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A binding site energy distribution function for a Jensen-Seaton

isotherm and its limiting cases was proposed and successfully

applied to the adsorption of several gas molecules on different

essentially microporous carbons. According to the proposed

model the studied carbon materials exhibit two energetic states

where the site energy is exponentially or unimodaly distributed

depending on the adsorption pressure. Carbons with a larger

contribution from micropores seem to be in general more

heterogeneous, with a wider binding site energy distribution,

than less microporous carbons.

High pressure adsorption of supercritical gases has received much

attention in recent years due to applications that include storage of

hydrogen and natural gas on porous materials. In spite of the

importance of this process, the fundamentals are not well understood

as most of the existing theoretical isotherms such as Langmuir,

Freundlich, Toth, etc., that were derived for adsorption on vacant

sites, do not consider the gas compressibility in micropores at high

pressure.1 Considering the limitations of the existing theoretical

isotherms, Jensen and Seaton1 proposed a useful empirical equation

for type I adsorption isotherms in microporous solids which

accounts for the compressibility of the adsorbed phase.

Several researchers had shown that the JS isotherm is more

adequate than Langmuir or Toth isotherms at high pressure.2–4 On

the other hand, a site energy distribution function for the JS isotherm

is important since this isotherm considers both the compressibility of

the gas (at higher pressure) and the binding site heterogeneity.

Furthermore, such a function would implicitly reflect the under-

lying thermodynamic assumptions of this isotherm that have not

been discussed previously. We have already developed a series of site

energy distribution functions based on different theoretical iso-

therms.5–9 In this work we propose a new mathematical function

based on the JS isotherm that could identify simultaneously the

heterogeneity of the adsorbent and also the affinity of the binding

sites for the gas molecules of interest. To the best of our knowledge

no site energy distribution functions are available for adsorption

systems following this isotherm, which is flexible with four

parameters and can accurately represent most of the experimental

equilibrium data at both low and high pressures. A successful

attempt is made in this study to propose a site energy distribution of

an adsorbent following the JS isotherm, based on a site energy

distribution function defined by a condensation approximation

method. The proposed model is used to determine the site energy

distribution of BPL activated carbon for the supercritical adsorption

of ethane at high pressure and two more activated carbons obtained

in our laboratory for N2 molecules at 77 K (the boiling point of N2).

The Jensen and Seaton1 adsorption isotherm involving four

isotherm parameters is given by:

n~Kp 1z
Kp

a 1zkpð Þ

� �c� �{1=c

(1)

where, K and a are JS isotherm constants, k defines the adsorbed

phase compressibility and c is a positive empirical constant.

Eqn (1) is based on a function that interpolates between two

asymptotes, Henry’s low pressure and an asymptote reflecting the

compressibility at high pressure given by:1

1

n pð Þ

� �c

~
1

no pð Þ

� �c

z
1

n? pð Þ

� �c

(2)

The site energy distribution of an adsorbent can be easily

determined from the theoretical isotherm by solving the adsorp-

tion integral (eqn (3)) to generate the corresponding affinity

distribution:10

qe pð Þ~
ðEmax

Emin

qh E, pð Þf Eð ÞdE (3)

Eqn (3) assumes the adsorption of gas molecules, qe, by a

heterogeneous surface to be the integral of an energetically

homogeneous isotherm (qh) multiplied by a site energy frequency

distribution, f(E). Emin and Emax are the energy limits that are directly

related to the maximum and minimum pressure in the adsorption

isotherm. Eqn (3), the Fredholm integral equation of first kind,

is difficult to solve and it has no general analytical solution.
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Considering the importance of this expression, several approximate

solutions have been developed and are described elsewhere.11 The

condensation approximation method, developed by Cerofolini12 and

further developed or applied by Rudzinski and Everett,11 and

Jaroniec13 for different adsorption systems is used in this study. This

method was successfully applied recently to predict the distribution

of binding site energies of different adsorbents for different target

molecules following different theoretical isotherms with three to five

isotherm parameters.5–10 According to the condensation approxima-

tion method the true kernel is replaced by a condensation isotherm;

