i i
i

i

p ii n P
dP

T P
A

R


 

where A is the surface area, R stands for the gas constant, T represents temperature, and  is the 0
in

adsorption amount for pure component i at its own reference state. 
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       In analogy with the Lewis fugacity rule, IAST assumes an ideal solution for the two-

dimensional system of adsorbed gas molecules. The adsorbed phase would be in equilibrium with 

a gas mixture following the adsorption analog of Raoult’s law

(25)0
i ii iP y P x p 

where y is the composition in the bulk phase, x represents the composition of the two-dimensional 

system (viz., the adsorbed gas mixture). With adsorption isotherms for single-component systems 

as the input, Eqs. (23) ~ (25) can be used to determine the spreading pressure and, consequently, 

the corresponding adsorption amount for each pure reference state as well as the compositions of 

the adsorbed phase. If the adsorption isotherm is fitted into a specific adsorption model (e.g. 

Langmuir adsorption model), Eqs. (23) ~ (25) can be solved analytically. Otherwise, it requires 

iteration to find  for each chemical species such that Eqs. (23) and (25) are satisfied. An 0
ip

interpolation scheme would be needed to approximate the adsorption amount between the existing 

points on the adsorption isotherm. The total adsorption amount nT for gas mixture is finally 

calculated from the ideal solution assumption

. (26)0
1

1 N

i i

i

T

x
n n



At low pressure, Henry’s law predicts the adsorption selectivity 

(27)i i i

j j j

x K y
x K y



where K represents Henry’s constant. In this work, single-component adsorption isotherms from 

GCMC simulations are used as the input for the IAST prediction of multi-component adsorption 

isotherms. Instead of fitting the adsorption isotherm into a specific adsorption model, the direct 

interpolation of single-component adsorption isotherm (shown in Figure S1) is used when 
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calculating adsorption isotherm for mixtures in order to preserve the accuracy of adsorption 

isotherm at low pressure.

3. Results and Discussion

In this section, we first compare adsorption isotherms for gas mixtures and the selectivity 

predicted by the two versions of cDFT along with those from IAST and GCMC simulations. 

Computational details of GCMC simulation are provided in Supporting Information. For the 

calibration of the excess Helmholtz energy functions, these comparisons are discussed in the 

context of one particular metal-organic framework (MOF) material – MOF-5. Different from other 

MOFs, MOF-5 does not contain sub-pores inaccessible to small gas molecules, which may lead to 

an inaccurate prediction of adsorption by IAST.26, 53

3.1 Adsorption at Low to Moderate Pressure

We first calibrate the cDFT predictions for binary mixtures because they provide a good 

benchmark for the theoretical description of mixture adsorptions. Besides, binary mixtures are 

important to understand the physics underlying the adsorption selectivity. 

Figure 1A shows the adsorption isotherms for an equimolar mixture of Kr and Ar in MOF-5 at 

297 K over a range of pressures (up to 50 bar). The symbols are from GCMC carried out in this 

work, and the lines are predicted from IAST and the two versions of cDFT. Because Kr and Ar 

molecules are similar in terms of both size and interaction energy (viz. the LJ parameters), 

unsurprisingly, IAST shows near quantitative performance for the adsorption amounts of both 

species. Previous comparisons also indicate excellent agreement between IAST and GCMC at low 

to moderate pressure.20 The good agreement may be attributed to the similarity between different 

species and to the dominant effects of adsorbate-adsorbent interactions. Both the mean-field 

approximation (cDFT-MFA) and weighted density approximation (cDFT-WDA) predict the 
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adsorption isotherms in fair agreement with GCMC. While cDFT-WDA achieves a numerical 

performance slightly better than IAST, cDFT-MFA underestimates the adsorption amount for both 

Kr and Ar due to the neglect of correlation effects. In comparison with IAST, one major advantage 

of cDFT is that it does not require single-component adsorption isotherms as the input. Besides, it 

contains atomistic details that are helpful for the computational design of adsorbent materials.

Figure 1. Adsorption amounts (A) and selectivity (B) for MOF-5 in contact with an equimolar 

mixture of Kr and Ar in the bulk at 297 K. In panel B, the dotted line represents the adsorption 

selectivity at infinite dilution.

