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This article presents the adsorption isotherms of methane onto two different types of activated carbons,
namely, Maxsorb III and ACF (A-20) at temperatures from (5 to 75) °C and pressures up to 2.5 MPa. The
volumetric technique has been employed to measure the adsorption isotherms. The experimental results
presented herein demonstrate the improved accuracy of the uptake values compared with previous
measurement techniques for similar adsorbate-adsorbent combinations. The results are analyzed with various
adsorption isotherm models. The heat of adsorption, which is concentration and temperature dependent, has
been calculated from the measured isotherm data. Henry’s law coefficients for these adsorbent-methane
pairs are also evaluated at various temperatures.

Introduction

In recent years, adsorbed natural gas (ANG) has attracted
much attention as a possible alternative to compressed natural
gas (CNG) for energy storage and transportation purposes
because the former can be designed to have a high-energy
density but operates at a much lower pressure than the CNG
method. The ANG storage system requires a porous adsorbent
of high specific surface area to capture methane (CH4) at room
temperature,1-3 and hitherto, the most promising adsorbents for
natural gas (NG storage) are the microporous activated carbons
with relatively high packing densities4-6 and higher specific
surface area7 such as the pitch-based activated carbons (PACs)
and activated carbon fibres (ACFs). These PACs and ACFs are
versatile adsorbents because of their high surface area and
micropore volumes where their bidisperse pore size distributions
provide easy accessibility of molecules to the interior8 and a
relatively high thermal conductivity for improved thermal
management.9 For example, Maxsorb-III is developed from
petroleum coke and blended with KOH at 400 °C for dehydra-
tion. It is chemically activated at (600 to 900) °C in an inert
atmosphere for a greater surface area as well as a larger pore
volume.10 Similarly, the high carbon content activated carbon
fiber (ACF), namely, A-20, is one of the best AC fibers that
has similarly high pore volumes and surface areas when
compared to the other activated carbon fibers (Pan, Polyacry-
lonitrile, Cellulose, etc.).11

In designing ANG storage, the adsorption characteristics of
the adsorbate-adsorbent pair are the key information for vapor
uptake capacity as well as the isosteric heat of adsorption. For
this purpose, experimental adsorption isotherm data are mea-
sured for Maxsorb III and ACF (A-20) using a volumetric

method. The temperature for such experiments ranges from (5
to 75) °C, while the pressures in the storage vessel are from
atmospheric to 2.5 MPa. In the literature, some uptake data for
the methane/Maxsorb III pair have been reported,12,13 but the
motivation of the present study is to gain better accuracy using
a modified volumetric measurement technique rather than the
reported desorption methods by Saha et al.12 as opposed to
Himeno et al.;13 the temperature of the adsorbents is to be
measured in this study and not implied through the bath
temperatures. We intend to compare the experimental results
of the ACF-methane system with the works of Lozano-Castelló
et al.11 where the samples were carried out in a high-pressure
microbalance but at 25 °C. With a wider range of temperatures,
the isotherm data are analyzed with the Langmuir, Tóth, and
Dubinin-Astakhov (DA) adsorption isotherm equations. In
addition, the isosteric heat of adsorption is studied not only with
the Clausius-Clayperon equation; we introduce a correction
term to account for the nonideality of the gaseous phase.14 From
the Tóth and Langmuir model, Henry’s law coefficients for
various temperatures are determined, and they are useful in
assessing (i) the low uptake limit behavior of sorption gas at
pressure Pf0, (ii) the stability of adsorption isotherm models,
and (iii) the maximum enthalpy of adsorption.

Experimental Section

The ultra pure methane sample supplied by SOXAL (Sin-
gapore Oxygen Air Liquid Pte Ltd., the purity grade 99.9995
%) was used for the present experiment. All properties of
methane used in this paper were evaluated using the generalized
equation of state proposed by Setzmann and Wagner.15 The
Maxsorb III sample, supplied by Kansai Coke and Chemicals
Co. Ltd., Osaka, Japan, was in powder form, which is highly
microporous, and the ACF (A-20) sample, supplied by Osaka
Gas Co. Ltd., Japan, was of a fibrous type.