in the present study this corresponds to the JS isotherm. This method

defines the site energy distribution function directly from the

isotherm equation applied and, thus, the range of pressure used in

the experimental isotherm controls the energy distribution. The area

under the distribution curve is controlled by the maximum

adsorption capacity and the spread of the distribution is controlled

by the heterogeneity factor. The equilibrium pressure can be related

to the energy of adsorption using the Polanyi potential theory given

by:10

p ~ ps exp {
E�

RT

� �
~ Ps exp {

E{Es

RT

� �
(4)

where E is the lowest physically realizable energy and Es is the

sorption energy corresponding to p = ps,
10 the equilibrium vapour

pressure. In the case of adsorption at supercritical conditions, ps can

be obtained from the expression of Ozawa et al.:14

ps~pc
T

Tc

� �2

(5)

Incorporation of eqn (4) into eqn (3) will lead to an approximate

site energy distribution, f(E*), which is the differentiation of the

isotherm, q(E*), with respect to E*:10

f E�ð Þ~{
dq E�ð Þ

dE�
(6)

Applying eqn (4) for the equilibrium pressure in eqn (1) and

differentiating the resulting expression with respect to E*, then by the

definition as in eqn (6), the energy distribution function for isotherms

following the JS isotherm can be obtained as:

f E�ð Þ~ X Yð Þcz1ð Þ{
cz1

c Z Yð Þcz1ð Þz1ð Þ
A

(7)

where,

X~ exp {
E�

RT

� �
Kps (8)

Y~
X

kpsa exp {
E�

RT

� �
za

(9)

Z~kps exp {
E�

RT

� �
(10)

A~kps exp {
E�

RT

� �
RTzRT (11)

Eqn (7) can be used to determine the site energy distribution of any

microporous adsorbent represented by a type I isotherm that will

follow the JS isotherm. The complete derivation of eqn (7) is given in

the ESI.{In order to show the applicability of the proposed energy

distribution function, the site energy distribution of BPL activated

carbon for ethane at 212.7 K is described here. The isotherm

constants were obtained from the work of Jensen and Seaton.1 Since

the site energy distribution function proposed in this study needs the

value of ps, the expression of Ozawa et al.14 (eqn (5)) was used for

theoretical convenience to determine this value at the temperature

used and the approximate value was estimated to be 23.7 bar at

212.7 K. The isotherm parameters and the empirically determined

saturation vapor pressure are substituted in eqn (7) to predict the site

energy distribution of the studied activated carbon, as shown in

Fig. 1. Although the site energy distribution function (eqn (7)) has no

mathematical restrictions, this equation will produce negative energy

values when E , Es. Further, since the isotherm parameters that

were used to obtain f(E) are sensitive to the pressure range studied,

only the energy distribution curve within the range of pressures used

in the experimental isotherm can be considered valid. Thus, no

attempts should be made to extrapolate over the pressure range in

the experimental isotherm. Thus, the limits E*max and E*min (see eqn

(4)) in a site energy distribution curve correspond to RTln(pmin/ps)

and RTln(pmax/ps). The terms pmin and pmax should be the lowest and

highest pressures in the experimental isotherm. Fig. 1 shows the

energy distribution according to the JS isotherm ranging from 19.1 to

4.6 kJ mol21, that corresponds to the pressure range 0.01–3.53 bar in

the experimental isotherm. The experimental isotherm is not

shown in this work as it was described elsewhere.1 Fig. 1 shows

that, according to the JS isotherm, the site energy is exponentially

and unimodally distributed over the energy range E* , 6747 J

mol21 and 6747 , E* , 19133 J mol21, respectively. It can be

further observed from Fig. 1, that the unimodal site energy

distribution is characterized by two energetic sites: (i) an unimodal

peak corresponding to low-energy binding sites (6747 , E* ,

12157 J mol21) and (ii) an asymptotically decaying region

Fig. 1 Binding-site energy distribution of BPL carbon for ethane at 212.7 K.
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corresponding to high-energy binding sites (12157 , E* ,

19133 J mol21). This observation suggests that BPL activated

carbon has more than one energetic state for the uptake of

ethane molecules within the studied pressure range. The

exponential site energy distribution corresponds to sites with

lower binding energy that are accessible to the adsorbing

molecules only at higher pressure. The complexity in the

spread of site energy distribution is expected in such an

adsorbent due to the presence of pores of different size and

depth within a heterogeneous surface. The shape of the energy

distribution curve can also be related to the mathematical

structure of the JS isotherm, which looks like a hybrid

expression due to the addition of an exponential isotherm to a

heterogeneous isotherm. From the concepts of thermody-

namics, any isotherm with such a mathematical structure

should typically exhibit two different energy states (as in the

present case): exponential and quasi-Gaussian distributions at

low and high pressure, respectively.

