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A pure-component equilibrium adsolption isotherm of methane, ethane, propane, 
and CO, at different temperatures and the binmy adsorption data of methane with the 
other three species measured at 500 torr (66.7 kPa) and temperatures of 273 K and 303 
K are presented and discussed. These measurements were carried out on three nutshell- 
derived KOH chemically activated carbon (AC) samples and one commercial activated 
carbon. The binaly adsolption data of another commercial A C  (Nuxit-al) from the 
literature are also used for comparison pulposes. The single and binary experimental 
data were applied to six models: LAST, loading-dependent isosteric heat, micropore-size 
distribution (MPSD), energy distribution (ED), extended Langmuir, and extended Sips 
models. The models were found to describe the experimental data of the commercial 
ACs with a reasonably good accuracy, but only the model assuming isosteric heat as a 
finetion of loading could reasonably predict the data of KOH chemicallv activated 
carbons. 

Introduction 
Activated carbon has been found to be a good candidate 

for the storage of natural gas (NG). Although the low density 
of adsorbed gas in this material is still one of the drawbacks 
for storage purposes, there have been many research activi- 
ties in recent years to find better ways of increasing the ad- 
sorption density by modifying the structure of the carbona- 
ceous materials. NG consists of mainly methane (85-95%) 
with a minor amount of ethane, and higher-order hydrocar- 
bons, nitrogen, carbon dioxide, and sulfur compounds. These 
heavily adsorbing compounds are considered impurities and 
affect the adsorption of methane quite strongly. Therefore, 
studying the impact of these components on methane storage 
is very important. Also, knowledge of the interaction and 
competition of different gases in adsorption processes is nec- 
essary for design purposes. 

One of the problems in multicomponent adsorption inves- 
tigation is the need for obtaining data over wide ranges of 
pressure, temperature, and composition conditions to under- 
stand the competitive adsorption behavior of mixtures. Be- 
cause of the substantial amount of time involved in conduct- 
ing the experiments, there is scant information in the litera- 
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ture on mixture equilibria. Therefore, it is desirable to use 
the single-component adsorption isotherm data, which is eas- 
ier to obtain experimentally, and to correlate them to predict 
mixture adsorption equilibria. 

A comprehensive investigation of the effect of preparation 
methods and structural parameters on the adsorption behav- 
ior of activated carbons was carried out by the authors 
(Ahmadpour and Do, 199.5, 1996. 1997; Nguyen et  al.. 199.5; 
Wang et al., 1997). It is the objective of this study to investi- 
gate multicomponent adsorption equilibria in a series of acti- 
vated carbons with different pore structures obtained by acti- 
vation of macadamia nutshell (MNS) using KOH. These sam- 
ples, with a different degree of microporosity in the structure 
(Ahmadpour and Do, 19971, are used to measure competitive 
interactions in binary adsorption of methane with ethane, 
propane, and carbon dioxide. Adsorption studies were also 
conducted with the same mixtures on the commercial acti- 
vated carbon, Ajax, for comparison purposes. Furthermore 
the binary equilibrium data for Nuxit-al-activated carbon from 
the literature are also used to provide comparisons with the 
data obtained for nutshell carbons in our laboratories. Subse- 
quently, six models were used to predict the multicomponent 
adsorption equilibria by using the single-component isotherm 
information. The models used for correlating the data are (1) 
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ideal adsorption solution theory (IAST) of Myers and Praus- 
nitz (1965); (2) isosteric heat as a function of loading (IHFL) 
proposed bv Do and Do (1997); (3)  micropore size distribu- 
tion (MPSD); (4) energy distribution (ED); ( 5 )  extended 
Langmuir (EL); and (6) Sips equation. 

Theory 
Ideal adsorption solution theory 

Myers and Prausnitz (1965) presented the IAST based on a 
sound thermodynamic framework. This model, which is widely 
used as a standard for multicomponent equilibria, has some 
attractive features. First of all, IAST does not require any 
mixture data, and secondly it is independent of the actual 
model of physical adsorption since it is an application of so- 
lution thermodynamics to the adsorption problem (O’Brien 
and Myers, 1985). Applying the IAST requires the calculation 
of an integral equation to obtain the reduced spreading pres- 
sure. Most of the isotherm equations commonly used for de- 
scribing the single-component data cannot be solved analyti- 
cally for the spreading pressure. Therefore, the algorithm for 
the solution of the IAST equation requires numerical inte- 
grations at each step of the iteration procedure, and this is 
generally slow. O’Brien and Myers (1984) introduced a new 
adsorption isotherm equation and a procedure that allows fast 
computation of multicomponent adsorption equilibria, This 
isotherm equation, obtained by a truncation of two terms of 
the series expansion of the adsorption integral equation in 
terms ofthe central moments of the adsorption energy distri- 
bution, has the following form: 

where 0 is the fractional loading, t is the parameter related 
to the fractal dimensions of the solid and adsorbate; /3 is a 
parameter characterizing the solid property, E(0) is the isos- 
teric heat at zero loading, a is the extent of energy hetero- 
geneity, f (0;  c )  is a function describing the pattern of hetero- 
geneity, and u is the adsorbate-adsorbate interaction. In this 
study, Eq. 3 has been extended to the multicomponent sys- 
tem to predict the binary adsorption data. The general form 
of the extended equation for the component i is 

where 

The cross adsorbate-adsorbate interaction energy is assumed 
to take the form: 

(1) 

where 

The parameter vIz in Eq. 1 is the variance of the adsorption 
energy distribution for pure component i. The new algo- 
rithm, which IS based on Eq. 1, is generally an order-of-mag- 
nitude faster than the IAST (O’Brien and Myers, 19851, and 
is called FASTIAS. The FASTIAS algorithm is used to pre- 
dict the binary adsorption equilibria in this study. 