Measurement of Adsorbent Properties. The porous properties
such as the BET surface area, the pore size, the pore volume,
the porosity, and the skeletal density are listed in Table 1. These
thermophysical properties were measured with an Autosorb
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(Quantachrome gas sorption instrument) machine. The surface
area was calculated by the Brunauer-Emmett-Teller (BET)
method from the N2 adsorption isotherm data, which has been
performed at 77.3 K. The pore size distribution (PSD) of
activated carbon fiber and activated carbon (type Maxsorb III)
has been obtained by the nonlocal density functional theory
(NLDFT) method.16,17 The skeletal densities of these samples
were measured by the automated Micromeritics AccuPyc 1330
pycnometer at room temperature. The pore size distribution
(PSD) values for Maxsorb III and activated carbon fibers (ACF-
A20) were calculated on the basis of N2 adsorption data. To
obtain a more realistic PSD appearance, the NLDFT reports
(pore volume, cm3 ·g-1) have been derived by normalizing the
pore volume to the pore size interval (differential volume dV/
dr cm3 ·g-1 ·Å-1), and the PSD results are shown in Figure 1.
It is observed that the NLDFT method exhibits few peaks on
the PSD curves at a pore radius of 0.19 Å for Maxsorb III in
the nanopore region of 4 Å. In the case of ACF, a peak is found
at the pore radius of 0.15 Å in the nanopore region ranging
from (4 to 10) Å. Therefore, it can be said that both the Maxsorb
III and ACF A20 are highly microporous. It should be noted
here that Figure 1 also provides the scanning electron micro-
scope (SEM) photographs of Maxsorb III and ACF (A-20). The
surface structure is observed to be flake-like layers with porous
volumes entrenched in between in the case of Maxsorb III and
cylindrical shapes with uniform surface diameter for ACF (A-
20).

Measurement of Adsorption Isotherms. Figure 2 shows a
schematic diagram of the experimental apparatus which mainly
consists of a stainless steel (SS 304) adsorption cell and a
charging cell with internal volume of (62.78 ( 1) mL and
(1026.15 ( 1) mL, respectively. The samples were weighed
by Computrac Max 5000 Moisture Analyzer with an uncertainty
of ( 0.1 mg. The weights of the samples packed into the
adsorption cell were (12.1715 and 5.1050) g, respectively, for

Maxsorb III and ACF (A-20). The adsorption cell was then
connected to the charging cell through 1/4'' nominal stainless
steel plumbing and a set of Swagelok fittings (valves, T’s, and
reducers). Both the adsorption and charging cells were immersed
in a constant-temperature water bath. The pressure readings of
methane were measured using a (0 to 5) MPa range Kyowa
pressure transducer (PGS-50KA) with an uncertainty of ( 0.1
% of full scale in measurement. The temperatures were recorded
using class-A Pt 100 Ω RTDs with an estimated uncertainty of
( 0.15 K. The adsorption cell RTD was in contact with the
activated carbon to enable the direct temperature measurement.
Hence, the adsorption cell temperature is used as the isotherm
temperature. All the temperatures and pressure readings are
logged into an Agilent data logger to enable real time monitoring
of the system. Owing to the continuous circulation of the bath
fluid, and an adequate time for thermal stabilization, it is
assumed that no temperature gradient would occur within the
cells.

As the methane vapor is in a supercritical condition for
the present measurement ranges, the experimental procedure
is somewhat different from Loh et al.18 where the adsorption
characteristics of the activated carbon/HFC-134a pair were
measured. Before commencing the experiment, the entire
assembly was evacuated for 24 h to a vacuum level of 0.5
mbar, and a regeneration temperature of about (140 to 150)
°C is maintained to enhance the removal of residue gas in

Table 1. Thermophysical Properties of Maxsorb III and ACF A-20

surface area
total pore
volume

average pore
diameter

skeleton
density

adsorbent [m2 ·kg-1] [m3 · kg-1] [Å] [kg ·m-3] refs

Maxsorb III 3.140 ·106 20.1 · 10-4 20.08 2200 9
ACF (A-20) 2.206 ·106 10.1 · 10-4 21.611 2200 11

Figure 1. Pore size distributions of activated carbon (Maxsorb III) and activated carbon fiber (ACF-A20).