The proposed model was further applied to estimate the site

energy distributions of two established activated carbons AC0 and

AC60 developed in our laboratory by chemical activation using olive

stones as a precursor for N2 gas molecules at 77 K. We have already

estimated the distributions of the binding site energies in these carbon

adsorbents using a Sips isotherm.8 We estimate here the f(E*)

according to the JS isotherm and compare it with the distribution

estimated using a Sips isotherm. The detailed physicochemical

characteristics of these adsorbents are not presented here and readers

are suggested to refer to the detailed work of Silvestre-Albero et al.15

However, we would like to mention here that the sample AC60

was obtained by the physical activation of AC0 with CO2

(100 cm3 min21) at 1098 K for a time period of 60 h. The

experimental equilibrium data of N2 adsorption at 77 K were fitted

to the JS isotherm by a non-linear regression analysis. The non-linear

regression analysis involves a trial and error method that involves a

process of minimizing the error distribution between the experi-

mental data and the JS isotherm.

The error minimization was done by maximizing the coefficient of

determination, r2, using Solver, add-in, Microsoft Spreadsheet,

Microsoft Excel, Microsoft corporation. Fig. 2, shows the experi-

mental data and the fitted JS isotherm for the adsorption of N2 by

AC0 and AC60. Fig. 2 also includes the fitted isotherm parameters

and the r2 values and it shows that the experimental data are well

represented by the JS isotherm, with r2 values > 0.97. This indicates

that the JS isotherm can be reasonably used to describe the

characteristic adsorption behavior of N2 molecules in the studied

materials at 77 K. Thus, the JS isotherm can reliably generate the

energy distribution spectra of these adsorbents in the studied pressure

and temperature ranges.

The determined JS isotherm parameters were used to determine

the binding site energy distributions of the carbons AC0 and AC60

using eqn (7) and these are shown in Fig. 3. It can be realized from

eqn (7) that this expression does not have any mathematical

restrictions for the binding site energy values. However, this

expression will predict negative energy values that do not have any

physical meaning for the conditions E* , Es. Thus, it is important to

mention that any site energy distribution curve obtained using eqn

(7) is valid only for the range of pressures in the adsorption isotherm.

Thus, the site energy distribution spectra shown in Fig. 3 cover only

the range of pressures studied in the isotherm. The highest binding

site energy corresponds to the amount adsorbed at the lowest

pressure measured experimentally. Fig. 3 shows that the site energy

in carbon AC60 is exponentially and unimodally distributed over the

energy range E* , 1000 J mol21 and 1000 , E* , 6000 J mol21,

respectively. It can be further observed from Fig. 3 that in carbon

AC60 the unimodal site energy distribution is characterized by two

energetic sites: (i) an unimodal peak corresponding to low-energy

binding sites (3966 , E* , 6376 J mol21) and (ii) an asymptotically

decaying region corresponding to high-energy binding sites (1000 ,

E* , 3966 J mol21). The exponentially decaying (3966–6376 J mol21

in AC60) portion corresponds to the low pressure region of the

experimental isotherm, where the high affinity binding sites are

preferentially sampled. In this region the isotherm is far away from

saturation and usually a Henry or Freundlich isotherm can reliably

predict the actual binding process.

In the case of carbon AC0 we noticed a similar site energy

spectrum; however, the affinity of both high and low energy binding

Fig. 2 Experimental and Jensen–Seaton isotherms for N2 adsorption by

activated carbons, AC0 and AC60.

Fig. 3 Binding-site energy distributions of activated carbons AC0 and

AC60 for N2 molecules at 77 K.

