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Non-local density functional theory (NLDFT) models 
are used to determine the porosity of a sample – pore 
size and pore size distribution – from measured gas 
adsorption isotherms. Here we provide simple, easy-
to-understand answers to frequently asked questions 
relating to this topic, supplying the background 
understanding needed for effective application of this 
powerful mathematical tool.

What is DFT? And NLDFT?

Density functional theory (DFT) is a mathematical 
method or tool used in quantum physics to determine 
an approximate solution to the Schrödinger equation 
for a multi-bodied system. Let’s unpack that somewhat 
complex sentence to relate DFT to the practicalities of 
gas adsorption studies. 

In simple terms, the solution of Schrödinger’s equation 
is a probability function called a wave function that 
describes the likelihood of finding an electron in a certain 
location at a specific energy level. We can therefore 
use Schrödinger’s equation to predict the structure 
and properties of solids, liquids and gases by solving 
it for different systems. DFT is a well-established, 
relatively efficient computational tool that provides 
an approximate solution. Offering a good trade-off 
between accuracy and computational cost it is used 
routinely to predict the properties of condensed matter.

There are two levels of the density functional theory: (i) 
quantum DFT, a computational quantum mechanical 
modeling method used to describe the electronic structure 
of atoms, molecules, and condensed phases in terms of 
electron density rather than wave functions (orbitals) and 
(ii) classical DFT for fluids, a molecular modeling method 
used to describe properties of fluid systems in terms of 
the fluid density. By the density of electrons or fluids, we 
mean the density profile as a function of dimension (x, y, 
z). The density profile for systems of electrons or fluids 
is obtained by minimization of the energy functional or 
grand potential functional and represents the structure 
of a system of electrons or fluids.

In gas adsorption, DFT is used to model the properties of 
the sorptive fluid, typically nitrogen, confined in porous 
solids [1-2].

Work to apply DFT to adsorption isotherms began in 
the 1980s with the work of Seaton et al. [3] who first 
proposed a procedure for determination of the pore 
size distribution of porous carbons from adsorption 
isotherms and a simple DFT model. In this procedure 
the pore size distribution is obtained as a solution of 
the adsorption integral equation. Specifically, the aim 
was to effectively describe the non-homogeneous 
fluid behavior associated with phase changes that occur 
when fluids are constrained by walls, capillaries and slits. 
Scientists from Micromeritics were pioneers in this area 
and worked extensively on improving the application of 
DFT around this time [4-6]. By 1993, those leading the 
way had recognized the superiority of using non-local 
density approximations, a refinement of DFT, for gas 
adsorption analysis, and the application of non-local 
DFT (NLDFT) progressed steadily from this time [6-7]. 

How are NLDFT models used to generate 
porosity data?

Gas adsorption isotherms are measured across a pressure 
range that can extend from low relative pressure up to 
the saturation pressure of the fluid, depending on the 
purpose of measurement. Surface area measurements 
are performed at relatively low pressures and the 
resulting isotherm is used to estimate the amount 
of gas associated with the formation of a monolayer 
of gas molecules across the surface of the sample. 
Higher relative pressures lead to gas condensation, 
with fine pores filling first, up to complete saturation of 
the sample, generating the data required for porosity 
characterization. 

In models for the determination of porosity, NLDFT is 
applied to calculate the properties of the condensed 
sorptive fluid within the pore, notably fluid density, 
under representative conditions. These values are used 
along with an appropriate physical representation of 
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pore structure to generate theoretical isotherms for a 
specific material. For example, the one-dimensional 
infinite slit model, which assumes that pores are slits 
formed between infinite walls, is widely used for porous 
carbons. This process generates what is known as a 
kernel, a series of theoretical isotherms that indicate the 

amount of gas adsorbed as a function of pore size and 
pressure, at a specific temperature (see figure 1). 

Mathematically comparing these theoretical isotherms 
with experimentally measured isotherm determines the 
pore size of the sample. In practice this is a complex, 
mathematical fitting and regression process.

Figure 1: A kernel, a series of theoretical 
isotherms generated using an NLDFT 
model (left). Note how fluid density varies 
with pore size, an effect further illustrated 
for argon (below). At coarser pore sizes 
calculated density values converge to that 
of the bulk fluid.



4 – An introduction to NLDFT

WHITEPAPER

Why do I need an NLDFT model? Can’t I use something 
simpler such as BJH?