Figure 2. Schematic diagram of the experimental setup.
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the adsorbents. Pure helium gas is also purged into the system
during regeneration to improve the evacuation. After evacu-
ation, the charging cell is pressurized with methane vapor
from its source with the needle valve being closed. The initial
readings are recorded after the pressure and temperature are
stabilized in the charging cell. The methane vapor is then
released into the adsorption cell, and it took about an hour
to reach the adsorption equilibrium state. Figure 3 shows the
typical pressure and temperature profiles for the methane/
Maxsorb III pair which indicates that the time interval was
adequate to reach the equilibrium state during adsorption and was
maintained for each data point for both of the samples. The
adsorbed mass of methane was calculated from the amount of vapor
transferred in the adsorption cell and the left over amount at the
equilibrium state. Similarly, the charging cell is charged to the next
higher pressure with the bath temperature remaining constant for
the subsequent data point. Measurements were made up to 2.5 MPa,
and the same procedures are repeated with different isotherms.

Data Reductions. The initially measured data are the pressure
and temperature of both the adsorption cell and the charging
cell. The mass of the methane is measured using the cell
volumes and the density of the vapor for the corresponding
pressure and temperature. The methane transferred to the
adsorption cell (madsorption_cell) is partly adsorbed in the micropores
of the adsorbent and the left over vapor occupied in the void
volume (Vvoid). Therefore, the adsorbed mass (madsorbed) is
calculated from the following equation

madsorbed ) madsorption_cell - FvoidVvoid ) madsorption_cell -

Fvoid(Vadsorption_cell -
mac

Fsolid
- Vµmac) (1)

where Fvoid is the density of methane vapor as a function of
pressure and temperature of the adsorption cell; Vadsorption_cell

is the adsorption cell volume; mac is the mass of the activated
carbon sample in the adsorption cell; Fsolid is the solid density
of the activated carbon; and Vµ is the micropore volume of
the activated carbon. Hence, the amount of methane uptake
is calculated as C ) madsorbed/mac. The experimentally
measured uptake data for adsorption of methane on Maxsorb
III and ACF (A-20) are furnished in Tables 2 and 3,

respectively. The overall uncertainty is found to be 4 % of
the uptake amount for this experimental technique, which is
typical using the volumetric method.13

Three different models, those of Langmuir, Tóth, and
Dubinin-Astakhov, have been used to correlate the experi-
mental equilibrium uptake values. The Langmuir model is
the simplest model which describes the monolayer type
adsorption (Type I isotherm of the IUPAC classification) in

Figure 3. Typical pressure and temperature profiles for the methane/Maxsorb III pair during adsorption: ×, pressure (left ordinate); ∆, temperature (right
ordinate).