Isosteric heat as a function of loading model 
Recently, Do and Do (1997) proposed an isotherm equa- 

tion based on the isosteric heat as a function of loading 
(IHFL). In  their model the variation of isosteric heat with 
loading is regarded as the measure of the heterogeneity of 
the adsorbent. This general model has been tested with sin- 
gle-component adsorption isotherm data of many adsorbates 
on different samples of activated carbons and zeolites with 
very good success. The basis of this new isotherm is to fit the 
experimental data of different adsorbates at various tempera- 
tures simultaneously to extract the adsorbate and solid prop- 
erty parameters. The final form of the equation is 

The mole fraction of the component i in the adsorbed phase 
is calculated from: 

01 
x, = h;. 

c Ok 
k = l  

(7)  

To reduce the number of parameters in the IHFL model, 
the following assumptions are made: (1) the adsorbate-ad- 
sorbate interaction is negligible compared to that of the ad- 
sorbate-adsorbent interaction and therefore the term u is 
set to zero; (2) the saturation capacity is independent of tem- 
perature; and ( 3 )  the saturation capacity, Cp5.L, is a function 
of the adsorbate. The number of parameters in the optimiza- 
tion is 3 + 3N,  where N is the number of adsorbates. It should 
be noted that in each optimization, the MN isotherm curves 
(where M is a number of temperatures) are optimized alto- 
gether. By assuming the form for the pattern of heterogene- 
ity for the solid is 

(8 )  
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the following equations were obtained for the binary mix- 
tures: 

Thcsc three nonlinear equations were solved simultaneously 
to obtain the adsorbed phase concentrations. 

Micropore size distribution model 
This approach is based on the assumption that the surface 

heterogeneity of activated carbon is induced by the size dis- 
tribution of the slit-shaped micropores (MPSD). The micro- 
pore size distribution (MPSD) is regarded as the intrinsic 
characteristic of activated carbon, and adsorbates with differ- 
ent molecular sizes have access to different ranges of this 
microporous network. If O(r,  P ,  T )  represents the local 
isotherm and f ( r )  the MPSD function, the overall adsorption 
equilibria of species i can be expressed as the integral of the 
local isotherm over the micropore size range appropriate to 
that species: 

where r ,  and r2 are the lower and upper limits of the pore 
half-width accessible to  the adsorbate, respectively. If 
O(r, P ,  T )  is represented by the Langmuir equation and f ( r )  
by the gamma distribution function, the overall isotherm (Eq. 
12) will take the following form (Wang and Do, 1997): 

where rmln is the minimum accessible half-width of the pore, 
in which the adsorbate molecule has zero interaction energy 
(Wang et  al., 1997). The saturation capacity C,,(T) takes the 
temperature-dependent form as follows: 

and the local adsorption affinity b(r )  is expressed as: 

(15) 

The preexponential term ( P )  takes the same form as that 
in the IHFL model and E ( r )  is the adsorbate-adsorbent in- 

742 March 1998 

teraction energy taken as the negative of the potential energy 
minimum inside the pore of half-width r .  The form of poten- 
tial energy in a slit-shaped micropore depends on our as- 
sumption about pore configuration. In the present study, the 
pore walls are assumed as the combination of many parallel 
lattices separated by a distance A ,  and the potential energy 
will take the form of  10-4-3 potential (Steele, 1974): 

where 

uJJk is the collision diameter between the carbon and the ad- 
sorbate molecules, and p ,  is the number density of carbon 
centers per unit volume. The parameter ~ , * k  is the minimum 
interaction energy between an adsorbate molecule and the 
single lattice layer. The values of A and p, arc generally taken 
as 0.335 (nm) and 114 (nmp3), respectively (Steele, 1974). 
Solving Eq. 16 for the minimum, the interaction energy as a 
function of pore size can be obtained. 

Equation 13 is the general isotherm equation applicable to 
all species. By optimizing the model predictions with respect 
to the multiple-temperature isotherm data of many species 
simultaneously, the parameters characterizing the carbon 
structure ( q ,  y .  P ) ,  and the isotherm parameters (Cis, E : ~ ,  

6 )  can be extracted. With the optimized parameters, the mul- 
ticomponent adsorption equilibria can then be predicted from 
the following equation: 

k - l  

(19) 

It should be noted that Eq. 18 incorporates two distin- 
guishing features: (1)  the equilibrium interaction between dif- 
ferent adsorbates is confined within the same pore where they 
are accommodated, and (2) the effect of size exclusion is ac- 
counted for; that is adsorbates compete with each other only 
in pores accessible to them. 

Energy distribution model 
The overall adsorption isotherm on a heterogeneous sur- 

face can also be expressed in terms of adsorption energy dis- 
tribution (ED) as 
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tion isotherm equation for pure component has the following 
(20) form: 

where F( E ) is the energy distribution function, Em, and Em, 
are the lower and upper limits for the energy distribution, 
respectivel}. l 'he E D  is related to  MPSD by the expression 

(21) F( E )  dE = f ( r )  dr. 

Therefore. by knowing f ( r )  for MPSD, the related energy 
distribution F ( E )  can be derived by using Eq. 21. The multi- 
component adsorption equilibria can then be written in terms 

Using the same analogy used for extending the single-compo- 
nent Langmuir equation to that for multicomponent adsorp- 
tion, the following equation is obtained for the Sips model: 

(b, P, 1'"' 

1+  (bkPk>v" 
(26) of E D  as c,,, = CPS N 

1 +  Pkbk(Ek)  However, this equation only corresponds to a special case of 
surface energetic heterogeneity. For normal activated carbon 
in which the energy sites are highly correlated, the IAS the- 
ory should be used. Applying the IAST with the concept of 
hypothetical pure-component pressure results in the follow- 
ing equation (Rudzinski et al., 1995): 

k = l  

In Eq. 22 the energy matching between different species 
takes the traditional cumulative energy-matching mechanism 
(Valenzueld ct al., 1988): 

It should bc pointed out that for the single-component sys- 
tem Eq. 22 is equivalent to Eq. 18; however, for the binary 
system the results may be different. The reason is that Eq. 22 
assumes the uniform energy matching between different ad- 
sorbates, which is different from the "adsorbate-pore inter- 
action" mechanism assumed in Eq. 18. 