The classic method of Barrett, Joyner and Halenda 
(BJH), which is underpinned by the Kelvin model of pore 
filling, is used widely for porosity characterization. It 
gives accurate results for many meso- and macroporous 
materials but has reduced precision under certain 
circumstances. An important limitation of the BJH 
method is that it cannot be applied to microporous 
materials.

The issue of reduced precision became apparent in 
the early 1990s when materials with well-defined 
porosity in the 2 – 8 nm range were first made in 
significant quantity. The BJH method fails to account for 
interactions between the pore surface and the sorptive 
fluid which become more significant at finer pore sizes 
(see figure 2). Such interactions change the properties of 
the fluid, particularly its density. Condensed nitrogen in 
a 2 or 3 nm pore does not exhibit typical bulk liquid-like 
behavior and a more complex model of fluid behavior is 
required to determine porosity with any accuracy. 

Uniquely microporous materials, those with a pore size 
of less than 2 nm, can be described using for example, 
the Horvath-Kawazoe method. However, applying these 
methods in combination with BJH does not provide a 
continuous pore size distribution. 

The defining attraction of NLDFT models is that they 
can be used to characterize materials that have porosity 
across three orders of magnitude, that extends from the 
micro- through to the meso- and macroporous region. 
Industrially important examples of such materials 
include activated carbons and zeolites. For materials 
such as these, NLDFT provides a single model that can 
extract a continuous pore size distribution to accurately 
quantify the complete porosity profile of the material.

So, NLDFT modelling is not needed for all materials?

That’s right. BJH or other classic methods will work well 
for many materials. 

In recent years gas adsorption equipment has become 
progressively more precise and adsorption isotherms 
can now be measured with extremely high resolution. 

Figure 2: Model isotherms generated using 
BJH, which assumes that the condensed 
sorptive exhibits the same density as that 
of the bulk fluid and as a result is less 
accurate at finer pore sizes.
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At the same time the ability to synthesize materials with 
closely controlled porosity has also improved steadily. 
As a result, we are now able to more effectively detect 
problems with simpler models to establish requirements 
for NLDFT. New and better core NLDFT models are 
introduced on a regular basis and the number of kernels 
available is also increasing, answering to identified 
needs.

Examples of materials for which NLDFT models are 
particularly helpful include: metal-organic frameworks 
(MOFs), carbons, oxides, carbon nanotubes and zeolites.

If I do need to apply an NLDFT model, then how do I 
do that in practice? 

In practice, application of an NDLFT model is handled 
by the software of an appropriately specified gas 
adsorption system. There are two stages to the process.

The first step is selection of an appropriate model for 
the material being analyzed. Obviously, vendors differ 
with respect to the library of models they offer and the 
extent to which they invest in developing new models, 
so it is important to assess what’s available if this is going 
to be an important feature of a new system, for your 
applications.

The second step is fitting of the model to the 
experimental data, a far from trivial mathematical 
process. Micromeritics systems offer powerful [8] 
software for the application of NLDFT including the 
SAIEUS program (Solution of Adsorption Integral 
Equation Using Splines) which can be used in conjunction 
with automatic or user-selected conditions to generate 
smooth, noise-free pore size distributions. A demo 
version and information about the full version of the 
SAIEUS program are available at www.NLDFT.com.

And when it comes to selecting a NLDFT model, how 
do they vary?

As we’ve already discussed it is crucial to choose a 
model/kernel that accurately represents the material of 
interest. NLDFT models are very much a work in progress 
as understanding grows and computing advances make 
new approaches tractable. 

For example, efforts to improve on the one-dimensional 
infinite slit model, widely used for carbon, have shown 
that a simple two-dimensional model based on slit pores 
with parallel discs generates results that are in much 
closer agreement with experimental data [9]. Further 
modeling refinements that have proven successful 
include the introduction of energetic heterogeneity 
or geometric corrugation to the surface of the pore 
walls [10]. Introduction of the specific characteristics 
of the surface became possible with the application 
of 2D-NLDFT modeling. This latter modification 
eliminates certain artefacts associated with the use of 
standard NLDFT models thereby significantly reducing 
the standard deviations of fit associated with pore size 
distribution generation. The 2D-NLDFT models are 
considered second generation kernels [11] differentiating 
them from those generated using standard models.

For years, the characterization of carbon pore size 
distribution has been dominated by the analysis of  
nitrogen isotherms. The drawback of using nitrogen is 
its significant quadrupole moment that may interact 
with polar surface sites and affect the isotherm 
measurements. Recently, new 2D-NLDFT models 
were introduced [12-13] for the analysis of isotherms 
of oxygen and hydrogen. These gases have much lower 
quadrupole moments than nitrogen and thus are more 
appropriate for pore size distribution analysis.