Table 2. Experimental Uptake Data for Adsorption of Methane on
Maxsorb III

P C P C P C P C

MPa kg ·kg-1 MPa kg ·kg-1 MPa kg ·kg-1 MPa kg ·kg-1

T ) 5 °C T ) 15 °C T ) 25 °C T ) 35 °C
0.050 0.015 0.050 0.012 0.057 0.011 0.060 0.010
0.127 0.033 0.135 0.029 0.140 0.025 0.152 0.022
0.217 0.050 0.233 0.045 0.234 0.038 0.245 0.034
0.310 0.066 0.331 0.059 0.331 0.050 0.344 0.045
0.411 0.080 0.429 0.071 0.428 0.061 0.443 0.055
0.510 0.093 0.526 0.082 0.526 0.071 0.543 0.064
0.646 0.109 0.655 0.096 0.652 0.083 0.678 0.076
0.784 0.123 0.800 0.109 0.792 0.095 0.820 0.087
0.934 0.136 0.946 0.121 0.948 0.108 0.974 0.098
1.138 0.152 1.155 0.137 1.157 0.122 1.175 0.111
1.340 0.167 1.354 0.150 1.344 0.134 1.373 0.122
1.550 0.180 1.561 0.163 1.563 0.147 1.571 0.133
1.754 0.191 1.762 0.174 1.756 0.157 1.771 0.143
1.949 0.201 1.968 0.184 1.960 0.167 1.975 0.153
2.158 0.211 2.166 0.193 2.157 0.176 2.178 0.161

T ) 45 °C T ) 55 °C T ) 65 °C T ) 75 °C
0.061 0.008 0.065 0.008 0.067 0.007 0.071 0.006
0.148 0.019 0.160 0.017 0.157 0.015 0.162 0.013
0.248 0.029 0.255 0.026 0.254 0.023 0.263 0.020
0.348 0.039 0.354 0.035 0.350 0.030 0.362 0.027
0.445 0.048 0.458 0.043 0.456 0.038 0.464 0.034
0.540 0.056 0.555 0.050 0.555 0.045 0.561 0.040
0.665 0.065 0.680 0.059 0.681 0.053 0.686 0.047
0.815 0.076 0.823 0.069 0.826 0.061 0.835 0.055
0.966 0.086 0.974 0.078 0.978 0.070 0.987 0.063
1.170 0.099 1.204 0.091 1.188 0.081 1.198 0.073
1.368 0.110 1.389 0.100 1.393 0.091 1.401 0.083
1.585 0.121 1.593 0.110 1.589 0.100 1.603 0.091
1.777 0.130 1.799 0.120 1.795 0.108 1.806 0.099
1.975 0.139 1.984 0.127 1.990 0.116 2.015 0.107

2.203 0.136 2.187 0.124 2.198 0.114
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microporous solids, such as adsorption of methane in
activated carbon. The Langmuir model presumes a homo-
geneous surface of the adsorbents where the adsorption
energy is constant over all sites. This model has also assumed
that the adsorption on the surface is localized, and each site
can accommodate only one molecule or atom.19 The Lang-
muir model is written as

C
C0

)
k0 exp(∆hst/RT)P

1 + k0 exp(∆hst/RT)P
(2)

where C0 is the saturated amount adsorbed; P is the equilibrium
pressure; k0 is the equilibrium constant; ∆hst is the isosteric heat
of adsorption; and R is the gas constant.

The Langmuir model has limitations to fit at high pressure
and for material heterogeneity. The Tóth model is commonly
used for heterogeneous adsorbents such as activated carbon
because of its correct behavior at both the low and high pressure
ends.19 The Tóth model can be represented by

C
C0

)
k0 exp(∆hst/RT)P

{1 + (k0 exp(∆hst/RT)P)t}1/t
(3)

where t is the parameter that indicates the heterogeneity of
the adsorbent. The Tóth model is identical to the Langmuir
model when the heterogeneity parameter (t) becomes unity.

Dubinin and Astakhov proposed the following model for
adsorption of vapors and gases onto nonhomogeneous carbon-

aceous solids with a wide pore size distribution.19 This D-A
model allows for the surface heterogeneity and extends to high
pressure.

W ) W0 exp[-(AE)n] (4)

where A is the adsorption potential and W is the amount of
uptake in cm3 · g-1; W0 is the limiting uptake of adsorption
space of the adsorbent in cm3 · g-1; E is the characteristic
energy of the adsorption system; and n is the structural
heterogeneity parameter, which is typically varied from 1.2
to 1.8 for activated carbons.19 The adsorption potential, A,
is the specific work done in the isothermal compression of a
unit mass of vapor from P to the saturation vapor pressure
Ps and is given by

A ) RT ln(Ps

P ) (5)

Thus, eq 4 can be expressed as20

W
W0

) exp[-{RT
E

ln(Ps

P )}n] (6)