Figure 1B shows the adsorption selectivity corresponding the adsorption isotherms shown in 

Figure 1A. In the limit of infinite dilution (viz, at extremely low bulk pressure), the selectivity of 

Kr/Ar predicted by either cDFT or by IAST converges to the ideal adsorption selectivity predicted 

by Henry’s law. cDFT is able to reproduce the exact adsorption selectivity at infinite dilution 

because the excess Helmholtz energy vanishes in the ideal limit. In principle, IAST is also able to 

reproduce the ideal limit if highly accurate data are available for pure-component adsorption 

isotherms at infinite dilution.26 However, the procedure is numerically problematic and requires 

much more iterations in GCMC simulations because small adsorption amount at low pressure leads 
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to large errors in the adsorption selectivity. With the increase of pressure, cDFT-WDA predicts 

the adsorption selectivity still in quantitative agreement with that from GCMC simulation while 

IAST shows noticeable deviations. In contrast, cDFT-MFA underestimates the adsorption amount 

for Kr and predicts unreasonable adsorption selectivity at moderate pressure. For other binary 

mixtures with more distinct physiochemical properties (e.g., CH4/CO2), we observe similar trends 

in adsorption isotherm and selectivity at low to moderate pressures (shown in Figure S2). 

Practical applications of adsorption-based separation processes are often concerned with gas 

mixtures beyond binary systems (e.g., H2/N2/CO/CH4/CO2 in hydrogen purification). The 

adsorbate-adsorbate interactions become more complicated when there are more components in 

the mixture.39 Therefore, in addition to binary gas mixtures, we also calibrate the cDFT methods 

with a ternary system, H2/CH4/CO2, which has distinct size and interaction energy differences 

among different species. Figure 2 shows the adsorption isotherms at 313.15 K. Similar to that 

observed for the binary gas mixture, both IAST and cDFT-WDA slightly overestimate the 

simulation data for the highly adsorbed component (viz., CO2) while giving excellent predictions 

of the adsorption amount for the other two components (H2/CH4). However, cDFT-MFA 

underestimates the adsorption amount for both CO2 and CH4. In terms of the adsorption selectivity, 

IAST and both versions of cDFT are able to reproduce the results from GCMC simulation. It is 

also worth mentioning that, compared with experimental measurement in literature15, 54, the 

adsorption behavior (viz. adsorption amount) of gas mixture in MOF-5 is well captured by the 

force field parameters adapted in this work (shown in Figure S3), which indicates its direct 

relevance to the practical applications.
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Figure 2. Adsorption isotherms (A) and selectivity (B) for a ternary mixture of H2, CH4 and CO2 

in MOF-5 at 313.15 K with the molar ratios in the bulk given by H2:CH4:CO2=15:42.5:42.5. In 

panel B, the dotted line represents the adsorption selectivity at infinite dilution.

3.2 Adsorption at High Pressure

Industrial applications of adsorption-based separation are mostly operated between low and 

moderate pressures (under 100 bar). Under those conditions, the IAST performance has been 

proven to be reasonable.17, 20 However, separation of gas mixtures from power plants, especially 

when the process is built on the integrated gasification combined cycle (IGCC), is often carried 

out under higher pressure (up to 200 bar).16 Owing to their excellent mechanic stability and thermal 

stability, many MOFs are promising to serve as effective adsorbents for those processes. To 

facilitate selection and computational design of MOFs, computational methods are needed for fast 

and accurate evaluation of adsorption isotherms and selectivity at high pressures.

Figure 3 shows the adsorption isotherms and selectivity for an equimolar gas mixture of Kr 

and Ar in MOF-5 at 297 K up to 450 bar of the bulk pressure. Although IAST shows good 

performance for the bulk pressure up to 50 bar, with the further increase of the bulk pressure, it 

over- and under-estimates the adsorption amounts of Kr and Ar, respectively. It is somewhat 
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surprising that IAST fails to predict the adsorption isotherm at high pressure even for gas mixtures 

of similar molecular size and interaction energy. At high pressures, not only does the assumption 

of ideal solution break down, but the two-dimensional model is also problematic due to the 

significant inhomogeneity of gas densities inside the pores. Compared with the adsorption 

isotherms calculated from GCMC simulation, both versions of cDFT perform better than IAST at 

high pressure. While the cDFT predictions of the adsorption amount are near perfect for Ar, 

noticeable differences are seen between cDFT-WDA and cDFT-MFA predictions for Kr, which 

slightly over- and under-estimates the adsorption amount, respectively, in comparison with the 

simulation data. Figure 3B shows that cDFT-WDA yields a much better selectivity than cDFT-

MFA while IAST yields only semi-quantitative predictions.

Figure 3. Adsorption isotherms (A) and selectivity (B) for an equimolar mixture of Kr and Ar in 

MOF-5 at 297 K. In Panel B, the dotted line represents the adsorption selectivity at infinite dilution.