To our knowledge, 2D-NLDFT kernels are currently 
only provided by Micromeritics via the MicroActive and 
SAIEUS programs.
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In conclusion

NLDFT modelling is a complex topic with plenty of 
background reading available for those looking to find 
out more. On the other hand, when it comes to the 
practicalities of applying NLDFT models the key points 
to remember are relatively straight forward: 

▪	NLDFT models are important for optimizing the 
value and application of gas adsorption for porosity 
characterization, particularly for analyzing materials that 
have structure that extends from the microporous into 
the meso- and macroporous region.

▪	 If you are analyzing materials that need an NLDFT 
model, then look for a system that makes it easy to 
access and apply a relevant kernel. You don’t need to be 
an expert theoretical physicist to use NLDFT modelling, 
you need a system that makes it easy to access and use 
models that will accurately represent your material.

▪	Not all vendors invest equally in NLDFT modelling 
and making the most up-to-date models available to 
customers. If this is a capability that is important to you 
then check out a company’s credentials in this highly 
theoretical, but directly valuable area.

References:
[1] P. Tarazona, Free-energy density functional for hard spheres, Physical Review A 31 (1985) 2672-2679.

[2] P. Tarazona, U.M.B. Marconi, R. Evans, Phase equilibria of fluid interfaces and confined fluids, Molecular Physics 60 (1987) 573-595.

[3] N. Seaton, J. Walton, A new analysis method for the determination of the pore size distribution of porous carbons from nitrogen adsorption measurements, Carbon 27 (1989) 853-861.

[4] J.P. Olivier, W.B. Conklin, M.v. Szombathely, Determination of Pore Size Distribution from Density Functional Theory: A Comparison of Nitrogen and Argon Results, in: J. Rouquerol, 
 F. Rodríguez-Reinoso, K.S.W. Sing, K.K. Unger (Eds.), Studies in Surface Science and Catalysis, Elsevier1994, pp. 81-89.

[5] J.P. Olivier, Modeling physical adsorption on porous and nonporous solids using density functional theory, Journal of porous materials 2 (1995) 9-17.

[6] J.P. Olivier, Improving the models used for calculating the size distribution of micropore volume of activated carbons from adsorption data, Carbon 36 (1998) 1469-1472.

[7] C. Lastoskie, K.E. Gubbins, N. Quirke, Pore size distribution analysis of microporous carbons: a density functional theory approach, The Journal of Physical Chemistry 97 (1993) 4786-4796.

[8] J. Jagiello, Stable numerical solution of the adsorption integral equation using splines, Langmuir : the ACS journal of surfaces and colloids 10 (1994) 2778-2785.

[9] Jagiello, J.; Olivier, J. P., A Simple Two-Dimensional NLDFT Model of Gas Adsorption in Finite Carbon Pores. Application to Pore Structure Analysis. Journal of Physical Chemistry 
 C Letters 2009, 113, 19382–19385.

[10] Jagiello, J.; Olivier, J.P., 2D-NLDFT adsorption models for carbon slit-shaped pores with surface energy heterogeneity and geometrical corrugation. Carbon 2013, 55, 70 – 80.

[11] S.M.P. Lucena, J.C.A. Oliveira, D.V. Gonçalves, P.F.G. Silvino, Second-generation kernel for characterization of carbonaceous material by adsorption, Carbon 119 (2017) 378-385.

[12] J. Jagiello, J. Kenvin, Consistency of carbon nanopore characteristics derived from adsorption of simple gases and 2D-NLDFT models. Advantages of using adsorption isotherms 
 of oxygen (O2) at 77 K, Journal of Colloid and Interface Science 542 (2019) 151-158.

[13] J. Jagiello, J. Kenvin, C.O. Ania, J.B. Parra, A. Celzard, V. Fierro, Exploiting the adsorption of simple gases O2 and H2 with minimal quadrupole moments for the dual gas 
 characterization of nanoporous carbons using 2D-NLDFT models, Carbon 160 (2020) 164-175. 

Further reading:
To find out more about NLDFT and its evolution over the last decade please refer to the following bibliography.

Jagiello, J.; Ania, C.; Parra, J.; Jagiello, L.; Pis, J., Using DFT analysis of adsorption data of multiple gases including H2 for the comprehensive characterization of microporous carbons. 
Carbon 2007, 45 (5), 1066-1071.