As the methane vapor is in the supercritical state for the
present experimental conditions, it is necessary to estimate the
adsorbed phase volume and the saturated vapor pressure (Ps)
to apply the D-A model. The adsorbed phase specific volume
(Va) is estimated using the following equation12 in sequence with
that used for high-pressure gases.21

Va ) Vb exp[R[T - Tb]] (7)

where Vb is the specific volume of the liquid at the boiling point
and Tb and R are the thermal expansion coefficient of the
superheated liquid which was assumed as an average value of
0.0025 K-1. The temperature dependence of R can also be
expressed as follows from its definition of thermal expansion
for liquids.

R ) 1
Va

(∂Va

∂T )
P

≈ 1
T

(8)

The pseudovapor pressure, Ps, at a given isotherm temperature
is calculated by Dubinin’s method20 that has been used for
methane in earlier studies.12,13,22

Ps ) ( T
Tc

)2
Pc (T > Tc) (9)

where Pc and Tc are the critical pressure and the critical
temperature of methane.

Results and Discussion

Adsorption Isotherms. Figures 4 and 5 show the adsorption
isotherm data for methane uptake on Maxsorb III and ACF
(A-20) at temperatures ranging from (5 to 75) °C and
pressures up to 2.5 MPa. It is observed that the experimental
uptake profiles are categorized to the Type I adsorption
isotherm (monolayer coverage) of the IUPAC classification,
and hence the Langmuir model has been considered to fit
the experimental data. Again, the adsorbent samples used in
this study are found to be highly microporous and hetero-
geneous in surface structure from their pore size distribution.
As the Tóth model incorporates the surface heterogeneity of
the adsorbent and is applicable for a wide pressure range, it
is also appropriate to fit the experimental data. The regressed
isotherms with both the Langmuir and Tóth models are shown

Table 3. Experimental Uptake Data for Adsorption of Methane on
ACF (A-20)

P C P C P C P C

MPa kg ·kg-1 MPa kg · kg-1 MPa kg · kg-1 MPa kg ·kg-1

T ) 5 °C T ) 15 °C T ) 25 °C T ) 35 °C
0.057 0.012 0.056 0.010 0.059 0.008 0.059 0.007
0.128 0.022 0.143 0.022 0.144 0.018 0.146 0.015
0.218 0.034 0.242 0.032 0.252 0.028 0.247 0.023
0.332 0.045 0.343 0.041 0.350 0.036 0.352 0.031
0.437 0.055 0.443 0.049 0.451 0.043 0.445 0.037
0.549 0.063 0.550 0.057 0.550 0.050 0.545 0.043
0.672 0.072 0.699 0.066 0.688 0.058 0.694 0.051
0.855 0.082 0.838 0.074 0.838 0.066 0.846 0.058
0.981 0.089 0.997 0.082 0.999 0.073 0.998 0.065
1.162 0.097 1.205 0.091 1.199 0.081 1.204 0.073
1.358 0.105 1.401 0.099 1.401 0.089 1.404 0.080
1.572 0.113 1.601 0.106 1.605 0.095 1.599 0.086
1.780 0.120 1.799 0.112 1.805 0.101 1.820 0.092
1.981 0.126 2.008 0.118 2.000 0.107 2.034 0.098
2.202 0.132 2.207 0.123 2.206 0.112 2.201 0.102
2.412 0.137 2.406 0.128 2.402 0.117 2.433 0.108