Extended Langmuir model 
The Langmuir adsorption isotherm can be easily extended 

to the multicomponent adsorption system by keeping all the 
assumptions made by this model in the treatment of pure- 
component adwrption equilibria. In extending this model to 
multicomponcnt systems the amount adsorbed by the compo- 
nent 1 can bc written as: 

k = l  

For the extended Langmuir (EL) model to be thermody- 
namically correct it IS required that the saturation capacities 
of all components be the same However, for physical adsorp- 
tion of molecules of widely different sizes this assumption is 
unrealistic (Ruthven, 1984). 

Sips model 
In 1048. Sips proposed an empirical equation for the ad- 

sorption of pure component that is the combination of the 
Langmuir and Freundlich equations. This three-parameter 
equation has been widely used for fitting the isotherm data of 
different hydrocarbons on activated carbon. The Sips adsorp- 

(27) 

It can be seen that Eq. 27, which is the correct form of the 
Sips multicomponent model, is different from Eq. 26. Equa- 
tion 27 was used to predict the binary adsorption equilibrium 
of all the systems studied in the present investigation. 

Experimental 
T h e  measurements of single and binary adsorption 

isotherms were conducted using the volumetric technique. A 
highly accurate and flexible system capable of measuring both 
the single and multicomponent isotherms of vapors and gases 
was designed using the VCR components. The system is pre- 
sented in Figure 1. Binary experiments were performed at 
a constant pressure of 66.7 kPa and a temperature of 303 K 
for the following mixtures: CH4-C2H6,  CH,--C,H,, and 
CH,-CO,. An experiment for the binary system of 
CH,-CO, on one of the commercial activated carbons was 
also conducted at the same pressure, but at a temperature of 
273 K. All the gases used in the experiments were supplied 
by BOC Gases Co., and had the following specifications: CH,, 
C,H,, and C,H, with CP grade ( >  99%) and CO, with 
anaerobic grade ( > 99.95%). These gases were used without 
any further treatment. The behavior of the binary mixtures 
was investigated in four different structured activated car- 
bons. These adsorbents included the commercial activated 
carbon, Ajax, and three ACs derived from the activation of 
macadamia nutshell with a 25, 100 and 500 wt. 96 KOH to 
nutshell ratio, respectively. The experimental binary adsorp- 
tion data for Nuxit-a1 AC was taken from the literature 
(Valenzuela and Myers, 1989) for comparison. The character- 
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Figure 1. Multicomponent volumetric adsorption rig. 

istics of Ajax-activated carbon are available in Do and Do 
( 19971, and the preparation technique and physical proper- 
ties of the nutshell-derived activated carbons are detailed 
elsewhere (Ahmadpour and Do, 1997). The following nomen- 
clature is used to  describe the nutshell carbon samples: 
NSK25, NSK100, and NSK.500. In binary experiments, two- 
component gases were mixed in the R2 reservoir (with a vol- 
ume of 1,218 cm3) for a sufficient time to ensure good mix- 
ing, and then it was injected into thc analysis section of thc 
rig. The pressure in the analysis section was kept constant by 
adding small quantities of the mixture when the pressure de- 
creased due to adsorption. The pressure in both dosing and 
analysis sections of the rig were measured with high accuracy 
Baratron-type (MKS) pressure transducers (PI. The gas mix- 
ture was circulated through a precleaned activated-carbon 
sample bed in the adsorption cell by using a metal diaphragm 
bellows-pump (CP) -type MB-41E (Parker Hannifin Corp., 
USA). Circulation was continued for 7 h to ensure that true 
equilibrium was achieved. The gas in the analysis section was 
left for about one hour without circulation. A small volume 
of the gas phase, which is enclosed in the space among the 
three valves in the circulating line, was then directed to 
reservoir R3 (of volume 1980 cm3) and diluted up to  10 times 
with helium. This mixture was finally sent to the mass spec- 
trometer (MS) for quantitative analysis and the amount ad- 
sorbed was calculated from the mass balance. 

Results and Discussion 
Single-component adsorption 

Adsorption isotherms of methane, ethane, propane, and 
carbon dioxide at different temperatures have been opti- 

Table 1. Multicomponent Adsorption Models with the 
Number of Fitted Isotherms and the Number of Extracted 

Parameters 

Model No. of Isotherms No. of Parameters 
IAST 1 3 
IHFL 14 15 
MPSD 14 12 
ED 14 12 
EL 2 3 
Sips 2 4 

Table 2. Optimal Parameters and Average Relative Errors 
from Fitting the IHFL Model to Methane, Ethane, Propane, 

and CO, on Ajax-Activated Carbon 

Component Methane Ethane Propane CO, 

C,$ (mmol/g) 6.320 11.18 6.916 8.866 
17,866 24.8 10 33.748 20,554 E (J/mol) 

t 0.999 0.589 0.592 1.183 
c 1.58 
a 0.237 
P 2.1 x 10 

ARE (96) 5.0 6.5 7.9 6.0 

mized simultaneously using IHFL and MPSD models. This 
was performed on the five different activated carbons men- 
tioned in the previous sections. The optimization routine in 
the MATLAB software was used to minimize the sum square 
of residual between the experimental data and the model 
equations and then to extract the optimal parameters. 