786 | RSC Adv., 2012, 2, 784–788 This journal is � The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

on
 2

3 
O

ct
ob

er
 2

01
2

Pu
bl

is
he

d 
on

 2
1 

N
ov

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1R

A
00

56
4B

View Online

http://dx.doi.org/10.1039/c1ra00564b


sites for N2 molecules in AC60 is significantly higher than the

reference carbon AC0. A comparison of this unimodal region for

AC60 and AC0 clearly indicates that carbon AC0 has a widened left

hand side, indicating that most of the adsorption sites have energies

lower than a statistical mean value. In the case of carbon AC60 we

noticed that the binding site energies are unimodal and widely

distributed between 1000–6376 J mol21. This implies that the

activation process significantly increased the binding affinity of sites

with higher energies and the mean binding affinity of the adsorption

sites for N2 molecules.

All these observations obviously indicate that both of these

carbons have two different energetic states for the adsorption of

N2 molecules at 77 K. Apart from this trend, the main difference

appears to be that the carbon AC60, with well developed

microporosity, is more heterogeneous than AC0, as measured

by the value of the heterogeneity index (c). The greater

heterogeneity in fact increases the affinity of both low and high

energy binding sites. This obviously indicates that the hetero-

geneity is a characteristic feature of the activation process rather

of than the carbon material itself.

In our earlier experimental work15 we noticed that the physical

activation of AC0 altered the porous structure, with an increase in

micropore volume. The increase in pore volume was attributed to the

simultaneous opening of new pores and deepening of the existing

ones. The experimentally observed facts could be deduced from the

site energy spectrum of carbonAC60, which is wide when compared

to carbon AC0. Thus, the shape and intensity of the site energy

spectra can be used to estimate quantitatively the opening and

deepening of pores during the activation process.

The shape and intensity of the site energy distribution curve will

vary depending on the isotherm model applied. Our earlier

theoretical study based on a Sips isotherm8 implies that the binding

site energies in the studied activated carbons AC0 and AC60 were

unimodally distributed instead of showing two different energetic

states as in the present case with the JS isotherm. This is not a

surprising observation since the site energy distribution spectra

obtained by any of the isotherm models are unique and will represent

the basic thermodynamic assumption of the model. In the case of the

Freundlich isotherm this corresponds to an exponential distribution

of binding sites, whereas in the case of the Toth isotherm, this

corresponds to a quasi-Gaussian distribution. Selection of binding

model is primarily based on its ability to accurately reproduce the

experimental isotherms. The accuracy of the theoretical isotherm in

representing the experimental equilibrium data can be easily

determined from the error functions used to minimize the error

distribution between the experimental and theoretical isotherms. In

this study we assume that the JS isotherm could represent the

experimental data, which is further confirmed by the relatively higher

r2 value that measures the difference in errors minimized between

experimental data and the JS isotherm.

It is important to point out that the JS isotherm can be reduced

to Langmuir and Toth isotherms upon applying the limiting

conditions of these isotherms: (i) k = 0 and c = 1 and (ii) k = 0,

respectively. For the first limiting condition, eqn (1) reduces to a

Langmuir isotherm given by:

n~
ap

1=K=að Þ
� �

zp
~

ap

1=KL

� �
zp

(12)

Then by the theory (of the Langmuir isotherm), the constant a

represents the number of binding sites with binding affinity KL. The

binding affinity KL can be used to determine the approximate energy

of the binding sites using the expression: KL = exp(2Eads/RT). For

example: in the case of the adsorption of ethane by BPL activated

carbon at 212.7 K, the isotherm parameters K and a were found to

be 267.86 mmol g21.bar and 6.610 mmol g21, respectively.1 Thus, the

binding affinity, KL can be determined using the expression: KL = K/

a as 0.0247 bar21. From the binding affinity value, the approximate

energy of the binding site can be determined as: 2Eads = ln(KL)/RT =

6546 J mol21.bar. The site energy of the BPL activated carbon for

ethane molecules was predicted in this work using the Langmuir

isotherm only for demonstration purposes and thus, the value

predicted should not be considered real as the assumption of a

homogeneous surface for an activated carbon with different pores of

different shape and depth is meaningless. A more realistic model such

as given by the JS or Toth isotherms that can explain the site

heterogeneity should be considered.