T ) 45 °C T ) 55 °C T ) 65 °C T ) 75 °C
0.062 0.006 0.051 0.004 0.067 0.004 0.059 0.003
0.157 0.014 0.157 0.012 0.147 0.009 0.151 0.008
0.261 0.021 0.254 0.018 0.249 0.015 0.249 0.013
0.354 0.027 0.360 0.024 0.358 0.020 0.346 0.017
0.452 0.032 0.453 0.029 0.457 0.025 0.445 0.021
0.561 0.038 0.562 0.034 0.551 0.029 0.544 0.025
0.694 0.044 0.711 0.041 0.702 0.035 0.723 0.032
0.845 0.051 0.854 0.047 0.861 0.041 0.850 0.037
1.001 0.057 1.005 0.053 1.009 0.047 1.027 0.042
1.206 0.065 1.200 0.059 1.203 0.053 1.198 0.048
1.414 0.072 1.407 0.066 1.403 0.059 1.403 0.053
1.602 0.078 1.609 0.072 1.599 0.064 1.603 0.058
1.804 0.083 1.803 0.077 1.833 0.070 1.825 0.064
2.038 0.090 1.995 0.082 2.005 0.074 2.001 0.068
2.230 0.094 2.198 0.087 2.236 0.080 2.199 0.072
2.394 0.098 2.416 0.091 2.403 0.083 2.402 0.075
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in Figure 4 for Maxsorb III and Figure 5 for ACF (A-20).
The numerical value of the model parameters (C0, k0, ∆hst,
and t) are listed in Table 4. The error of regression has also
been calculated using the following equation to compare the
isotherm model results with the experimental data.

error of regression )
� 1

N ∑
i)1

N

(Cexpt - Cmodel)
2

1
N ∑

i)1

N

Cexpt

(10)

where N is the number of data points.

The Tóth model provides a better fit than the Langmuir model
to the experimental adsorption isotherms of methane for both of
the adsorbents due to the account of the heterogeneity parameter
(t). However, the Langmuir model is simpler than the Tóth model
and also did not deviate much from the measured uptake values

Figure 4. Adsorption isotherms of methane on Maxsorb III with error bars of 5 %: ], 5 °C; /, 15 °C; O, 25 °C; +, 35 °C; ∆, 45 °C; ×, 55 °C; 0, 65 °C;
s, 75 °C; solid lines are from the Langmuir model, and broken lines are from the Tóth model.

Figure 5. Adsorption isotherms of methane on ACF (A-20) with error bars of 5 %: ], 5 °C; /, 15 °C; O, 25 °C; +, 35 °C; ∆, 45 °C; ×, 55 °C; 0, 65 °C;
s, 75 °C; solid lines are from the Langmuir model, and broken lines are from the Tóth model.

Table 4. Adsorption Parameters (C0, k0, ∆hst, and t) for the
Langmuir and Tóth Models

Maxsorb III ACF (A-20)

parameters Langmuir Tóth Langmuir Tóth

C0 (g ·g-1) 0.402 0.439 0.232 0.277
∆hst/R (K) 1550 1610 1440 1453.6
k0 ·103 (MPa-1) 2.10 1.97 3.50 3.65
t 1.0 0.780 1.0 0.742
error of regression (%) 4.2 1.0 4.4 2.6
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for the present pressure and temperature ranges. Since the adsorbed
natural gas storage system operates at (2 to 4) MPa and at ambient
temperature, either of these two models can be used in designing
and simulation of the ANG storage system.

The Dubinin-Astakhov model is employed to fit the uptake
data with adsorbed phase volume correction. Figures 6 and 7
represent the adsorption uptake data of methane on Maxsorb
III and ACF (A-20), respectively, regressed with the D-A
isotherm model. The average error of analysis is within ( 3 %
for both the cases of R ) 0.0025 and R ) 1/T which indicates
the D-A model is also appropriate for the present adsorbate-
adsorbent pairs, although the D-A model does not have a
Henry’s law regime. The adsorption parameters (W0, E, and n)
are listed in Table 5. It is found that the value of the maximum
volumetric uptake (W0) is higher in the case of R ) 1/T than R
) 0.0025 for both of the adsorbents and consequently a lower

value of characteristic energy (E) and heterogeneity parameter
(t). This is because of the relatively higher value of the adsorbed
phase specific volume (Va) when the thermal expansion coef-
ficient (R) is used as 1/T instead of 0.0025.