Jagiello, J.; Betz, W., Characterization of pore structure of carbon molecular sieves using DFT analysis of Ar and H2 adsorption data. Microporous Mesoporous Mater. 2008, 108 (1), 
117-122.

Jagiello, J.; Ania, C.; Parra, J. B.; Cook, C., Dual gas analysis of microporous carbons using 2D-NLDFT heterogeneous surface model and combined adsorption data of N2 and CO2.
Carbon 2015, 91, 330-337.

Jagiello, J.; Jaroniec, M., 2D-NLDFT adsorption models for porous oxides with corrugated cylindrical pores. J. Colloid Interface Sci. 2018, 532, 588-597.

Li, P.; Chen, Q.; Wang, T. C.; Vermeulen, N. A.; Mehdi, B. L.; Dohnalkova, A.; Browning, N. D.; Shen, D.; Anderson, R.; Gómez-Gualdrón, D. A.; Cetin, F. M.; Jagiello, J.; Asiri, A. M.; Stoddart, 
J. F.; Farha, O. K., Hierarchically Engineered Mesoporous Metal-Organic Frameworks toward Cell-free Immobilized Enzyme Systems. Chem 2018.

Jagiello, J.; Kenvin, J., Consistency of carbon nanopore characteristics derived from adsorption of simple gases and 2D-NLDFT models. Advantages of using adsorption isotherms of 
oxygen (O2) at 77 K. J. Colloid Interface Sci. 2019, 542, 151-158.



About Micromeritics Instrument Corporation

Micromeritics Instrument Corporation is a global provider of solutions for material characterization with best-in-
class instrumentation and application expertise in five core areas: density; surface area and porosity; particle size and 
shape; powder characterization; and catalyst characterization and process development. 

The company is headquartered in Norcross, Georgia, USA and has more than 400 employees worldwide. With a fully 
integrated operation that extends from a world class scientific knowledge base through to in-house manufacture, 
Micromeritics delivers an extensive range of high-performance products for oil processing, petrochemicals and 
catalysts, to food and pharmaceuticals, and works at the forefront of characterization technology for next generation 
materials such as graphene, metal-organic-frameworks, nanocatalysts, and zeolites. Under its premium brand 
Particulate Systems, Micromeritics discovers and commercializes innovative material characterization technologies 
that are complementary to core product lines. Cost-efficient contract testing is offered via its laboratory Particle 
Testing Authority (PTA). 

The strategic acquisitions of Freeman Technology Ltd and Process Integral Development S.L. (PID Eng & Tech) reflect 
an ongoing commitment to optimized, integrated solutions in the industrially vital areas of powders and catalysis.

For additional information visit micromeritics.com

BELGIUM
Micromeritics N.V./S.A. 
BDC/Esplanade 1 box 40
1020 Brussels
Tel.: +32 2 743 39 74
micromeritics.benelux@micromeritics.com

CHINA
Micromeritics Instrument (Shanghai) Ltd.
Suite 701, Building 28, Section 12 
No. 188 South 4th Ring Road West
Beijing, P.R. China 100070 
Tel: 0086-10-51280918
micromeritics.china@micromeritics.com

FRANCE
Micromeritics France S.A.R.L.
Parc Cadéra Sud
22, rue Ariane
33700 Mérignac
Tel.: +33 5 35548082
micromeritics.fr@micromeritics.com

GERMANY
Micromeritics GmbH 
Einsteinstraße 14 
85716 Unterschleißheim
Tel.: +49 89 9545377-80
micromeritics.de@micromeritics.com

THE NETHERLANDS
Micromeritics BV
Croy 7 
5653 LC Eindhoven
Tel.: +31 457 116 200
micromeritics.benelux@micromeritics.com

UK
Micromeritics Ltd.
Suite 2, The Stables Hexton Manor
Hexton, Hertfordshire SG5 3JH
Tel.: 01582 881164
micromeritics.uk@micromeritics.com

Subsidiaries

Micromeritics Instrument Corp.
4356 Communications Drive
Norcross, GA 30093
USA
Tel.: +1 770 662-3636
info@micromeritics.com

http://micromeritics.com
mailto:micromeritics.benelux%40micromeritics.com%20?subject=
mailto:micromeritics.china%40micromeritics.com?subject=
mailto:micromeritics.fr%40micromeritics.com%20?subject=
mailto:micromeritics.de%40micromeritics.com?subject=
mailto:micromeritics.benelux@micromeritics.com
mailto:micromeritics.uk@micromeritics.com
mailto:info%40micromeritics.com?subject=