For the second limiting condition, the site energy distribution

function can be obtained by applying the conditions: k = 0 and p =

psexp(2E*/RT) in eqn (1) and differentiating the resulting expression

with respect to E*:

f E�ð Þ~ exp {
E�

RT

� � Kps exp {
E�

RT

� �

a

0
BB@

1
CCA

c

z1

0
BB@

1
CCA

{
cz1

cð Þ

(13)

To demonstrate the applicability of eqn (13), the Toth isotherm

parameters for the ethane/BPL activated carbon system were fitted to

this expression to obtain the corresponding site energy distribution as

shown in Fig. 1. The isotherm constants were obtained from the

work of Jensen and Seaton.1 According to eqn (13) (which is based

on a Toth isotherm), the site energies are distributed unimodally

within the pressure range considered, which is different to the curve

predicted by the site energy distribution function based on the JS

isotherm. The differences in site energy distribution are expected as

they implicitly reflect the basic thermodynamic assumptions of both

models. In the case of the Toth isotherm, the distribution of site

energy follows a quasi-Gaussian curve with a widened left hand side,

thus indicating that most of the adsorption sites have an energy

lower than a statistical mean value, which was the assumption of this

isotherm model. It is worth noting that the shape and intensity of the

site energy distribution curve calculated using the condensation

approximation method will vary depending on the isotherm applied.

In the present case, in addition to the difference in the shape of

the site energy distribution curve, the intensity of the site energy

determined by Toth and JS isotherms also differs by a magnitude of

102. As mentioned earlier, the complexities in using theoretical

isotherms in predicting the binding site energy can be eliminated by

selecting a particular binding model based on its reliability to predict

the affinities of the binding sites for a particular gas molecule.16 In

the present case, the site energy distribution predicted using the JS

isotherm can be assumed to represent the actual site energy

distributions considering the relatively better fit of this isotherm

with respect to the Toth isotherm, especially at high pressure. The JS

isotherm fits the experimental data better than the Toth isotherm

This journal is � The Royal Society of Chemistry 2012 RSC Adv., 2012, 2, 784–788 | 787
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due to its flexibility, with an additional parameter b to represent

experimental equilibrium data at both low and high pressure.

In summary, we confirmed that the proposed site energy

distribution function based on the JS and its limiting case isotherms

can predict the different energetic states of microporous carbon

materials for any gas molecule of interest. For practical applications

the proposed models based on the JS or Toth isotherms can be useful

as they can rapidly generate the site energy distribution curves

without using any complicated or sophisticated computer programs

that may be difficult for most users. The present study clearly

indicates that the JS isotherm and its limiting case isotherms can be

used as a tool in determining the binding site energy distributions of

any porous materials that may differ by physicochemical character-

istics. Thus these proposed models can complement any adsorption

system to characterize both heterogeneity and the binding site

energies of the adsorbent and they only need the isotherm parameters

that can be obtained by a simple regression analysis.

The binding site energy is conventionally estimated by a single-

site or multiple-site Langmuir isotherm. In the former we need to

assume that there is only one type of binding site with equal

affinity, but this does not seem to be practically correct as it

ignores the heterogeneity of binding sites, especially for the case

of heterogeneous materials such as activated carbons. On the

other hand, a multiple-site Langmuir model that assumes more

than one site appears to be an empirical approach and it needs

human assumption while deciding the number of binding sites

from the experimental isotherm. The JS and its limiting case

isotherm can serve as an alternative to these conventional

approaches since they assume a continuous distribution of

binding sites rather than discrete. In addition, since the intensity

and shape of binding energy spectra obtained by this mathema-

tical function are sensitive to the heterogeneity and the pressure,

they will allow us to measure quantitatively the extent of

heterogeneity and the affinity of binding sites for target

molecules in the pressure and temperature ranges of interest.

This will directly allow us to compare the performance of

different adsorbents with different physicochemical character-

istics and to obtain a rational optimization of the activation

process with improved binding characteristics for a given gas

molecule. In this work, as a case study, we demonstrated the

applicability of the JS isotherm in characterizing the hetero-

geneity of carbon based materials, nevertheless, the applicability

of the proposed mathematical function is not limited only for this

purpose. It can serve as an excellent tool for characterizing

molecularly imprinted polymers, molecular organic frameworks,

etc. In the field of catalysis, such tools are desperately required

where the reactions are highly dependent on the heterogeneity of

the catalyst surface.17 Measuring the heterogeneity of the

adsorbent will also play an important role in screening

adsorbents for energy storage applications.18–19
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