The equilibrium uptakes of methane on both adsorbents have
been compared with data cited from the literature,11-13 and these
are shown in Figure 8. The predicted uptake values of Saha et

Figure 6. Adsorption isotherms of methane on Maxsorb III with error bars of 5 %: ], 5 °C; /, 15 °C; O, 25 °C; +, 35 °C; ∆, 45 °C; ×, 55 °C; 0, 65 °C;
s, 75 °C; solid lines are from the D-A model fit (R ) 1/T), and broken lines are from the D-A model fit (R ) 0.0025).

Figure 7. Adsorption isotherms of methane on ACF (A-20) with error bars of 5 %: ], 5 °C; /, 15 °C; O, 25 °C; +, 35 °C; ∆, 45 °C; ×, 55 °C; 0, 65 °C;
s, 75 °C; solid lines are from the D-A model fit (R ) 1/T), and broken lines are from the D-A model fit (R ) 0.0025).

Table 5. Adsorption Parameters for the D-A Isotherm (W0, E, and
n) Modeled with Adsorbed Phase Volume Correction

Maxsorb III ACF (A-20)

parameters R/K-1 ) 0.0025 1/T 0.0025 1/T

W0/cm3 ·g-1 1.211 1.618 0.717 0.941
E/J ·mol-1 5835.1 5257.5 6198.4 5640.5
n 1.46 1.33 1.51 1.37
error of regression (%) 2.55 1.85 1.76 2.22
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al.12 are about (10 to 15) % lower than the present study because
of their measurement technique and utilization of a different batch
Maxsorb III in which the BET surface area was about 5 % lower
than that of the present Maxsorb III. Saha et al.12 have regressed
the adsorption parameters from the differential uptake between two
equilibrium adsorption states instead of absolute uptake for the
corresponding equilibrium states which underpredicts the experi-
mental results. Furthermore, Himeno et al.13 have measured the
uptake values of methane onto a Maxsorb sample with the
volumetric technique which are (8 to 10) % lower than the present
adsorption uptake data. The porous properties of the Maxsorb
sample used in the study of Himeno et al.13 are comparable but
slightly lower than Maxsorb III. Another reason for deviation
observed between the present uptake data and the data obtained
by Himeno et al.13 could be the taking of the bath temperature as
the isotherm temperature, whereas the adsorbent temperature is
considered as the isotherm temperature in the present study.
Nevertheless, the present experimental data on ACF (A-20) are

fairly matched (deviation below 3 %) with the isotherm at 25 °C
for the same sample which has been carried out in a high-pressure
microbalance by Lozano-Castelló et al.11

Isosteric Heat of Adsorption. Figure 9 shows the uptake-
dependent heat of adsorption (∆hst) at different isothermal
conditions for both Maxsorb III and ACF (A-20). The values
of the heat of adsorption (∆hst) have been extracted from the
isotherm data using the Clausius-Clayperon equation along with
a correction term for the nonideality of the gaseous phase,
recently derived by Chakrabarty et al.,14 which is as follows.

∆hst ) RT2[(∂(ln P)
∂T )C] + TVg

dP
dT

(P, T) (11)

Here, the first term of the right-hand side is derived from the
Clausius-Clayperon equation and can be expanded by using
the D-A isotherm model with R ) 1/T. A second term is
introduced which defines the behavior of the adsorbed mass
with respect to both the pressure and the temperature changes

Figure 8. Comparison of adsorption isotherm data at 25 °C from the cited literature: ], present study on Maxsorb III (with 5 % error bars); +, Himeno et
al.12 on Maxsorb sample; /, Saha et al.11 on Maxsorb III; b, present study on ACF (A-20); 0, Lozano-Castelló et al.13 on ACF (A-20).