Table 1 shows the number of single-component adsorption 
isotherms used in the optimization and the number of ex- 
tracted parameters from each model. The reader should be 
aware that although the number of parameters in the IHFL, 
MPSD, and E D  models are high, the isotherm data of many 
adsorbates at different temperatures are also used to obtain 
those parameters. Therefore, these models can be compared 
in terms of their predictions for multicomponent adsorption 
equilibria. The results of the optimizations are presented in 
Tables 2 to 6 for IHFL model and in Tables 7 to 11 for MPSD 
model. It should be mentioned that for Nuxit-a1 carbon the 
isotherm data of n-butane are also included in the optimiza- 
tion using the IHFL model. The comparison of fit of data by 
the models is based on the average relative error (ARE), 
which is listed in the tables for different adsorbates. The ARE 
is defined as (Kapoor and Yang, 1989): 

where N is the number of data points, and C,,,,, and Cp.cxp 
arc the calculated and experimental amounts adsorbed, re- 
spectively. 

It is apparent from analyzing results for different carbons 
using the IHFL model (Tables 2 to 6) that the adsorption 
capacities of NSK carbons for all species are higher than those 
of commercial activated carbons. In general the order of these 
carbons in terms of adsorption capacity is NSKSOO > NSKl00 

Table 3. Optimal Parameters and Average Relative Errors 
from Fitting the IHFL Model to Methane, Ethane, Propane, 

n -Butane, and CO, on Nuxit-al-Activated Carbon 

Component Methane Ethane Propane n-Butane CO, 
C,, (mmol/g) 4.351 6.414 5.479 4.213 8.980 
E (J/mol) 19,598 27.198 35,536 41.071 21,919 
I 1.214 0.739 0.577 0.626 1.047 
C 3.229 
a 0.131 
P 7.2X lo-' 

ARE (%) 2.6 1.8 2.2 6.1 4.1 
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Table 4. Optimal Parameters and Average Relative Errors 
from Fitting the IHFL Model to Methane, Ethane, Propane, 

and CO, on NSK25-Activated Carbon 

Component Methane Ethane Propane CO, 

Cpl (mmol/g) 7.265 8.375 4.242 8.058 
E (J/mol) 18,346 30,924 40,491 20,682 
f 0.427 0.288 0.349 0.673 
C 0.287 
(Y 0 180 
P 6.0X 

ARE. (‘Y) 4.1 8 4  6.5 4 2  

~- 

____~_.__ ~-~ 

Table 5. Optimal Parameters and Average Relative Errors 
from Fitting the IHFL Model to Methane, Ethane, Propane, 

and CO, on NSK100-Activated Carbon 

Component Methane Ethane Propane CO, 

Cwh (mmol/g) 6 880 11 83 6 039 30 01 
E (J/mol) 16,841 25,738 36,001 16,000 
t 0 992 0 389 0 457 0 706 
c 2 27 
(Y 0 101 
P 4 3 x 1 0  ‘ 
ARL (‘?) 17 3 5 1  9 0  8 0  

- 

> NSK2S = Ajax > Nwit-al. In terms of energy of adsorp- 
tion, the interaction between the adsorbate and adsorbent is 
increased with the increase in carbon number in the hydro- 
carbons. These values are also higher for CO, compared to 
methane because of the effect of the dipole moments of the 
carbon dioxide molecules. The parameter t ,  presented in the 
tables, reflects the heterogeneity of the carbon, and its value 
equal to unity implies a homogeneous surface. It is seen that 
there is no particular trend in the behavior of t ,  but in most 

Table 6. Optimal Parameters and Average Relative Errors 
from Fitting the IHFL Model to Methane, Ethane, Propane, 

and CO, on NSKSOO-Activated Carbon 

Component Methane Ethane Propane CO, 
Cw, (mmol/g) 8.801 22.27 11.53 26.79 
E (J/mol) 18,437 27,455 38,449 19,058 
t 1.081 0.350 0.329 3.232 
C 1.71 
a 0.049 

ARE (%) 10.2 2.3 3.8 10.3 

P 1.0x  10-4 __ 

Table 7. Optimal Parameters and Average Relative Errors 
from Fitting the MPSD Model to Methane, Ethane, Propane, 

and CO, on Ajax-Activated Carbon 

Component Methane Ethane Propane CO, 

Cw3 (mmol/g) 7.577 7.999 6.020 15.67 
€2 (J/mol) 10,636 14,624 16,896 13,093 
4 19.73 
Y 89.27 
P 8.9X lo-’ 
6 7.8X 

ARE (7;) 4.5 1 9  1.6 2.2 

~ _ _ _ _  - 

- -_ 

Table 8. Optimal Parameters and Average Relative Errors 
from Fitting the MPSD Model to Methane, Ethane, Propane, 

and CO, on Nuxit-al-Activated Carbon 
~ 

Component Methane Ethane Propane CO, 

c:L (J/mol) 11,552 15,519 17,365 15,200 
9 21 78 
Y 97 7 
P 3 . 5 ~  
s 4.0x lo-’ 

____--___ 
Cwr (mmol/g) 5.796 6.225 5.148 9.343 

ARE (%) 3.5 1.7 3.2 3.4 

Table 9. Optimal Parameters and Average Relative Errors 
from Fitting the MPSD Model to Methane, Ethane, Propane, 

and CO, on NSK2S-Activated Carbon 

Component Methane Ethane Propane CO, 

Cwx (mmol/g) 6.066 4.417 3.312 10.62 
€5 (J/mol) 11,267 16,389 18,985 14,568 
9 36.59 
Y 155 
P 7.8 x lo-’ 
6 4.x x lo- ’  
ARE (%) 4.2 4.4 7.0 7.2 

_ _ _ _ _ ~ - -  ~ 

cases it deviates from the ideal conditions ( t  == 1) for all 
species except methane. 