For gas mixtures containing molecules with asymmetry in both size and interaction energy, the 

difference of adsorbate-adsorbate interactions is magnified at high pressure. As a result, the ideal-

solution assumption becomes more problematic as the number of components increases. Figure 4 

compares the adsorption isotherms and selectivity calculated from GCMC with those predicted by 
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cDFT and IAST for a ternary mixture of H2, CH4 and CO2 (with molar ratios in the bulk  

H2:CH4:CO2=15:42.5:42.5) in MOF-5 at 313.15 K. While cDFT-WDA is able to predict both the 

adsorption amounts and selectivity in quantitative agreement with the simulation results for the 

entire range of pressure, the predictions by cDFT-MFA are mostly semi-quantitative. Similar to 

the adsorption of an equimolar binary gas mixture of CH4 and CO2 (shown in Figure S4), the 

increase of pressure reduces the adsorption amount for CO2 beyond a certain value while the 

adsorptions of CH4 and H2 keep on increasing as pressure rises. As CH4 and H2 molecules are 

smaller compared with CO2, the favorable adsorption sites (near the corners of the MOF pores) 

are more likely to be further occupied by CH4 or H2 than CO2 at high gas pressure (shown in Figure 

S5).55 The maximum CO2 adsorption amount at 115 bar is captured by both versions of cDFT but 

not by IAST. More specifically, cDFT-WDA quantitatively captures the competitive adsorption 

behavior while cDFT-MFA underestimates the adsorption amount for both CO2 and H2.

Figure 4. Adsorption isotherms (A) and selectivity (B) for a ternary mixture of H2, CH4 and CO2 

in MOF-5 at 313.15 K with bulk molar ratios of H2:CH4:CO2=15:42.5:42.5. In Panel B, the dotted 

line represents the adsorption selectivity at infinite dilution.
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For the ternary mixture considered in this work, CO2 and CH4 have the same composition in 

the bulk phase. Interestingly, the presence of H2 has different effects on the adsorptions of CH4 

and CO2. Compared with the equimolar binary gas mixture CH4/CO2 (shown in Figure S4), H2 has 

a stronger effect on CH4 adsorption than that on CO2 because these gas molecules have different 

favorable adsorption sites. The favorable adsorption site for H2 is closer to that of CH4 than that 

of CO2 (shown in Figure S5). As a result, the competition between CH4 and H2 adsorptions is more 

significant than that between CO2 and H2. 

Compared with the results from GCMC simulation, both cDFT-WDA and cDFT-MFA make 

near quantitative predictions of the selectivity at high pressure. As that for the binary systems, 

cDFT-WDA gives a better prediction than cDFT-MFA. In the bulk limit, cDFT-WDA reduces to 

the MBWR equation, which is a well-tested equation of state, while cDFT-MFA yields only 

qualitative results as one may expect from the van der Waals equation. In contrast to cDFT 

predictions, the results from IAST are not even qualitative for the selectivity of CO2/CH4 at high 

pressure due to the neglect of adsorbate-adsorbate interactions. 

3.3 Adsorption sites and density isosurfaces

As mentioned above, cDFT gives not only adsorption isotherms and selectivity but also full 

atomistic details useful for adsorbent design. The adsorption sites for different adsorbates can be 

identified from the density isosurfaces. For example, Figure 5 shows the density profiles of CH4, 

CO2 and H2 predicted by cDFT-WDA for the ternary gas mixture with molar composition 

(H2:CH4:CO2=15:42.5:42.5) in MOF-5 at 313.15 K and the bulk pressure of 100 bar and 300 bar. 

At 100 bar, the gas molecules are mainly localized on the favorable adsorption sites. The local 

density of CO2 is much higher than those of H2 and CH4, which explains the stronger adsorption 

of CO2 than that of H2 or CH4. When the bulk pressure increases to 300 bar, the densities of CH4 

Page 18 of 30

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

and H2 extend to the pore centers and that of CO2 declines, indicating that the favorable adsorption 

sites for CO2 are more likely to be occupied by smaller gas molecules (i.e., CH4 and H2). In other 

words, the favorable adsorption sites taken by H2 and CH4 molecules repel CO2 molecules, 

resulting in the reduction of the CO2 adsorption in the isotherm. 

Figure 5. Density isosurfaces of CH4, CO2 and H2 in MOF-5 for the adsorption of a ternary mixture 

with bulk molar composition (H2:CH4:CO2=15:42.5:42.5) predicted by cDFT-WDA at 313.15 K 

and the gas pressure of 100 bar (top) and 300 bar (bottom). The red isosurfaces in (A) and (D) are 

for CH4 with the local density of 0.017 molecules/Å3. The orange isosurfaces in (B) and (E) are 

for CO2 with the local density of 0.09 molecules/Å3. The yellow isosurfaces in (C) and (F) are for 

H2 with the local density of 0.0005 molecules/Å3. The grey, purple, red and white spheres represent 

carbon, zinc, oxygen and hydrogen atoms, respectively.
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With atomistic information for mixture adsorption available from cDFT, we can identify 

favorable adsorption sites in the complex structure not only for existing nanoporous materials, but 

also for in-silico designed nanoporous materials before synthesis. Clearly, the density isosurface 

is beyond the simple geometry analysis (e.g., pore size distribution) yet offers direct insights when 

designing new nanoporous materials for specific applications. For example, to remove even more 

CO2 from ternary mixture of H2, CH4 and CO2 at high pressure, one may substitute the metal node 

and organic linker in MOF-5 with smaller secondary building blocks that allow for more 

adsorption of CO2 according to favorable adsorption sites identified from Figure 5. 