Figure 9. Uptake-dependent isosteric heat of adsorption calculated from the D-A model for Maxsorb III (solid symbols) and ACF (empty symbols): ]/[,
5 °C; O/b, 25 °C; ∆/2, 45 °C; 0/9, 65 °C. Horizontal lines are from the Tóth isotherm model at 25 °C.
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during an adsorbate uptake, which occurs due to the nonideality
of the gaseous phase. Ultimately, eq 11 becomes

∆hst ) 2RT + E[(ln
W0

CVa
)1/n

+ 1
n(ln

W0

CVa
)1-n/n] +

TVg
dP
dT

(P, T) (12)

where Vg is the specific volume of the vapor phase and dP/dT
represents the gradient of the pressure with the temperature of
the adsorbate.

It can be seen that the heat of adsorption (∆hst) varies with
the adsorbate surface loading which confirms the surface
heterogeneity for both samples. Otherwise, the adsorption energy
is constant over all sites if the surface is homogeneous.19 As
there is a change in energy level during the adsorption/desorption
process, an effective cooling/heating arrangement is to be
installed to enhance the charging/discharging rate of an adsorp-
tive gas storage system.

The ∆hst values derived from the Tóth isotherm model are
also represented in Figure 9. A slight increase of the ∆hst value
along with the increase of surface loading (C/C0) is due to the
taking of nonideality of the gaseous phase as the gas properties
are pressure and temperature dependent.

Henry’s Law Coefficient. The Henry’s region is the low
pressure and low uptake regime, where each gas molecule can
explore the whole adsorbent surface independently. As both the
Langmuir and Tóth isotherm are valid at the low and high end of
the pressure range, they do possess the correct Henry law type
behavior.19 So, the temperature-dependent Henry’s law coefficients
(KH) can be determined using the following equation.

KH ) ∂C
∂P Pf0 ) C0k0 exp(∆hst

RT ) (13)

The coefficients for the assorted activated carbons at different
temperatures are listed in Table 6. The KH values decrease as
the temperatures increase for both types of adsorbents which
indicates the amount of gas adsorbed/desorbed is less at
relatively higher temperatures but the isosteric heat is the largest
in the Henry’s region.

Conclusions

The adsorption characteristics are the basic parameters of any
adsorbate-adsorbent system. In this study, experimental isotherms
have been derived for two different activated carbons and methane
systems which are useful for the charging and discharging analysis
of natural gas storage systems. For the measured adsorption data,
an improvement in accuracy has been observed in the present study
compared to that of earlier methods. The Maxsorb III sample shows
a higher storage capacity because of its high specific pore volume
and surface area than the ACF (A-20) sample. The isosteric heat
of adsorption is determined from the measured isotherm data which
is useful in designing an effective cooling/heating arrangement for

the adsorbed natural gas storage system. The temperature-dependent
Henry’s law coefficients are also helpful in assessing the low uptake
limit behavior of the storage systems.
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Advances in the study of methane storage in porous carbonaceous
materials. Fuel 2002, 81, 1777–1803.

(2) Menon, V. C.; Komarneni, S. Porous Adsorbents for Vehicular Natural
Gas Storage: A Review. J. Porous Mater. 1998, 5, 43–58.

(3) Chakraborty, A.; Saha, B. B.; Ng, K. C.; Koyama, S.; Srinivasan, K.
Theoretical Insight of Physical Adsorption for a Single-Component
Adsorbent + Adsorbate System: I. Thermodynamic Property Surfaces.
Langmuir 2009, 25 (4), 2204–2211.

(4) Esteves, I. A. A. C.; Lopes, M. S. S.; Nunes, P. M. C.; Mota, J. P. B.
Adsorption of natural gas and biogas components on activated carbon.
Sep. Purif. Technol. 2008, 62, 281–296.
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Table 6. Henry’s Law Coefficients, KH/MPa-1

T calculated from Tóth model calculated from Langmuir model

°C Maxsorb III ACF (A-20) Maxsorb III ACF (A-20)

5 0.283 0.188 0.222 0.144
15 0.231 0.157 0.183 0.121
25 0.192 0.132 0.153 0.102
35 0.161 0.113 0.129 0.087
45 0.137 0.097 0.110 0.075
55 0.117 0.085 0.095 0.066
65 0.101 0.074 0.083 0.058
75 0.088 0.066 0.072 0.051
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