The pattern of the heterogeneity parameter c in the IHFL 
model was found to be very low for NSK25 carbon, which 
means that there is a slow decay in the energy at low loading 
and a rapid decay when the loading approaches the mono- 
layer coverage ( 0  = 1). For the rest of the carbons. the values 
of c are between 1.6 and 2.9, indicating a sharp decay in the 
energy patterns at low coverage. The extent of heterogeneity 

Table 10. Optimal Parameters and Average Relative Errors 
from Fitting the MPSD Model to Methane, Ethane, Propane, 

and CO, on NSK100-Activated Carbon 

Component Methane Ethane Propane C 0 2  

E,*~ (J/mol) 11,308 15,770 18,311 11,517 
4 40.55 
Y 182.5 
P 1.4X lo-‘ 
6 1.4X lo - ’  

Cpl (rnrnol/g) 7.555 5.915 5.003 51.15 

~ 

ARE (%) 10.0 3.4 9.6 25.9 

Table 11. Optimal Parameters and Average Relative Errors 
from Fitting the MPSD Model to Methane, Ethane, Propane, 

and CO, on NSK500-Activated Carbon 
- 

Component Methane Ethane Propane CO, 

Cp3 (mmol/g) 5.735 10.087 8.072 51.74 
E,*~ (J/mol) 10,160 17,544 19,708 14,213 

Y 180.6 
4 39.44 

P 2.9 x 10-5 
6 1 . 6 ~  10-4 

ARE (%) 9.1 4.1 5.3 14.3 
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Figure 2. Pore-size distribution of activated carbons 
obtained from MPSD model. 

a is found to decrease with an increase in the chemical-to- 
nutshell ratio in the series of NSK carbons, indicating that 
the NSK carbon becomes more homogeneous when the ratio 
of chemical to nutshell increases. The values of /3, which is 
the adsorption affinity at infinite temperature and indepen- 
dent of the adsorbates, are in the same order for all carbons 
studied here. and these values are similar to the previous 
finding by Do and Do (1997). 

The optimal parameters obtained by applying the MPSD 
model to activated carbons (Tables 7 to 11) show that for 
methane the saturation concentration is very close to  the val- 
ues obtained from the IHFL model, but for ethane and 
propane these values are generally lower. The differences are 
due to the sensitivity of the MPSD model to the pore and the 
adsorbate sizes. In terms of the interaction energies, a trend 
similar to that found in the IHFL model can be seen. 

Examination of the tables for relative errors indicated that 
most of the errors are less than lo%, except for some high 
deviation for the NSKlOO and NSKSOO carbons. The fit seems 
to be very good for all species in Ajax- and Nuxit-al-activated 
carbons. The difference in the goodness of fit between the 
two sets of carbons, the commercial ACs, and the NSK se- 
ries, seems to be from differences in the activation processes 
used in the preparation of these adsorbents. Usually, most 
commercial activated carbons are produced by physical acti- 
vation, and have a small number of functional groups and 
other imperfections in their structure. On the other hand, 

Table 13. Optimal Parameters and Average Relative Errors 
from Fitting the Sips and Extended Langmuir Models to 

the Single-Component Data of Methane-Ethane, 
Methane-Propane, and Methane-CO, on Nuxit-al-Activated 

Carbon at 293 K 

Cp, (mrnol/g) 5.62 3.93 
I I  1.14 -. 

1J I 7.2X l o - '  2.7X10 ' 
h, 1.5x l o r '  4.1 X 

A R E ( % )  5.3. 2.7 11.7, 5 3  

NSK carbons have been produced by the chemical-activation 
technique, which produces a considerable number of func- 
tional groups on the carbon surface compared to the physi- 
cally activated carbons (Otowa et al.. 1996). The effect of 
these functional groups on the adsorption behavior of acti- 
vated carbons have not been fully investigated. The deviation 
of somc of the models from the experimental data is thought 
to be due to the cffect of these surface functional groups on 
the adsorption. 

The adsorption affinity p for NSKlOO is seen to be one 
order of magnitude higher than that for NSK500, indicating 
the narrower pore size distribution in NSK100 compared to 
NSKSOO. Very low values of 6 for all carbons indicate that 
the adsorption capacity is independent of temperature over 
the temperature range studied. 

Figure 2 shows PSD plots obtained from the MPSD model 
for all the activated carbons studied. It is clear from the fig- 
ure that the mean pore size is shifted to higher values for the 
carbons in the NSK series, and also the distribution of pores 
is narrower for these carbons than for the commercial ACs. 
The reason is the different activation processes. The physical 
activation technique usually creates larger pores than does 
the KOH activation technique (Ahmadpour and Do, 1996). 
The higher adsorption energies of NSK carbons compared to 
the commercial ones, which can be seen from the result of 
both IHFL and MPSD models, come from the smaller mean 
pore size as well as the narrower PSD of the chemically acti- 
vated carbons. 

In studying the effect of the Sips model, the adsorption 
capacity and the parameter n were considered to be equal 
for the different species. Parameter n in the Sips equation 
shows the heterogeneity of the system, and its value is usually 
greater than unity. Therefore, the larger the n value, the more 
heterogeneous is the system. Tables 12 to  16 show the opti- 
mal parameters and relative errors of the Sips model as well 
as the EL model for different sets of adsorbates in all the 

Table 12. Optimal Parameters and Average Relative Errors from Fitting the Sips and Extended Langmuir Models to the 
Single-Component Data of Methane-Ethane, Methane-Propane, and Methane-CO, on Ajax-Activated Carbon at 303 K 

Sips Extended Langmuir 
~ -~ 
CH,, C,H, CH,. C,H, CH,, CO, CH,, C z H h  CH,, C,H, CH,. C 0 2  

Cg,  (mmol/g) 7.49 6.48 11.3 4.16 1.35 4.74 

h ,  
n ~- ~ - 1.53 1.93 1.18 

4.1 X 2.ox 7.2x 3.7x 10 3.5 x 10- 3 .2x !o- ;  
1.0x o .4x10-2  2.0x 1 0 F  5 .0x  l o - '  0.26 8.8X lo-.' b, 

ARE (5%) 3.1, 18.4 5.3, 10.6 6.4, 8.9 11.7, 21.8 11.5, 21.6 11.0. 21.8 
~~ 
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Table 14. Optimal Parameters and Average Relative Errors from Fitting the Sips and Extended Langmuir Models to the 
Single-Component Data of Methane-Ethane, Methane-Propane, and Methane-CO, on NSK25-Activated Carbon at 303 K 