Finally, it is worth emphasizing that the main advantage of cDFT over GCMC is the 

computational efficiency. For example, Figure 6 shows the computation time of GCMC, cDFT-

MFA and cDFT-WDA for equimolar binary mixture of Kr and Ar. Also shown in Figure 6 are the 

speedup factors of cDFT-MFA and cDFT-WDA compared with GCMC simulation. The 

computational time and speedup factor for ternary mixture of H2, CH4 and CO2 are shown in Figure 

S6. As discussed in an earlier work52, all cDFT calculations were executed with massively 

paralleled GPU-accelerated implementation on Nvidia Tesla P100 graphic card with one CPU core 

on Intel Xeon E5-2620 v4. Meanwhile, all GCMC simulations are carried via RASPA with one 

CPU core on Intel Xeon E5-2640 v4. With massively paralleled GPU-accelerated implementation, 

both cDFT-MFA and cDFT-WDA are 2~3 orders of magnitude faster than serial GCMC 

simulation for typical binary and ternary mixtures at moderate pressure, and the speedup becomes 

even more noticeable at higher pressure. The detailed discussion of this implementation can be 

found in our previous work.52 Even compared with parallel GCMC code with GPU acceleration 

such as GPU Optimized Monte Carlo (GOMC)56, massively paralleled GPU-accelerated cDFT is 

still much faster. For GOMC, the speedup factor is up to 30 while massively paralleled GPU-
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accelerated cDFT can achieve speedup factor up to several hundreds52. Compared with cDFT-

MFA, cDFT-WDA takes correlation effect into account and the extra correlation term needs to be 

re-evaluated in each iteration, which results in a slight increase of the computation time. Although 

the computational cost of cDFT increases proportional to the number of components, all the 

calculations can be finished within few seconds even for ternary mixtures. The rapid and accurate 

evaluation of multicomponent adsorption isotherms is essential for the construction of large 

database for data-driven materials design.

Figure 6. (A) Computation time of GCMC, cDFT-MFA and cDFT-WDA versus system pressure 

for equimolar binary mixture of Kr and Ar. (B) The speedup factors of cDFT-MFA and cDFT-

WDA are based on the computation time of GCMC.

4. Conclusion

In this work, we propose two versions of classical density functional theory (cDFT) for 

describing adsorption of multicomponent gas mixtures by nanoporous materials. Their main 

difference lies in the formulation of the excess Helmholtz energy due to van der Waals attraction. 

One is based on the mean-field approximation (cDFT-MFA), which is commonly used in cDFT 

calculations and has been adopted in porous materials characterization. The other accounts for the 

correlation effects by using the weighted density approximation (cDFT-WDA). The two 
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formulations of the excess Helmholtz energy have been tested for both binary and ternary systems. 

Compared with the results from grand canonical Monte Carlo (GCMC) simulations, cDFT-WDA 

is able to predict both the adsorption isotherms and selectivity near quantitatively. However, 

cDFT-MFA significantly underestimates the adsorption amount due to the absence of the 

correlation contribution to the excess Helmholtz energy. Compared with the ideal adsorbed 

solution theory (IAST), both versions of cDFT show substantial improvements, especially at high 

pressure where adsorbate-adsorbate interactions and correlation effects become more significant. 

At low pressure, both two versions of cDFT and IAST can quantitatively predict the adsorption 

isotherm and selectivity. Moreover, cDFT offers atomistic details revealing the underlying 

mechanism of competitive adsorption in gas mixtures, which well explains the peak adsorption in 

CO2. The microscopic insights are instrumental to the computational design of nanoporous 

materials for more efficient separation of multicomponent gas mixtures by adsorption. In addition, 

with the massively parallel GPU-accelerated implementation, both cDFT calculations can be 

accomplished at the scale of few seconds for each thermodynamic condition, which is a few orders 

of magnitude faster than GCMC simulation. Therefore, cDFT may be used as an alternative to 

IAST or GCMC for constructing a large and accurate adsorption database for multicomponent gas 

mixtures that are needed for the data-driven inverse design of nanoporous materials.

Supporting Information

It provides the computational details of grand canonical Monte Carlo (GCMC) simulation and 

classical density functional theory for predicting the adsorption of multicomponent gas mixtures 

in nanoporous materials, including the adsorption isotherms and selectivity for CO2/CH4, 

additional density isosurfaces for CH4/CO2/H2 in MOF-5 at 313.15 K and 100 bar and 

computational expense comparison for ternary mixture.
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