Sips Extended Langrnuir 

CH,, C2fi6 CH,, CSH, CH,, CO, CH,, C,H, CH,, CjH, CH,, CO, 
(;\ (mmol/g) 3.81 3.21 7.49 3.36 2.88 4.72 
I 1  - - - 1.32 1.65 1.24 
h i  5.4x 10-3 4.6 X 10- 2.1 x lo-, 9 . 6 ~  10-3 1.2x 10- 6.1 x 10- 

A R E ( % )  3 3 .  11.3 2.6. 13.7 3.9. 5.4 2.5. 13.0 2.5. 13.5 3.2. 6.8 

hl 0.14 2.36 8.2X10-’ 0.20 3.47 2.2 x 10 ~~ 

activated carbons investigated in the present study. It is seen 
from the tables that the adsorption capacities are increased 
for almost all sets of adsorbates in the NSK carbon series. 
Adsorption affinity values are seen to be changed within four 
orders of magnitudes, and they do not follow any particular 
trend. The ARE values again show that the errors are higher 
for NSK carbons with the high chemical ratio. 

Binary adsorption 
The binary interaction of methane with other heavier hy- 

drocarbons and CO, was studied on the different-structured 
activated carbons in order to get some insight into the real 
behavior of the storage of methane in the presence of other 
species. Figure 3 shows the experimental data (symbols) for 
adsorption on Ajax activated carbon for the three binary sys- 
tems, along with the predictions from various models (lines). 
In all the binary adsorption graphs, the amounts adsorbed by 
the two species are plotted vs. the mole fraction of methane 
in the gas phase. A temperature of 303 K was chosen for all 
experiments, as it is the case in practical usage. It is seen 
from the figure that for the methane-CO, system the ad- 
sorption amount increases or decreases linearly with the 
methane mole fraction. This behavior is expected, as the in- 
teraction of  both species with the carbon surface is almost 
the same. Within experimental error, the model’s predictions 
are generally good for this system. For the other two binary 
systems, as the hydrocarbon molecules become larger, the ad- 

sorption interaction becomes higher. For methane-ethane 
system only the IAST model overpredicts the ethane adsorp- 
tion, while other models are in good agreement with the ex- 
perimental data. A similar result can be seen for the 
methane-propane case, the only difference being that the 
Sips model slightly underpredicts the amount of methane ad- 
sorption. The differences between the model predictions and 
the experimental data seem to originate from how well the 
pure-component data fit. It is known that a small error in 
fitting the single-component equilibrium data can cause a 
large error in the multicomponent prediction. To see the ef- 
fect of temperature on adsorption behavior in the binary sys- 
tem, the binary adsorption data of methane and CO, on 
Ajax-activated carbon at 273 K and 66.7 kPa are presented in 
Figure 4. The same behavior can be observed at lower tem- 
perature, except the amount adsorbed is larger. The model’s 
predictions are also similar to those at higher temperature. 
The binary adsorption equilibria of methane and ethane at 
293 K on Nwit-al-activated carbon are shown in Figure 5. 
For this carbon all of the models predict the experimental 
data very well. 

The adsorption behavior of binary systems on NSK25 car- 
bon is presented in Figure 6. For the case of methane and 
CO,, only the MPSD model can predict the data of both 
species. The other models underpredict methane adsorption 
with different degrees of deviation. Underprediction of the 
amount of methane adsorbed by all models is seen for the 
other two binary systems as well. In the methane-ethane sys- 

Table 15. Optimal Parameters and Average Relative Errors from Fitting the Sips and Extended Langmuir Models to the 
Single-Component Data of Methane-Ethane, Methane-Propane, and Methane-CO, on NSK100-Activated Carbon at 303 K 

Sips Extended Langrnuir _ ~ _  ~~ 

CH,, C2H, CH,, C,H, CH,, CO, CH,, C,H, CH,, C,H, CH,. COz 
C I (mrnol/g) 9.12 5.42 15 46 4.99 4.42 7 06 . -  
n 
h ,  5 . o x  10-4 6.0 X 10-‘ 6.2 X 10 - 4  4 . 0 ~  l o - ’  4.7 x 10- 2.: x 10 - 
h.. 1 . 0 x  10-2 0.46 2.6 X 10- ’ 5.1 x 10-2 1.02 1.ox 

- - - 1.55 1.86 1.20 

ARE (96) 23.4, 20.0 12.9, 17.1 14.7, 4.9 12.9, 19.5 13.8, 16.6 13.3, 6.2 

Table 16. Optimal Parameters and Average Relative Errors from Fitting the Sips and Extended Langmuir Models to the 
Single-Component Data of Methane-Ethane, Methane-Propane, and Methane-CO, on NSKSOO-Activated Carbon at 303 K 

SIPS Extended Langmuir 
- 

CH,, C,H6 CH,, C,H, CH,, CO, CH,, C,H, CH,, C3H, CH,, CO, 
C, , (mrnol/g) 10.37 7.39 11.77 6.83 6.28 10 84 

b ,  
n 

1.6X 10 ’ 
b- 1.5 x 10- 0.26 5.3 x 10- 4.4 x 10- 0.43 6.0X lo-’ 

ARE (%) 9.6, 22.3 3.7, 21.1 8 5. 5.4 13 9. 17.0 13.5. 18.1 11.9. 3 3 

- - - 1.39 1.54 1.02 
6.1 x 10-4 6.9 x 10-4 1.4X10W’ 2.7 X 10-’ 3.0 X 10- ’ 
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Figure 3. Prediction of binary adsorption equilibrium of (a) CH, (l)-CO, (2); (b) CH, (1)-C2H6 (2); and (c) CH, 
(I)-C3H8 (2) on Ajax-activated carbon at 303 K and 66. 7 KPa. 

tem the IHFL is seen to be the best model for fitting the 
experimental data. From a comparison of the amounts of 
methane adsorbed on the Ajax and Nuxit-al-activated car- 
bons with the values for NSK25 carbon in all different sys- 
tems, it is clear that this chemically activated carbon (NSK25) 
has more capacity per mass basis for methanc. This is due to 
the smaller mean pore size as well as the narrower pore-size 
distribution, as shown in Figure 2. 

The adsorption behavior of the three binary systems on 
NSKlOO carbon is shown in Figure 7. The first observation is 
the increase in the amount of methane adsorbed compared 
to the same system using commercial activated carbons (about 
twice) and even NSK25 carbon. Apart from the reason men- 
tioned in the NSK25 case, higher adsorption of methane in 
NSKlOO carbon is due to the higher micropore volume com- 
pared to that of NSK25 (see Figure 2). The second observa- 
tion is the presence of a small hump in the adsorption curve 

~ - IAST 
IHFL 

MPSD --- 

~ ~ ED 

sips .~ 

0 0  0 2  0 4  0 6  0 8  10 

Gas phase mole fraction, Y ,  

Figure 4. Prediction of binary adsorption equilibrium of 
CH, (1)-CO, (2) on Ajax-activated carbon at 
273 K and 66.7 kPa. 

of methane in both the methane-CO, and methane-pro- 
pane systems. This nonideal behavior of this carbon is ex- 
plained later. Again, most of the models do not describe well 
the equilibrium data of these binary systems. In particular, 
the predictions of methane adsorption deviate substantially 
from the experimental data. The poor predictions of all mod- 
els for NSK data could be due to the complex structure of 
these chemically activated carbons, which none of the pre- 
s e n t  models  a r e  c a p a b l e  of descr ibing.  F o r  t h e  
methane-ethane system the only model that can predict the 
experimental data of both adsorbates fairly well is the IHFL 
model. In the methane-propane system, all the models over- 
predict the propane adsorption and underpredict the methane 
adsorption. 

Figure 8 shows the binary equilibrium data on NSKSOO 
carbon. The figure shows that the amount of methane ad- 
sorbed in this carbon is also about twice that of those of com- 

3 5  
I Nuxit carbon 293K 
< 

0 0  0 2  0 4  0 6  0 8  1 0  

Gas phase mole fraction. Y, 
Figure 5. Prediction of binary adsorption equilibrium of 

CH, (1 )-C,H, (2) on Nuxit-al-activated carbon 
at 293 K and 100 kPa. 
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Figure 6. Prediction of binary adsorption equilibrium of (a) CH, (l)-CO, (2); (b) CH, (l)-C2H6 (2); and (c) CH, 
(l)-C3H8 (2) on NSK 25 activated carbon at 303 K and 66.7 kPa. 

mercial ACs. This is because of the large volume of the mi- 
cropores devcloped under the effects of KOH during the car- 
bonization process. The predictions of the different models 
in the figure show that all the models underpredict the ad- 
sorption behavior of the light component (CH,), but the 
quality of fitting is much better in the case of the IHFL model. 
For ethane adsorption all the models, except IHFL, slightly 
overpredict the amount of this component adsorbed. 

One reason for the higher adsorption of methane in NSK 
carbons as compared to those predicted by different models 
seems to be the large amount of functional groups on the 
carbon surfaces. As stated before, a considerable number of 
surface functional groups, such as R-COOH, R-OCO, 
R-OH, and R = 0, were found by Otowa et al. (1996) on the 
carbons prepared by the KOH activation technique. The ef- 
fect of these functional groups plus the imperfections, such 
as holes in the structure of carbon, on the adsorption behav- 
ior are not considered explicitly in any of these models, 
therefore their predictions deviate greatly from the experi- 
mental results. The IHFL model, which takes into account 
some degrees of heterogeneity in the carbon by the pattern 
of isosteric heat, is seen to predict the adsorption of both 
light and heavy species better than the other models. 
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The methane-propane system in Figure 8c exhibits a simi- 
lar hump in the adsorption behavior of methane at high con- 
centration as observed in the NSKlOO carbon. To clearly show 
the differences in the binary adsorption of methane and 
propane in the NSK carbon series, the experimental data are 
plotted in Figure 9. In the figure the graphs represent the 
best lines that passed through the experimental data. The 
change in the amount of methane and propane by increasing 
the ratio of chemical to nutshell can be seen in the figure. 
The NSK25 carbon has more affinity toward propane, as its 
adsorbed concentration exhibits a very small change when the 
mole fraction of methane in the gas phase increases. A lower 
micropore size range in this carbon produces stronger ad- 
sorption forces for propane molecules. The nonideal behav- 
ior of the methane adsorption on the NSKlOO and NSKSOO 
carbons (the presence of the humps) can be explained as fol- 
lows. As discussed earlier, NSK carbons accommodate a large 
portion of micropores in their structures. Most of these pores, 
which are in the size range of the molecular dimension of the 
hydrocarbon species used in the present study, induced some 
extra potential energy during the adsorption process. The ad- 
sorption of heavier hydrocarbon molecules such as propane 
could result in the evolution of a large quantity of heat, which 
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Figure 7. Prediction of binary adsorption equilibrium of (a) CH, (l)-CO, (2); (b) CH, (l)-C2H6 (2); and (c) CH, 
(l)-C3H8 (2) on NSKlOO-activated carbon at 303 K and 66.7 kPa. 
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Figure 8. Prediction of binary adsorption equilibrium of (a) CH, (1)-CO, (2); (b) CH, (1)-C2H6 (2); and (c) CH, 
(l)-C3H8 (2) on NSK5OO-activated carbon at 303 K and 66.7 kPa. 

locally causes some swelling in the particle and a small in- 
crease in the pore volume. It should be mentioned that in the 
binary adsorption of methane and propane a temperature in- 
crease of more than 10 K in the adsorbed phase is observed 
for NSK carbons. By increasing the size of those pores that 
were originally slightly larger than one propane molecule, 
there will be room for another layer of smaller methane 
molecules. These methane molecules, due to the pore wall 
effect and also the effect of neighboring propane molecules, 
rearrange in such a way that they are more compactly ar- 
ranged than when they are adsorbed in the pure state. There- 
fore, a small increase in the adsorbed amount of methane in 
the binary system compared to that of the pure methane can 
be seen for these two NSK carbons. In the case of NSK25, 
most of the micropores are in the smaller range than that of 
the other two carbons, and even by increasing the pore widths 
due to the heat effect, those pores are not large enough to 
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accommodate one layer of methane along with the propane 
molecules. 

To give a clear picture of the phenomena observed in Fig- 
ure Y, we have presented a model for the adsorption of 
methane in the pure as well as in the binary states. The model 
is given in Figure 10. As previously stated, due to their pres- 
ence at the supercritical state (see Figure 10a), methane 
molecules may not be so compact in their adsorbed form dur- 
ing the pure-component adsorption. On the other hand, in 
the presence of propane molecules and inside the confined 
pores these molecules become closer to each other, and the 
net result can be a greater increase in the adsorption capacity 
for methane in the binary state than in the pure state (Figure 
1 Ob). 

To compare the affinity of the activated carbons for 
methane adsorption in the presence of other species, the ex- 
perimental results of the methane mole fraction in the gas 
phase vs. those in the adsorbed phase (known as the X-Y 
diagram) are plotted in Figure 1 1 .  The information present in 
this figure showed that NSK carbons have more affinity for 
methane molecules in all three binary systems than the com- 
mercial Ajax-activated carbon. This is because of the PSD 
and the presence of the functional groups in this series of 

I 

i Methane 

0.0 0.2 0.4 0.6 0 8  1 .o 
Methane gas phase mole fraction, Y, 

Figure 9. Experimental binary adsorption data of CH, 
(l)-C3H8 (2) on NSK-activated carbons at 303 
K and 66.7 kPa. 

Figure 10. Models for (a) adsorption of pure methane, 
and (b) coadsorption of methane-propane 
on slit-shaped pores of activated carbons. 
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Figure 11. X-Y diagram for (a) CH, (l)-CO, (2); (b) CH, (l)-C2H6 (2); and (c) CH, (1)-C3H8 (2) on Aiax- and 
NSK-activated carbons at 303 K and 66.7 kPa. 

carbons as discussed earlier. The order of methane adsorp- 
tion affinity in different carbons is NSKlOO > NSKSOO > 
NSK25 > Ajax. 

Finally, the qualitative comparison of all six models investi- 
gated in the present study are summarized in Table 17. The 
models are ranked in the table in three categories based on 
their goodness of fit. Most of the models fit the experimental 
data of the physically activated carbons well, but only the 
IHFL model can better predict the data in the nutshell chem- 
ically activated carbons. 

Conclusions 

Binary adsorption of methane with two heavier hydrocar- 
bons (ethane and propane) and CO, are studied in a series 
of chemically activated carbons with different pore struc- 
tures. It was found that the pore structure has a significant 
influence on the binary adsorption behavior. Two commercial 
ACs are also studied for comparison purposes. The presence 
of heavy hydrocarbons and C02,  which are considered to be 
impurities in the NG, not only reduce the methane adsorp- 

Table 17. Comparison of the Models in Terms of Their 
Goodness of Fit* 

Models 
Carbon!, Sy\tem IAST IHFL MPSD ED Sips EL 
Nuxit-a1 CII , -C2H, G G G G G G  

- __ 

CH, CO, 
AJW. CH,-C,H, 

CI14-C,H8 

CF14 CO, 
NSK2.5 C€14-C2H6 

C€td C,H, 

CH 4 - co, 
NSK100 CH4 -C2H, 

CH, C,H, 

CFI, co, 
NSKSOO CII*-C,H, 

CH,-C3H8 

G A A G G G  
B G  G G G G  
B G  G G A A  

A B  G B A A  
A G A A A A  
B B  B B B B  

B B  B B B B  
B G  B B B B  
B B  B B B B  

A A  B B B B  
B A  B B B B  
B B  B B B B  

*G: good; A: acccptable; B: bad 

AIChE Journal 

tion but in carbons activated with KOH cause a positive im- 
pact. The experimental data have been predicted with six dif- 
ferent multicomponent adsorption models. While all the 
models work reasonably well for the commercial ACs, only 
the IHFL model, which takes into account the heterogeneity 
of carbons through the adsorbate-adsorbent interactions, can 
predict the experimental data of NSK carbons with a reason- 
able accuracy. 
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Notation 
b =  adsorption affinity, Wa-’  

6, = adsorption affinity at zero energy level, kPa 
C,, = adsorbed phase concentration, mmol/g 

CpS = maximum adsorbed phase concentration, mrnol/g 
M =  molecular weight, g/mol 
n = parameter in the Sips equation 
P= adsorption pressure, kPa 
q = gamma distribution parameter, k 
R = gas constant 
T =  temperature, K 
x = mole fraction in the adsorbed phase 

x,,, = the minimum reduced pore half-width 
y = mole fraction in the gas phase 
z =  distance between adsorbate and pore central plane, A 

’ 

Greek letters 
p= the affinity parameter kPa-l JK- 
6= thermal expansion coefficient, K - ’  
E = particle porosity 

7 = parameter defined by Eq. 2 
y= distribution parameter 
r = gamma function 

cp(z,r)= pore potentials at distance z in pore with radius r ,  J/mol 
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